
Standard Model EFT meets Chiral EFT , TRIUMF, Vancouver 29 Sep- 3 Oct  2025

Maria J. Herrero 

       Universidad Autónoma de Madrid, IFT-UAM 

             The Electroweak  Chiral Lagrangian (HEFT): 


                 Implications for BSM Higgs Physics

1



 Content of this talk is devoted to the purpose of this meeting 
Standard Model EFT meets Chiral EFT : 


Main purpose of this talk is not reviewing but generating discussions between  SMEFT/HEFT communities

Content organized through four main issues:   

Basics of  the EChL 

Introducing Loops: Renormalization in the HEFT.  RGEs. Running coefficients

Pheno implications for MultiHiggs production at colliders (focus on HH and HHH)

Matching HEFT to UV theories. Matching HEFT to SMEFT   
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Basics of  the EChL 
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The Electroweak Chiral Lagrangian: Before Higgs discovery (I) 
Let’s go back in time to the origin ……….around 35-40 years ago !

Central Point of Chiral Lagrangians: Non Linearity of Goldstone Bosons Dynamics

  ℒEW
EChL = ℒEW

2 + ℒEW
4 + . .

  ℒQCD
ChL = ℒQCD

2 + ℒQCD
4 + . .

ℒEW
2 =

v2

4
Tr(∂μU∂μU+) ; v = 246 GeV ℒQCD

2 =
f2
π

4
Tr(∂μU∂μU+) ; fπ = 0.094 GeV

 Perturb. expansion in ( p
ΛEChL

)
n

; Perturb. expansion  in ;( p
ΛChL

)
n

U(ωa) = eiωaτa/v U(πa) = eiπaτa/fπ

U → LUR+GBs transform non-linearly ; U (  matrix)  transforms linearly 2 × 2

 is EW isospin (custodial symmetry )    SU(2)L+R → ρ ∼ 1  is isospin symmetry of pion physics   SU(2)L+R

Chidim2 Chidim4O(∂2) O(∂4)

ΛEChL = Min(4πv, Mresonances)

 GBs self couplings given by  a derivative expansion,   like in low energy QCD.  Parallelism EChL ChL.

The building of this Effective Field Theory followed the guidelines of ChPT  (Gasser, Leuwyler , Annals Phys.158(1984)142)


The 3 GBs are those of Spontaneous Chiral Symmetry breaking  

↔

SU(2)L × SU(2)R → SU(2)L+R

4πv ∼ 3 TeV 4πfπ ∼ 1.2 GeV
ΛChL = Min(4πfπ, Mresonances)

Scale of chiral loops Scale of chiral loops 

ChL EChL
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Seminal works of the EChL:  
S. Weinberg, Phenomenological Lagrangians, Physica A96, 327 (1979) 

T. Appelquist and C. Bernard, Strongly Interacting Higgs Bosons, PRD22, 200 (1980)  
A.Longhitano, Heavy Higgs Bosons in the Weinberg Salam Model, PRD22, 1166 (1980)  

M.Chanowitz and M.K.Gaillard, The TeV Physics of Strongly Interacting W’s and Z’s, NPB261, 379 (1985) 
A.Dobado and M.J. Herrero, Phenomenological Lagrangian Approach to the SBS of the SM, PLB228,495(1989) 

A.Dobado,  D.Espriu and M.J.Herrero, Chiral Lagrangians as a tool to probe the SSB of the SM at LEP, PLB255,405(1991)
Central Assumption: The GBs dynamics at low energies is given by a Non Linear Sigma Model (NL M)  
 GBs self couplings given by  a derivative expansion,   like in low energy QCD.  Parallelism EChL ChL  

The 3 GBs are those of Spontaneous Chiral Symmetry breaking  

σ
↔

SU(2)L × SU(2)R → SU(2)L+R

4πv ∼ 3 TeV 4πfπ ∼ 1.2 GeV
ΛChL = Min(4πfπ, Mresonances)

Scale of chiral loops Scale of chiral loops 

ChL EChL

F. Feruglio , The chiral approach to the electroweak interactions, Int. J. Mod. Phys. A 08, 4937 (1993).  

4



The Electroweak Chiral Lagrangian: Before Higgs discovery (II) 
Central Physics Issue of Chiral Lagrangians: 


Non Linearity of GBs Dynamics is not just a choice of representation…

It reflects the Strongly Interacting Character of the Underlying Fundamental Theory.  

As in ChPT of QCD,   the multi-GBs interactions in the EChL all grow with energy

∼ 𝒪(
s
v2

)

ℒEW
2 =

v2

4
Tr(∂μU∂μU+) ; v = 246 GeV

Example (4 GB’s  interaction vertex at LO):

In contrast to SM (GBs linear ints)  ∼

Simmilarly 

for higher number of GBs 

Interaction EChL SM
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H

v2

Table 2. Additional relevant EChL Feynman rules from L2, in the scalar sector, participating in the loops
contributions to VBS processes. All momenta are incoming. The corresponding SM rules are included for
comparison.
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∼ 𝒪(s0)

4GBs,  6 GBs, etc…self interactions at LO  all grow with energy as   ;  at NLO as ;  at NNLO as  ; etc …  𝒪(s) 𝒪(s2) 𝒪(s3) 

The growing with energy of GBs self-interactions 

announce Strongly Interacting Dynamics in GB’s 

scattering and the potential emergent resonances.

As it occurs in low energy QCD with  scattering 


   

ππ

Enhancements in multiple 

boson production at colliders in TeV region 


with  respect to SM  rates   

Generic BSM signals within EChL  

and to SMEFT (GBs linear ints) 
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The Electroweak Chiral Lagrangian: Before Higgs discovery (III) 
 Introducing EW gauge bosons in the EChL  with  EW gauge symmetrySU(2)L × U(1)Y

A.Longhitano, Heavy Higgs Bosons in the Weinberg Salam Model, PRD22, 1166 (1980) Bosons Sector : 

Fermions 
introduced later:

 Here we consider 

Bosonic EChL (CP)

F. Feruglio , The chiral approach to the electroweak interactions, Int. J. Mod. Phys. A 08, 4937 (1993).  

 ℒBosonic
EChL = ℒ2 + ℒ4 + . .  SU(2)L × U(1)Y → U(1)em SU(2)L × SU(2)R → SU(2)L+R

ℒ2 =

Same GBs 
ωi (i = 1,2,3)

GBs   and gauge  bosons,  and   ωi Wi
μ Bμ

the other hand, it provides new contributions to the scattering amplitudes that encode BSM physics,
which can be checked experimentally. These contributions from L4 in the scattering amplitudes are
considered in momentum space as NLO respect to the LO contributions from L2, since they count
as O(p4), where p refers to either momentum or mass, in contrast to the contributions from L2, that
count as O(p2). For the present work we will compute all the scattering amplitudes at the tree level
and, therefore, the role played by the L4 part will be just the second one.

We summarize the HEFT Lagrangian that is relevant for this work in the following:

L
NLO
HEFT = L2 + L4 (2.1)

The LO Lagrangian is given by:

L2 =
v
2

4

✓
1 + 2a

H

v
+ b

H
2

v2
+ c

H
3

v3

◆
Tr[DµU

†
D

µ
U ] +

1

2
@µH@

µ
H � V (H)

�
1

2g2
Tr[Ŵµ⌫Ŵ

µ⌫ ] �
1

2g02
Tr[B̂µ⌫B̂

µ⌫ ] + LGF + LFP , (2.2)

The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. Due to this singlet Nature of H within the HEFT, the first
term in L2 contains a polynomial function in powers of (H/v) which for the present work we take up
to cubic powers. Then, there are three coe�cients involved in this function, a, b and c. The three of
them will have consequences for the phenomenology of multiple Higgs production from WBF that we
will discuss later.

The U field is a 2 ⇥ 2 matrix

U = exp
⇣
i
!i⌧i

v

⌘
, (2.3)

that contains the three GB fields !i (i = 1, 2, 3) in a non-linear representation of the SU(2) symmetry
group and ⌧i (i = 1, 2, 3) are the three Pauli matrices.

The EW covariant derivative of this U field is defined as:

DµU = @µU � iŴµU + iUB̂µ, (2.4)

that contains the EW gauge fields, Ŵµ = g

2W
i

µ
⌧
i and B̂µ = g

0

2 Bµ⌧
3 and the EW gauge couplings g

and g
0. The corresponding EW field strength tensors are given by:

Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ � i[Ŵµ, Ŵ⌫ ], B̂µ⌫ = @µB̂⌫ � @⌫B̂µ. (2.5)

The physical gauge fields are then given, as usual, by:

W
±
µ

=
1

p
2
(W 1

µ
⌥ iW

2
µ
) , Zµ = cWW

3
µ

� sWBµ , Aµ = sWW
3
µ

+ cWBµ , (2.6)

where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle. V (H) is
the Higgs potential within the HEFT, which includes the triple and quartic Higgs self-interactions:

V (H) =
1

2
m

2
H

H
2 + 3�vH

3 + 4
�

4
H

4
. (2.7)

The relations among couplings and masses within the LO-HEFT are: m
2
H

= 2�v
2, mW = gv/2 and

mZ = mW /cW . The vacuum expectation value v can be written in terms of the Fermi coupling
constant GF by v = ( 1p

2GF

)1/2 = 246 GeV.

Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [8–10], together with more
definitions and specifications within the HEFT (see also, [11, 12]).

The remaining operators in the NLO Lagrangian that are relevant for the present computation
of double and triple Higgs production from WBF are contained in L4. We mention here only those
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µ⌫ ] �
1

2g02
Tr[B̂µ⌫B̂

µ⌫ ] + LGF + LFP , (2.2)

The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. Due to this singlet Nature of H within the HEFT, the first
term in L2 contains a polynomial function in powers of (H/v) which for the present work we take up
to cubic powers. Then, there are three coe�cients involved in this function, a, b and c. The three of
them will have consequences for the phenomenology of multiple Higgs production from WBF that we
will discuss later.

The U field is a 2 ⇥ 2 matrix

U = exp
⇣
i
!i⌧i

v

⌘
, (2.3)

that contains the three GB fields !i (i = 1, 2, 3) in a non-linear representation of the SU(2) symmetry
group and ⌧i (i = 1, 2, 3) are the three Pauli matrices.

The EW covariant derivative of this U field is defined as:
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DµU = @µU � iŴµU + iUB̂µ, (2.4)

that contains the EW gauge fields, Ŵµ = g
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2 Tr[TŴμν]Tr[T[#μ, #ν]]

ℒ10 = a10Tr[T#μ]Tr[T#μ]Tr[T#ν]Tr[T#ν]
ℒ11 = a11Tr[%μ#μ%ν#ν]
ℒ12 = a12Tr[T%μ%ν#ν]Tr[T#μ] ℒ13 = a13

2 Tr[T%μ#ν]Tr[T%μ#ν]

ℒ2 = ia2Tr[UB̂μνU†[#μ, #ν]] ℒ3 = − ia3Tr[Ŵμν[#μ, #ν]]
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[Longhitano; Appelquist and Bernard (PRD 1980)]
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by
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v ¼ 246 GeV. Under an EW chiral transformation of
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which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
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bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by
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following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,
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The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
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Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2
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select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
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interactions into the Lagrangian. Usually, in the EChL,
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in the absence of any other resonance appearing in the
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sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2

4

!
1þ 2a

H
v
þ b

!
H
v

"
2

þ ' ' '
"
Tr½DμU†DμU&

þ 1

2
∂μH∂μH − VðHÞ − 1

2g2
Tr½ŴμνŴμν&

−
1

2g02
Tr½B̂μνB̂μν& þ LGF þ LFP: ð2:4Þ

Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa
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(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2
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−
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Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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L4 Lagrangian

Complete set O(p4) operators with dimensionless EW Chiral coe�cients ai
Operators with EW gauge and GB (Custodial preserving and breaking):

L4 = a0
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i
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Ŵµ⌫

i
Tr

h
U⌧ 3

U
†
[Vµ,V⌫

]

i

+ a10Tr
h
U⌧ 3

U
†Vµ

i
Tr

h
U⌧ 3

U
†Vµ

i
Tr

h
U⌧ 3

U
†V⌫

i
Tr

h
U⌧ 3

U
†V⌫

i

+ a11Tr
h
DµVµD⌫V⌫

i
+ a12Tr

h
U⌧ 3

U
†DµD⌫V⌫

i
Tr

h
U⌧ 3

U
†Vµ

i

+
a13

2
Tr

h
U⌧ 3

U
†DµV⌫

i
Tr

h
U⌧ 3

U
†DµV⌫

i

+ . . . with Vµ = (DµU)U† , DµO = @µO + i [Ŵµ,O]
[Longhitano; Appelquist and Bernard (PRD 1980)]
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;
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− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
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in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
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where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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following:

U(w±, z) = 1 + iwaτa/v +O(w2) ∈ SU(2)L × SU(2)R/SU(2)L+R, (4)

F(h) = 1 + 2a
h

v
+ b

(

h

v

)2

+ . . . , (5)

DµU = ∂µU + iŴµU − iUB̂µ, (6)

Ŵµν = ∂µŴν − ∂νŴµ + i[Ŵµ, Ŵν ], B̂µν = ∂µB̂ν − ∂νB̂µ, (7)

Ŵµ = g #Wµ#τ/2, B̂µ = g′Bµτ
3/2, (8)

Vµ = (DµU)U †, T = Uτ 3U †, (9)

where we have also included the usual Vµ and T chiral fields.
According to the usual counting rules of Chiral Lagrangians, the SU(2)L×U(1)Y invariant

terms in the ECLh are organized by means of their ’chiral dimension’, meaning that a term
Ld with ’chiral dimension’ d will contribute to O(pd) in the corresponding power momentum
expansion. For the present computation of one-loop M(γγ → W+

L W−
L ) and M(γγ → ZLZL)

scattering amplitudes by means of the Equivalence Theorem there are just a few terms in the
ECLh that are involved in the corresponding one-loop M(γγ → w+w−) and M(γγ → zz)
scattering amplitudes. Thus, we focus here mainly on this subset of ECLh terms that we
present in this section and classify according to its chiral dimension.

The chiral dimension of each term in the ECLh can be found out by following the scaling
with p of the various contributing basic functions. First, as it is usual in Effective Chiral
Lagrangians, the derivatives and the masses of the dynamical particles are considered as
soft scales of the EFT and are consequently of the same order in the chiral counting, i.e. of
O(p). The gauge boson masses, mW and mZ are examples of these soft masses in the case
of the ECLh. These are generated from the covariant derivative in Eq. (6) once the U field
is expanded in terms of the wa fields as:

DµU =
i∂µ #w #τ

v
+ i

gv

2

#Wµ #τ

v
− i

g′v

2

Bµ τ
3

v
+ ... (10)

where the dots represent terms with higher powers of (wa/v) and whose precise form will
depend on the particular parametrization of U . Once the gauge fields are rotated to the
physical basis then they get the usual gauge boson squared mass values at lowest order:
m2

W = g2v2/4 and m2
Z = (g2 + g

′2)v2/4. Furthermore, in order to have a power counting
consistent with the loop expansion one needs all the terms in the covariant derivative above to
be of the same order. Thus, the proper assignment is ∂µ , (gv) , (g′v) ∼ O(p) or, equivalently,
∂µ , mW , mZ ∼ O(p). In addition, due to the close values of the EW gauge boson masses
with the experimental Higgs boson mass, we will also consider in this work the Higgs-like
boson mass mh as another soft mass in the ECLh with, a similar chiral counting as mW and
mZ . That implies, mh ∼ O(p), or equivalently (λv2) ∼ O(p2), with λ being the SM Higgs
self-coupling. One can similarly conclude on the scaling of all the other building blocks of
the ECLh that we summarize and collect in the following:

∂µ, mW , mZ , mh ∼ O(p), (11)

DµU, Vµ, g
′v, T , Ŵµ, B̂µ ∼ O(p), (12)

Ŵµν , B̂µν ∼ O(p2). (13)
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a↵ecting the interactions of the scalar sector with the EW gauge bosons and the self-interactions of
the scalar sector [10–12] (for a more complete list of NLO e↵ective operators see [13]):

L4 = �addVV1
@
µ
H @

⌫
H

v2
Tr

h
VµV⌫

i
� addVV2

@
µ
H @µH

v2
Tr

h
V
⌫
V⌫

i

�
m

2
H

4

✓
2aHVV

H

v
+ aHHVV

H
2

v2

◆
Tr

h
V
µ
Vµ

i

+

✓
aH0

H

v
+ aHH0

H
2

v2
+ aHHH0

H
3

v3

◆�
m

2
Z

� m
2
W

�
Tr

h
U⌧

3
U

†
Vµ

i
Tr

h
U⌧

3
U

†
V
µ

i

+

✓
âHdd

H

v
+ âHHdd

H
2

v2

◆
@
µ
H @µH + adddd

1

v4
@µH@

µ
H @⌫H@

⌫
H

�

✓
aHWW

H

v
+ aHHWW

H
2

v2

◆
Tr

h
Ŵµ⌫Ŵ

µ⌫

i
+ i

✓
ad2 + aHd2

H

v

◆
@
⌫
H

v
Tr

h
Ŵµ⌫V

µ

i

�

✓
aHBB

H

v
+ aHHBB

H
2

v2

◆
Tr

h
B̂µ⌫B̂

µ⌫

i
+ i

✓
ad1 + aHd1

H

v

◆
@
⌫
H

v
Tr

h
UB̂µ⌫U

†
V
µ

i

+

✓
aH1

H

v
+ aHH1

H
2

v2

◆
Tr

h
UB̂µ⌫U

†
Ŵ

µ⌫

i
(2.8)

where we have used the usual definition Vµ ⌘ (DµU)U † and a short notation with respect to [10, 11]

given by âHdd = aHdd

m
2
H

v2 + addW

m
2
W

v2 + addZ

m
2
Z

v2 and âHHdd = aHHdd

m
2
H

v2 + aHddW

m
2
W

v2 + aHddZ

m
2
Z

v2 .
Notice that in the list above, the full set of bosonic operators in the NLO Lagrangian, displayed in
ref. [13], has been reduced to a minimal set by the use of the equations of motion (for further details,
and the relation among the various notations, see [10]).

It is important to remark that the previous HEFT Lagrangian in Eq. (2.1) is invariant under
the EW SU(2)L ⇥ U(1)Y gauge symmetry and is renormalizable in the weaker sense of EFTs with
a truncated Lagrangian. The one-loop renormalization of the previous truncated HEFT Lagrangian
in Eq. (2.1) is possible by the proper renormalization of the HEFT parameters involved, including
the particle masses, couplings, fields and the HEFT coe�cients, both LO (a, b, c, 3, 4) and NLO
ones (ai’s) . The one-loop renormalization of the bosonic HEFT in R⇠ covariant gauges has been
performed in a series of works, see refs. [8–11], where the counterterms of the HEFT parameters and
fields in Eq. (2.1) have been set.

The Feynman rules of the relevant HEFT vertices are summarized in Fig. 1 and in Appendix B.
These relevant vertices include the e↵ective interactions of the Higgs boson H with the electroweak
gauge bosons V = W

±
, Z and the Higgs self-interactions. More specifically we focus on the following

interactions: V V H, V V HH, V V HHH, with V V = WW, ZZ, and HHH, HHHH. As it can be
seen in these Feynman rules, both the LO and NLO HEFT coe�cients are involved in these e↵ective
interactions. Moreover, as it will be shown in the forthcoming sections, we wish to remark that only
a subset of these HEFT coe�cients will be needed to solve the matching of the HEFT and SMEFT
amplitudes that we are aiming to provide in this work. Specifically, we will present analytical results
for the scattering amplitudes of the following specific processes including single, double and triple
Higgs production: WW ! H, ZZ ! H, HH ! HH, WW ! HH, ZZ ! HH, WW ! HHH and
ZZ ! HHH. These processes have been selected because they participate as possible subprocesses
in multiple Higgs production at future lepton and hadron colliders. In particular those subprocesses
with initial EW gauge boson pairs are essential for the production mechanism called single H, double
HH and triple HHH production from Weak Boson Fusion.

For our main objective here, i.e. for solving the matching HEFT/SMEFT, we have selected the
proper subset of HEFT coe�cients which are marked in red color in the HEFT Lagrangian. It will
be shown later that these HEFT coe�cients being involved in the selected processes are the following
14 specific coe�cients: a, b, c, 3, 4, aH0, aHH0, aHHH0, aHWW , aHHWW , aHBB , aHHBB , aH1 and
aHH1.

Regarding the comparison of the HEFT with the SM, it can also be checked that the SM Feynman
rules, summarized in Appendix A, can be reached from the HEFT Feynman rules, summarized in
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The Electroweak Chiral Lagrangian: Before Higgs discovery (III) 
 Introducing EW gauge bosons in the EChL  with  EW gauge symmetrySU(2)L × U(1)Y

A.Longhitano, Heavy Higgs Bosons in the Weinberg Salam Model, PRD22, 1166 (1980) Bosons Sector : 
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 The bosonic EChL 

F. Feruglio , The chiral approach to the electroweak inter-actions, Int. J. Mod. Phys. A 08, 4937 (1993).  
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Same GBs 
ωi (i = 1,2,3)

L4 Lagrangian

Complete set O(p4) operators with dimensionless EW Chiral coe�cients ai
Operators with EW gauge and GB (Custodial preserving and breaking):
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i
Tr
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2
Tr
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i
Tr

h
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+ . . . with Vµ = (DµU)U† , DµO = @µO + i [Ŵµ,O]
[Longhitano; Appelquist and Bernard (PRD 1980)]
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ℒ4 =

Relevant ‘light’ bosonic fields 

the other hand, it provides new contributions to the scattering amplitudes that encode BSM physics,
which can be checked experimentally. These contributions from L4 in the scattering amplitudes are
considered in momentum space as NLO respect to the LO contributions from L2, since they count
as O(p4), where p refers to either momentum or mass, in contrast to the contributions from L2, that
count as O(p2). For the present work we will compute all the scattering amplitudes at the tree level
and, therefore, the role played by the L4 part will be just the second one.

We summarize the HEFT Lagrangian that is relevant for this work in the following:

L
NLO
HEFT = L2 + L4 (2.1)

The LO Lagrangian is given by:

L2 =
v
2

4

✓
1 + 2a

H

v
+ b

H
2

v2
+ c

H
3

v3

◆
Tr[DµU

†
D

µ
U ] +

1

2
@µH@

µ
H � V (H)

�
1

2g2
Tr[Ŵµ⌫Ŵ

µ⌫ ] �
1

2g02
Tr[B̂µ⌫B̂

µ⌫ ] + LGF + LFP , (2.2)

The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. Due to this singlet Nature of H within the HEFT, the first
term in L2 contains a polynomial function in powers of (H/v) which for the present work we take up
to cubic powers. Then, there are three coe�cients involved in this function, a, b and c. The three of
them will have consequences for the phenomenology of multiple Higgs production from WBF that we
will discuss later.

The U field is a 2 ⇥ 2 matrix

U = exp
⇣
i
!i⌧i

v

⌘
, (2.3)

that contains the three GB fields !i (i = 1, 2, 3) in a non-linear representation of the SU(2) symmetry
group and ⌧i (i = 1, 2, 3) are the three Pauli matrices.

The EW covariant derivative of this U field is defined as:

DµU = @µU � iŴµU + iUB̂µ, (2.4)

that contains the EW gauge fields, Ŵµ = g

2W
i

µ
⌧
i and B̂µ = g

0

2 Bµ⌧
3 and the EW gauge couplings g

and g
0. The corresponding EW field strength tensors are given by:

Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ � i[Ŵµ, Ŵ⌫ ], B̂µ⌫ = @µB̂⌫ � @⌫B̂µ. (2.5)

The physical gauge fields are then given, as usual, by:

W
±
µ

=
1

p
2
(W 1

µ
⌥ iW

2
µ
) , Zµ = cWW

3
µ

� sWBµ , Aµ = sWW
3
µ

+ cWBµ , (2.6)

where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle. V (H) is
the Higgs potential within the HEFT, which includes the triple and quartic Higgs self-interactions:

V (H) =
1

2
m

2
H

H
2 + 3�vH

3 + 4
�

4
H

4
. (2.7)

The relations among couplings and masses within the LO-HEFT are: m
2
H

= 2�v
2, mW = gv/2 and

mZ = mW /cW . The vacuum expectation value v can be written in terms of the Fermi coupling
constant GF by v = ( 1p

2GF

)1/2 = 246 GeV.

Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [8–10], together with more
definitions and specifications within the HEFT (see also, [11, 12]).

The remaining operators in the NLO Lagrangian that are relevant for the present computation
of double and triple Higgs production from WBF are contained in L4. We mention here only those
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2W
i

µ
⌧
i and B̂µ = g

0

2 Bµ⌧
3 and the EW gauge couplings g

and g
0. The corresponding EW field strength tensors are given by:
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Tr[Ŵµ⌫Ŵ

µ⌫ ] �
1

2g02
Tr[B̂µ⌫B̂

µ⌫ ] + LGF + LFP , (2.2)

The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. Due to this singlet Nature of H within the HEFT, the first
term in L2 contains a polynomial function in powers of (H/v) which for the present work we take up
to cubic powers. Then, there are three coe�cients involved in this function, a, b and c. The three of
them will have consequences for the phenomenology of multiple Higgs production from WBF that we
will discuss later.

The U field is a 2 ⇥ 2 matrix

U = exp
⇣
i
!i⌧i

v

⌘
, (2.3)

that contains the three GB fields !i (i = 1, 2, 3) in a non-linear representation of the SU(2) symmetry
group and ⌧i (i = 1, 2, 3) are the three Pauli matrices.

The EW covariant derivative of this U field is defined as:
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The relations among couplings and masses within the LO-HEFT are: m
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Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [8–10], together with more
definitions and specifications within the HEFT (see also, [11, 12]).

The remaining operators in the NLO Lagrangian that are relevant for the present computation
of double and triple Higgs production from WBF are contained in L4. We mention here only those
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[Longhitano; Appelquist and Bernard (PRD 1980)]
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
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parametrization given by
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SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
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which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
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bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by
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DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
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following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,
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The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
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Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2
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select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
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μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;
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this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by

ANATOMY OF HIGGS BOSON DECAYS INTO … PHYS. REV. D 102, 075040 (2020)

075040-3

group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2

4

!
1þ 2a

H
v
þ b

!
H
v

"
2

þ ' ' '
"
Tr½DμU†DμU&

þ 1

2
∂μH∂μH − VðHÞ − 1

2g2
Tr½ŴμνŴμν&

−
1

2g02
Tr½B̂μνB̂μν& þ LGF þ LFP: ð2:4Þ

Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2
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−
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2g02
Tr½B̂μνB̂μν& þ LGF þ LFP: ð2:4Þ

Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our

ONE-LOOP CORRECTIONS FOR WW TO HH IN HIGGS … PHYS. REV. D 106, 073008 (2022)

073008-3

L4 Lagrangian

Complete set O(p4) operators with dimensionless EW Chiral coe�cients ai
Operators with EW gauge and GB (Custodial preserving and breaking):

L4 = a0

⇣
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i
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i
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Ŵ

µ⌫
i
� i

a9

2
Tr

h
U⌧ 3

U
†
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+ . . . with Vµ = (DµU)U† , DµO = @µO + i [Ŵµ,O]
[Longhitano; Appelquist and Bernard (PRD 1980)]
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by

ANATOMY OF HIGGS BOSON DECAYS INTO … PHYS. REV. D 102, 075040 (2020)

075040-3

group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
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p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
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in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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EChL coefficients a′ is

CS preserving
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U → LUR+

 ℒBosonic
EChL = ℒ2 + ℒ4 + . .

the other hand, it provides new contributions to the scattering amplitudes that encode BSM physics,
which can be checked experimentally. These contributions from L4 in the scattering amplitudes are
considered in momentum space as NLO respect to the LO contributions from L2, since they count
as O(p4), where p refers to either momentum or mass, in contrast to the contributions from L2, that
count as O(p2). For the present work we will compute all the scattering amplitudes at the tree level
and, therefore, the role played by the L4 part will be just the second one.

We summarize the HEFT Lagrangian that is relevant for this work in the following:

L
NLO
HEFT = L2 + L4 (2.1)

The LO Lagrangian is given by:

L2 =
v
2

4

✓
1 + 2a

H

v
+ b

H
2

v2
+ c

H
3

v3

◆
Tr[DµU

†
D

µ
U ] +

1

2
@µH@

µ
H � V (H)

�
1

2g2
Tr[Ŵµ⌫Ŵ

µ⌫ ] �
1

2g02
Tr[B̂µ⌫B̂

µ⌫ ] + LGF + LFP , (2.2)

The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. Due to this singlet Nature of H within the HEFT, the first
term in L2 contains a polynomial function in powers of (H/v) which for the present work we take up
to cubic powers. Then, there are three coe�cients involved in this function, a, b and c. The three of
them will have consequences for the phenomenology of multiple Higgs production from WBF that we
will discuss later.

The U field is a 2 ⇥ 2 matrix

U = exp
⇣
i
!i⌧i

v

⌘
, (2.3)

that contains the three GB fields !i (i = 1, 2, 3) in a non-linear representation of the SU(2) symmetry
group and ⌧i (i = 1, 2, 3) are the three Pauli matrices.

The EW covariant derivative of this U field is defined as:

DµU = @µU � iŴµU + iUB̂µ, (2.4)

that contains the EW gauge fields, Ŵµ = g

2W
i

µ
⌧
i and B̂µ = g

0

2 Bµ⌧
3 and the EW gauge couplings g

and g
0. The corresponding EW field strength tensors are given by:

Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ � i[Ŵµ, Ŵ⌫ ], B̂µ⌫ = @µB̂⌫ � @⌫B̂µ. (2.5)

The physical gauge fields are then given, as usual, by:

W
±
µ

=
1

p
2
(W 1

µ
⌥ iW

2
µ
) , Zµ = cWW

3
µ

� sWBµ , Aµ = sWW
3
µ

+ cWBµ , (2.6)

where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle. V (H) is
the Higgs potential within the HEFT, which includes the triple and quartic Higgs self-interactions:

V (H) =
1

2
m

2
H

H
2 + 3�vH

3 + 4
�

4
H

4
. (2.7)

The relations among couplings and masses within the LO-HEFT are: m
2
H

= 2�v
2, mW = gv/2 and

mZ = mW /cW . The vacuum expectation value v can be written in terms of the Fermi coupling
constant GF by v = ( 1p

2GF

)1/2 = 246 GeV.

Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [8–10], together with more
definitions and specifications within the HEFT (see also, [11, 12]).

The remaining operators in the NLO Lagrangian that are relevant for the present computation
of double and triple Higgs production from WBF are contained in L4. We mention here only those
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∂μ , mW, mZ , mH, λv , gv , g′ v ∼ '(p)

radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2

4

!
1þ 2a

H
v
þ b

!
H
v

"
2

þ ' ' '
"
Tr½DμU†DμU&

þ 1

2
∂μH∂μH − VðHÞ − 1

2g2
Tr½ŴμνŴμν&

−
1

2g02
Tr½B̂μνB̂μν& þ LGF þ LFP: ð2:4Þ

Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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previous work [3] devoted toWZ → WZ scattering. All the
final scattering amplitudes with external on-shell particles
are, of course, finite and gauge invariant, but the involved
1PI functions are ξ dependent, so the cancellation of the ξ
dependence in the final one-loop amplitude is an excellent
check of the computation. In the present paper, for all the
numerical estimates of WW → HH, we will choose in
particular the Feynman–’t Hooft gauge, and accordingly,
for definiteness, we set ξ ¼ 1 in the presentation of all our
results.
From this previous Rξ gauge-fixing Lagrangian, one

derives as usual the corresponding Faddeev-Popov
Lagrangian [9], given by

LFP ¼
X

i;j¼þ;−;Z;A
c̄i
δFi

δαj
cj; ð2:9Þ

where cj are the ghost fields and αj (j ¼ þ;−; Z; A) are the
corresponding gauge transformation parameters under
the local transformations SUð2ÞL ×Uð1ÞY given by L ¼
eigτ⃗·α⃗LðxÞ=2 and R ¼ eig

0τ3αYðxÞ=2.
Formally, the expressions in Eqs. (2.7)–(2.9) and the

gauge bosons’ field transformations are the same as in the
SM. However, the scalar transformations in this nonlinear
EFT differ from the corresponding ones in the SM. This
particularity yields to the absence of interactions among the
Higgs boson and ghost fields, and the presence of new
interactions with multiple GBs and two ghost fields.
Second, the relevant chiral dimension-four Lagrangian

for the computation of all the one-loop 1PI functions
involved in the WW → HH scattering amplitude is
given by

L4 ¼ −addVV1
∂μH∂νH

v2
Tr½VμVν& − addVV2

∂μH∂μH
v2

Tr½VνVν&

þ
!
a11 þ aH11

H
v
þ aHH11

H2

v2

"
Tr½DμVμDνVν& −m2

H

4

!
2aHVV

H
v
þ aHHVV

H2

v2

"
Tr½VμVμ&

−
!
aHWW

H
v
þ aHHWW

H2

v2

"
Tr½ŴμνŴμν& þ i

!
ad2 þ aHd2

H
v

"
∂νH
v

Tr½ŴμνVμ&

þ
!
a
□VV þ aH□VV

H
v

"
□H
v

Tr½VμVμ& þ
!
ad3 þ aHd3

H
v

"
∂νH
v

Tr½VνDμVμ&

þ
!
a
□□

þ aH□□

H
v

"
□H□H

v2
þ add□

∂μH∂μH□H
v3

þ
!
aHdd

m2
H

v2
þ addW

m2
W

v2
þ addZ

m2
Z

v2

"
H
v
∂μH∂μH: ð2:10Þ

These relevant effective operators are taken from the full
HEFT Lagrangian in Refs. [6,10], but we use here a different
notation for the EChL coefficients in L4, which are referred
to here generically as ai’s. The correspondence among the
two sets of coefficients, the ai’s here and the coefficients in
Refs. [6,10], can be summarized, in short, by addVV1 ↔ c8,
addVV2 ↔ c20, a11 ↔ c9, aHWW ↔ aW , aHHWW ↔bW ,
ad2↔c5, aHd2↔a5, a

□VV ↔ c7, aH□VV ↔ a7,
ad3 ↔ c10, aHd3 ↔ a10, a

□□

↔ c
□H, aH□□

↔ a
□H,

add□ ↔ cΔH, aHVV ↔ aC, and aHHVV ↔ bC.
It is worth noticing that, in contrast to our one-loop

computation here, for a tree-level computation of the
scattering amplitude (see, for instance, Ref. [11]), the
previous set of operators in L4 can be reduced to a smaller
set by the use of the equations of motion (EOMs).
Concretely, one may use the following EOMs involving
the pieces □H, DμVμ and F ðHÞ ¼ 1þ 2a H

v þ bðHvÞ
2:

□H ¼ −
δVðHÞ
δH

−
v2

4

F ðHÞ
δH

Tr½VμVμ& ⇒

⇒ □H ¼ −m2
HH −

3

2
κ3m2

H
H2

v
−
a
2
vTr½VμVμ&

−
b
2
HTr½VμVμ&;

Tr½τjDμVμ&F ðHÞ ¼ −Tr½τjVμ&∂μF ðHÞ ⇒

⇒ Tr½τjDμVμ& ¼ −Tr½τjVμ& 2a
v
∂μH: ð2:11Þ

Then, one may eliminate the terms in L4 involving these
two pieces by rewriting them in terms of the other effective
operators. This reduces in practice the number of effective
operators in L4 as follows:
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radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2

4

!
1þ 2a

H
v
þ b

!
H
v

"
2

þ ' ' '
"
Tr½DμU†DμU&

þ 1

2
∂μH∂μH − VðHÞ − 1

2g2
Tr½ŴμνŴμν&

−
1

2g02
Tr½B̂μνB̂μν& þ LGF þ LFP: ð2:4Þ

Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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the other hand, it provides new contributions to the scattering amplitudes that encode BSM physics,
which can be checked experimentally. These contributions from L4 in the scattering amplitudes are
considered in momentum space as NLO respect to the LO contributions from L2, since they count
as O(p4), where p refers to either momentum or mass, in contrast to the contributions from L2, that
count as O(p2). For the present work we will compute all the scattering amplitudes at the tree level
and, therefore, the role played by the L4 part will be just the second one.

We summarize the HEFT Lagrangian that is relevant for this work in the following:

L
NLO
HEFT = L2 + L4 (2.1)

The LO Lagrangian is given by:

L2 =
v
2

4

✓
1 + 2a

H

v
+ b

H
2

v2
+ c

H
3

v3

◆
Tr[DµU

†
D

µ
U ] +

1

2
@µH@

µ
H � V (H)

�
1

2g2
Tr[Ŵµ⌫Ŵ

µ⌫ ] �
1

2g02
Tr[B̂µ⌫B̂

µ⌫ ] + LGF + LFP , (2.2)

The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. Due to this singlet Nature of H within the HEFT, the first
term in L2 contains a polynomial function in powers of (H/v) which for the present work we take up
to cubic powers. Then, there are three coe�cients involved in this function, a, b and c. The three of
them will have consequences for the phenomenology of multiple Higgs production from WBF that we
will discuss later.

The U field is a 2 ⇥ 2 matrix

U = exp
⇣
i
!i⌧i

v

⌘
, (2.3)

that contains the three GB fields !i (i = 1, 2, 3) in a non-linear representation of the SU(2) symmetry
group and ⌧i (i = 1, 2, 3) are the three Pauli matrices.

The EW covariant derivative of this U field is defined as:

DµU = @µU � iŴµU + iUB̂µ, (2.4)

that contains the EW gauge fields, Ŵµ = g

2W
i

µ
⌧
i and B̂µ = g

0

2 Bµ⌧
3 and the EW gauge couplings g

and g
0. The corresponding EW field strength tensors are given by:

Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ � i[Ŵµ, Ŵ⌫ ], B̂µ⌫ = @µB̂⌫ � @⌫B̂µ. (2.5)

The physical gauge fields are then given, as usual, by:

W
±
µ

=
1

p
2
(W 1

µ
⌥ iW

2
µ
) , Zµ = cWW

3
µ

� sWBµ , Aµ = sWW
3
µ

+ cWBµ , (2.6)

where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle. V (H) is
the Higgs potential within the HEFT, which includes the triple and quartic Higgs self-interactions:

V (H) =
1

2
m

2
H

H
2 + 3�vH

3 + 4
�

4
H

4
. (2.7)

The relations among couplings and masses within the LO-HEFT are: m
2
H

= 2�v
2, mW = gv/2 and

mZ = mW /cW . The vacuum expectation value v can be written in terms of the Fermi coupling
constant GF by v = ( 1p

2GF

)1/2 = 246 GeV.

Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [8–10], together with more
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Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ � i[Ŵµ, Ŵ⌫ ], B̂µ⌫ = @µB̂⌫ � @⌫B̂µ. (2.5)

The physical gauge fields are then given, as usual, by:

W
±
µ

=
1

p
2
(W 1

µ
⌥ iW

2
µ
) , Zµ = cWW

3
µ

� sWBµ , Aµ = sWW
3
µ

+ cWBµ , (2.6)

where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle. V (H) is
the Higgs potential within the HEFT, which includes the triple and quartic Higgs self-interactions:

V (H) =
1

2
m

2
H

H
2 + 3�vH

3 + 4
�

4
H

4
. (2.7)

The relations among couplings and masses within the LO-HEFT are: m
2
H

= 2�v
2, mW = gv/2 and

mZ = mW /cW . The vacuum expectation value v can be written in terms of the Fermi coupling
constant GF by v = ( 1p

2GF

)1/2 = 246 GeV.

Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [8–10], together with more
definitions and specifications within the HEFT (see also, [11, 12]).

The remaining operators in the NLO Lagrangian that are relevant for the present computation
of double and triple Higgs production from WBF are contained in L4. We mention here only those

– 4 –

the other hand, it provides new contributions to the scattering amplitudes that encode BSM physics,
which can be checked experimentally. These contributions from L4 in the scattering amplitudes are
considered in momentum space as NLO respect to the LO contributions from L2, since they count
as O(p4), where p refers to either momentum or mass, in contrast to the contributions from L2, that
count as O(p2). For the present work we will compute all the scattering amplitudes at the tree level
and, therefore, the role played by the L4 part will be just the second one.

We summarize the HEFT Lagrangian that is relevant for this work in the following:

L
NLO
HEFT = L2 + L4 (2.1)

The LO Lagrangian is given by:

L2 =
v
2

4

✓
1 + 2a

H

v
+ b

H
2

v2
+ c

H
3

v3

◆
Tr[DµU

†
D

µ
U ] +

1

2
@µH@

µ
H � V (H)

�
1

2g2
Tr[Ŵµ⌫Ŵ
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Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ � i[Ŵµ, Ŵ⌫ ], B̂µ⌫ = @µB̂⌫ � @⌫B̂µ. (2.5)

The physical gauge fields are then given, as usual, by:

W
±
µ

=
1

p
2
(W 1

µ
⌥ iW

2
µ
) , Zµ = cWW

3
µ

� sWBµ , Aµ = sWW
3
µ

+ cWBµ , (2.6)

where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle. V (H) is
the Higgs potential within the HEFT, which includes the triple and quartic Higgs self-interactions:

V (H) =
1

2
m

2
H

H
2 + 3�vH

3 + 4
�

4
H

4
. (2.7)

The relations among couplings and masses within the LO-HEFT are: m
2
H

= 2�v
2, mW = gv/2 and

mZ = mW /cW . The vacuum expectation value v can be written in terms of the Fermi coupling
constant GF by v = ( 1p

2GF

)1/2 = 246 GeV.

Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [8–10], together with more
definitions and specifications within the HEFT (see also, [11, 12]).

The remaining operators in the NLO Lagrangian that are relevant for the present computation
of double and triple Higgs production from WBF are contained in L4. We mention here only those

– 4 –

usually  Rξ

L4 Lagrangian

Complete set O(p4) operators with dimensionless EW Chiral coe�cients ai
Operators with EW gauge and GB (Custodial preserving and breaking):

L4 = a0

⇣
M

2
Z �M

2
W

⌘
Tr

h
U⌧ 3

U
†Vµ

i
Tr

h
U⌧ 3

U
†Vµ

i

+ a1Tr
h
UB̂µ⌫U

†
Ŵ
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[Longhitano; Appelquist and Bernard (PRD 1980)]
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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organized through their chiral dimension. This chiral
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context, derivatives and masses are soft scales and they
count with the same power of the momentum,
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Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2
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for the present computation of the Higgs boson decays into
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for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
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Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2
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select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
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radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2

4

!
1þ 2a

H
v
þ b

!
H
v

"
2

þ ' ' '
"
Tr½DμU†DμU&

þ 1

2
∂μH∂μH − VðHÞ − 1

2g2
Tr½ŴμνŴμν&

−
1

2g02
Tr½B̂μνB̂μν& þ LGF þ LFP: ð2:4Þ

Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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Under this EW chiral transformation, the GBs transform
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nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:
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where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
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symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
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the EChL:
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Ŵμ ¼ gWa
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operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:
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In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
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Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
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Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
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L4 Lagrangian

Complete set O(p4) operators with dimensionless EW Chiral coe�cients ai
Operators with EW gauge and GB (Custodial preserving and breaking):
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+ . . . with Vµ = (DµU)U† , DµO = @µO + i [Ŵµ,O]
[Longhitano; Appelquist and Bernard (PRD 1980)]
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
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in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';
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where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,
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where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;
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ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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simmilar to ChPT  
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L9 = a3 − a2
L10 = a1

Gasser, 
Leutwyler  

Annals Phys 
158(1984)142
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Z − m2
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ℒ1 = a1Tr[UB̂μνU†Ŵμν]
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T = Uτ3U†

(Other non-linear reps.
In literature) 

The Electroweak Chiral Lagrangian: Before Higgs discovery (III) 
 Introducing EW gauge bosons in the EChL  with  EW gauge symmetrySU(2)L × U(1)Y

A.Longhitano, Heavy Higgs Bosons in the Weinberg Salam Model, PRD22, 1166 (1980) Bosons Sector : 

Fermions 
introduced latter:

 The bosonic EChL 

F. Feruglio , The chiral approach to the electroweak inter-actions, Int. J. Mod. Phys. A 08, 4937 (1993).  
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EChL = ℒ2 + ℒ4 + . .  SU(2)L × U(1)Y → U(1)em SU(2)L × SU(2)R → SU(2)L+R

CS restored for  
  

also called isospin limit

g′ → 0
(MZ → MW , cW → 1)
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Same GBs 
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L4 Lagrangian
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+ . . . with Vµ = (DµU)U† , DµO = @µO + i [Ŵµ,O]
[Longhitano; Appelquist and Bernard (PRD 1980)]
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Relevant ‘light’ bosonic fields 

the other hand, it provides new contributions to the scattering amplitudes that encode BSM physics,
which can be checked experimentally. These contributions from L4 in the scattering amplitudes are
considered in momentum space as NLO respect to the LO contributions from L2, since they count
as O(p4), where p refers to either momentum or mass, in contrast to the contributions from L2, that
count as O(p2). For the present work we will compute all the scattering amplitudes at the tree level
and, therefore, the role played by the L4 part will be just the second one.

We summarize the HEFT Lagrangian that is relevant for this work in the following:

L
NLO
HEFT = L2 + L4 (2.1)

The LO Lagrangian is given by:

L2 =
v
2

4

✓
1 + 2a

H

v
+ b

H
2

v2
+ c

H
3

v3

◆
Tr[DµU

†
D

µ
U ] +

1

2
@µH@

µ
H � V (H)
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Tr[B̂µ⌫B̂

µ⌫ ] + LGF + LFP , (2.2)

The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. Due to this singlet Nature of H within the HEFT, the first
term in L2 contains a polynomial function in powers of (H/v) which for the present work we take up
to cubic powers. Then, there are three coe�cients involved in this function, a, b and c. The three of
them will have consequences for the phenomenology of multiple Higgs production from WBF that we
will discuss later.

The U field is a 2 ⇥ 2 matrix

U = exp
⇣
i
!i⌧i

v

⌘
, (2.3)

that contains the three GB fields !i (i = 1, 2, 3) in a non-linear representation of the SU(2) symmetry
group and ⌧i (i = 1, 2, 3) are the three Pauli matrices.

The EW covariant derivative of this U field is defined as:

DµU = @µU � iŴµU + iUB̂µ, (2.4)

that contains the EW gauge fields, Ŵµ = g

2W
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µ
⌧
i and B̂µ = g
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2 Bµ⌧
3 and the EW gauge couplings g

and g
0. The corresponding EW field strength tensors are given by:

Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ � i[Ŵµ, Ŵ⌫ ], B̂µ⌫ = @µB̂⌫ � @⌫B̂µ. (2.5)

The physical gauge fields are then given, as usual, by:
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where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle. V (H) is
the Higgs potential within the HEFT, which includes the triple and quartic Higgs self-interactions:

V (H) =
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3 + 4
�

4
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4
. (2.7)

The relations among couplings and masses within the LO-HEFT are: m
2
H

= 2�v
2, mW = gv/2 and

mZ = mW /cW . The vacuum expectation value v can be written in terms of the Fermi coupling
constant GF by v = ( 1p

2GF

)1/2 = 246 GeV.

Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [8–10], together with more
definitions and specifications within the HEFT (see also, [11, 12]).

The remaining operators in the NLO Lagrangian that are relevant for the present computation
of double and triple Higgs production from WBF are contained in L4. We mention here only those
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2W
i

µ
⌧
i and B̂µ = g

0

2 Bµ⌧
3 and the EW gauge couplings g

and g
0. The corresponding EW field strength tensors are given by:
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[Longhitano; Appelquist and Bernard (PRD 1980)]
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
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in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1
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μ − swBμ;

Aμ ¼ swW3
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where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=
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in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
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in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,
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μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
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where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2

4

!
1þ 2a

H
v
þ b

!
H
v

"
2

þ ' ' '
"
Tr½DμU†DμU&

þ 1

2
∂μH∂μH − VðHÞ − 1

2g2
Tr½ŴμνŴμν&

−
1

2g02
Tr½B̂μνB̂μν& þ LGF þ LFP: ð2:4Þ

Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2

4

!
1þ 2a

H
v
þ b

!
H
v

"
2

þ ' ' '
"
Tr½DμU†DμU&

þ 1

2
∂μH∂μH − VðHÞ − 1

2g2
Tr½ŴμνŴμν&

−
1

2g02
Tr½B̂μνB̂μν& þ LGF þ LFP: ð2:4Þ

Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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L4 Lagrangian

Complete set O(p4) operators with dimensionless EW Chiral coe�cients ai
Operators with EW gauge and GB (Custodial preserving and breaking):

L4 = a0

⇣
M

2
Z �M

2
W

⌘
Tr

h
U⌧ 3

U
†Vµ

i
Tr

h
U⌧ 3

U
†Vµ

i

+ a1Tr
h
UB̂µ⌫U

†
Ŵ

µ⌫
i
+ ia2Tr

h
UB̂µ⌫U

†
[Vµ,V⌫

]

i
� ia3Tr

h
Ŵµ⌫ [Vµ,V⌫

]

i

+ a4Tr
h
VµV⌫

i
Tr

h
VµV⌫

i
+ a5Tr

h
VµVµ

i
Tr

h
V⌫V⌫

i

+ a6Tr
h
VµV⌫

i
Tr

h
U⌧ 3

U
†Vµ

i
Tr

h
U⌧ 3

U
†V⌫

i

+ a7Tr
h
VµVµ

i
Tr

h
U⌧ 3

U
†V⌫

i
Tr

h
U⌧ 3

U
†V⌫

i

� a8

4
Tr

h
U⌧ 3

U
†
Ŵµ⌫

i
Tr

h
U⌧ 3

U
†
Ŵ

µ⌫
i
� i

a9

2
Tr

h
U⌧ 3

U
†
Ŵµ⌫

i
Tr

h
U⌧ 3

U
†
[Vµ,V⌫

]

i

+ a10Tr
h
U⌧ 3

U
†Vµ

i
Tr

h
U⌧ 3

U
†Vµ

i
Tr

h
U⌧ 3

U
†V⌫

i
Tr

h
U⌧ 3

U
†V⌫

i

+ a11Tr
h
DµVµD⌫V⌫

i
+ a12Tr

h
U⌧ 3

U
†DµD⌫V⌫

i
Tr

h
U⌧ 3

U
†Vµ

i

+
a13

2
Tr

h
U⌧ 3

U
†DµV⌫

i
Tr

h
U⌧ 3

U
†DµV⌫

i

+ . . . with Vµ = (DµU)U† , DµO = @µO + i [Ŵµ,O]
[Longhitano; Appelquist and Bernard (PRD 1980)]
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,
,

group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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EChL coefficients a′ is

CS preserving
simmilar to ChPT  

L1 = a5

L2 = a4

L9 = a3 − a2
L10 = a1

Gasser, 
Leutwyler  

Annals Phys 
158(1984)142

U → LUR+
;

CS in pure GB sector  

CS

non-CS

Removable 
by e.o.m

non-CS

CS Breaking by   g′￼≠ 0

 the most relevant CS a4 , a5

ℒ4,5 ∼ 𝒪(∂4) 6



The Electroweak Chiral Lagrangian: After Higgs discovery (I) 
To describe BSM Physics we focus on the Bosonic EChL     ℒHEFT = ℒBosonic

EChL

The Bosonic EChL is reformulated  including explicitly a light Higgs particle in addition to GBs and EW gauge bosons

(Our) 
Assumptions

H is a singlet under all symmetries 

U(ωa) = eωaτa/vGB’s  are in non-linear representation 

Lorentz ,   SU(2)L × U(1)Y → U(1)emCP, Gauge SU(2)L × SU(2)R → SU(2)L+R,  Global
CS restored for  

 

also called isospin limit

g′￼→ 0
(MZ → MW , cW → 1)

It is introduced via Polynomials in powers of , and their derivatives( H
v )

n

EW gauge bosons introduced via the gauge principle

U → LUR+

The Electroweak Chiral Lagrangian: Before Higgs discovery (III) 
 Introducing EW gauge bosons in the EChL  with  EW gauge symmetrySU(2)L × U(1)Y

A.Longhitano, Heavy Higgs Bosons in the Weinberg Salam Model, PRD22, 1166 (1980) Bosons Sector : 

Fermions 
introduced latter:

 The bosonic EChL 

F. Feruglio , The chiral approach to the electroweak inter-actions, Int. J. Mod. Phys. A 08, 4937 (1993).  

 ℒBosonic
EChL = ℒ2 + ℒ4 + . .  SU(2)L × U(1)Y → U(1)em SU(2)L × SU(2)R → SU(2)L+R

CS restored for  
  

also called isospin limit

g′ → 0
(MZ → MW , cW → 1)

ℒ2 =

Same GBs 
ωi (i = 1,2,3)

L4 Lagrangian

Complete set O(p4) operators with dimensionless EW Chiral coe�cients ai
Operators with EW gauge and GB (Custodial preserving and breaking):

L4 = a0

⇣
M

2
Z �M

2
W

⌘
Tr

h
U⌧ 3

U
†Vµ
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U
†Vµ

i

+ a1Tr
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UB̂µ⌫U

†
Ŵ

µ⌫
i
+ ia2Tr

h
UB̂µ⌫U

†
[Vµ,V⌫

]

i
� ia3Tr

h
Ŵµ⌫ [Vµ,V⌫

]

i

+ a4Tr
h
VµV⌫

i
Tr

h
VµV⌫

i
+ a5Tr

h
VµVµ

i
Tr

h
V⌫V⌫

i

+ a6Tr
h
VµV⌫

i
Tr

h
U⌧ 3

U
†Vµ

i
Tr

h
U⌧ 3

U
†V⌫

i

+ a7Tr
h
VµVµ

i
Tr

h
U⌧ 3

U
†V⌫

i
Tr

h
U⌧ 3

U
†V⌫

i

� a8

4
Tr

h
U⌧ 3

U
†
Ŵµ⌫

i
Tr

h
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U
†
Ŵ

µ⌫
i
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a9

2
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h
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U
†
Ŵµ⌫

i
Tr

h
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U
†
[Vµ,V⌫

]

i

+ a10Tr
h
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†Vµ

i
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i
Tr
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U
†V⌫

i
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h
U⌧ 3

U
†V⌫

i

+ a11Tr
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DµVµD⌫V⌫

i
+ a12Tr

h
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U
†DµD⌫V⌫

i
Tr

h
U⌧ 3

U
†Vµ

i

+
a13

2
Tr

h
U⌧ 3

U
†DµV⌫

i
Tr

h
U⌧ 3

U
†DµV⌫

i

+ . . . with Vµ = (DµU)U† , DµO = @µO + i [Ŵµ,O]
[Longhitano; Appelquist and Bernard (PRD 1980)]
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ℒ4 =

Relevant ‘light’ bosonic fields 

the other hand, it provides new contributions to the scattering amplitudes that encode BSM physics,
which can be checked experimentally. These contributions from L4 in the scattering amplitudes are
considered in momentum space as NLO respect to the LO contributions from L2, since they count
as O(p4), where p refers to either momentum or mass, in contrast to the contributions from L2, that
count as O(p2). For the present work we will compute all the scattering amplitudes at the tree level
and, therefore, the role played by the L4 part will be just the second one.

We summarize the HEFT Lagrangian that is relevant for this work in the following:

L
NLO
HEFT = L2 + L4 (2.1)

The LO Lagrangian is given by:

L2 =
v
2

4

✓
1 + 2a

H

v
+ b

H
2

v2
+ c

H
3

v3

◆
Tr[DµU

†
D

µ
U ] +

1

2
@µH@

µ
H � V (H)

�
1

2g2
Tr[Ŵµ⌫Ŵ

µ⌫ ] �
1

2g02
Tr[B̂µ⌫B̂

µ⌫ ] + LGF + LFP , (2.2)

The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. Due to this singlet Nature of H within the HEFT, the first
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count as O(p2). For the present work we will compute all the scattering amplitudes at the tree level
and, therefore, the role played by the L4 part will be just the second one.

We summarize the HEFT Lagrangian that is relevant for this work in the following:
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The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. Due to this singlet Nature of H within the HEFT, the first
term in L2 contains a polynomial function in powers of (H/v) which for the present work we take up
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that contains the three GB fields !i (i = 1, 2, 3) in a non-linear representation of the SU(2) symmetry
group and ⌧i (i = 1, 2, 3) are the three Pauli matrices.

The EW covariant derivative of this U field is defined as:
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where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle. V (H) is
the Higgs potential within the HEFT, which includes the triple and quartic Higgs self-interactions:
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The relations among couplings and masses within the LO-HEFT are: m
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Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [8–10], together with more
definitions and specifications within the HEFT (see also, [11, 12]).

The remaining operators in the NLO Lagrangian that are relevant for the present computation
of double and triple Higgs production from WBF are contained in L4. We mention here only those
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[Longhitano; Appelquist and Bernard (PRD 1980)]
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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and H → γZ, are the same as in the SM. For the present
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sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
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in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
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where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,
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where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;
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Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write
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context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
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2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;
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− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2

4

!
1þ 2a

H
v
þ b

!
H
v

"
2

þ ' ' '
"
Tr½DμU†DμU&

þ 1

2
∂μH∂μH − VðHÞ − 1

2g2
Tr½ŴμνŴμν&

−
1

2g02
Tr½B̂μνB̂μν& þ LGF þ LFP: ð2:4Þ

Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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radiative corrections of the WW → HH scattering, and we
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active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by
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−
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Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
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For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −
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A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
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p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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L4 Lagrangian

Complete set O(p4) operators with dimensionless EW Chiral coe�cients ai
Operators with EW gauge and GB (Custodial preserving and breaking):
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+ . . . with Vµ = (DµU)U† , DµO = @µO + i [Ŵµ,O]
[Longhitano; Appelquist and Bernard (PRD 1980)]
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
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in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,
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μÞ; Zμ ¼ cwW3
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Aμ ¼ swW3
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where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;
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Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by

ANATOMY OF HIGGS BOSON DECAYS INTO … PHYS. REV. D 102, 075040 (2020)

075040-3

EChL coefficients a′ is

CS preserving
simmilar to ChPT  

L1 = a5

L2 = a4

L9 = a3 − a2
L10 = a1

Gasser, 
Leutwyler  

Annals Phys 
158(1984)142

U → LUR+

Building Blocks

Chiral dim counting

following:

U(w±, z) = 1 + iwaτa/v +O(w2) ∈ SU(2)L × SU(2)R/SU(2)L+R, (4)

F(h) = 1 + 2a
h

v
+ b

(

h

v

)2

+ . . . , (5)

DµU = ∂µU + iŴµU − iUB̂µ, (6)

Ŵµν = ∂µŴν − ∂νŴµ + i[Ŵµ, Ŵν ], B̂µν = ∂µB̂ν − ∂νB̂µ, (7)

Ŵµ = g #Wµ#τ/2, B̂µ = g′Bµτ
3/2, (8)

Vµ = (DµU)U †, T = Uτ 3U †, (9)

where we have also included the usual Vµ and T chiral fields.
According to the usual counting rules of Chiral Lagrangians, the SU(2)L×U(1)Y invariant

terms in the ECLh are organized by means of their ’chiral dimension’, meaning that a term
Ld with ’chiral dimension’ d will contribute to O(pd) in the corresponding power momentum
expansion. For the present computation of one-loop M(γγ → W+

L W−
L ) and M(γγ → ZLZL)

scattering amplitudes by means of the Equivalence Theorem there are just a few terms in the
ECLh that are involved in the corresponding one-loop M(γγ → w+w−) and M(γγ → zz)
scattering amplitudes. Thus, we focus here mainly on this subset of ECLh terms that we
present in this section and classify according to its chiral dimension.

The chiral dimension of each term in the ECLh can be found out by following the scaling
with p of the various contributing basic functions. First, as it is usual in Effective Chiral
Lagrangians, the derivatives and the masses of the dynamical particles are considered as
soft scales of the EFT and are consequently of the same order in the chiral counting, i.e. of
O(p). The gauge boson masses, mW and mZ are examples of these soft masses in the case
of the ECLh. These are generated from the covariant derivative in Eq. (6) once the U field
is expanded in terms of the wa fields as:

DµU =
i∂µ #w #τ

v
+ i

gv

2

#Wµ #τ

v
− i

g′v

2

Bµ τ
3

v
+ ... (10)

where the dots represent terms with higher powers of (wa/v) and whose precise form will
depend on the particular parametrization of U . Once the gauge fields are rotated to the
physical basis then they get the usual gauge boson squared mass values at lowest order:
m2

W = g2v2/4 and m2
Z = (g2 + g

′2)v2/4. Furthermore, in order to have a power counting
consistent with the loop expansion one needs all the terms in the covariant derivative above to
be of the same order. Thus, the proper assignment is ∂µ , (gv) , (g′v) ∼ O(p) or, equivalently,
∂µ , mW , mZ ∼ O(p). In addition, due to the close values of the EW gauge boson masses
with the experimental Higgs boson mass, we will also consider in this work the Higgs-like
boson mass mh as another soft mass in the ECLh with, a similar chiral counting as mW and
mZ . That implies, mh ∼ O(p), or equivalently (λv2) ∼ O(p2), with λ being the SM Higgs
self-coupling. One can similarly conclude on the scaling of all the other building blocks of
the ECLh that we summarize and collect in the following:

∂µ, mW , mZ , mh ∼ O(p), (11)

DµU, Vµ, g
′v, T , Ŵµ, B̂µ ∼ O(p), (12)

Ŵµν , B̂µν ∼ O(p2). (13)
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a↵ecting the interactions of the scalar sector with the EW gauge bosons and the self-interactions of
the scalar sector [10–12] (for a more complete list of NLO e↵ective operators see [13]):

L4 = �addVV1
@
µ
H @

⌫
H

v2
Tr

h
VµV⌫

i
� addVV2

@
µ
H @µH

v2
Tr

h
V
⌫
V⌫

i

�
m

2
H

4

✓
2aHVV

H

v
+ aHHVV

H
2

v2

◆
Tr

h
V
µ
Vµ

i

+

✓
aH0

H

v
+ aHH0

H
2

v2
+ aHHH0

H
3

v3

◆�
m

2
Z

� m
2
W

�
Tr

h
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3
U

†
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i
Tr

h
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3
U

†
V
µ

i

+

✓
âHdd

H

v
+ âHHdd

H
2

v2

◆
@
µ
H @µH + adddd

1

v4
@µH@

µ
H @⌫H@

⌫
H

�

✓
aHWW

H

v
+ aHHWW

H
2

v2

◆
Tr

h
Ŵµ⌫Ŵ

µ⌫

i
+ i

✓
ad2 + aHd2

H

v

◆
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H

v
Tr

h
Ŵµ⌫V

µ

i

�
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aHBB

H

v
+ aHHBB

H
2
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◆
Tr

h
B̂µ⌫B̂

µ⌫

i
+ i

✓
ad1 + aHd1

H

v

◆
@
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H

v
Tr

h
UB̂µ⌫U

†
V
µ

i

+

✓
aH1

H

v
+ aHH1

H
2

v2

◆
Tr

h
UB̂µ⌫U

†
Ŵ

µ⌫

i
(2.8)

where we have used the usual definition Vµ ⌘ (DµU)U † and a short notation with respect to [10, 11]

given by âHdd = aHdd

m
2
H

v2 + addW

m
2
W

v2 + addZ

m
2
Z

v2 and âHHdd = aHHdd

m
2
H

v2 + aHddW

m
2
W

v2 + aHddZ

m
2
Z

v2 .
Notice that in the list above, the full set of bosonic operators in the NLO Lagrangian, displayed in
ref. [13], has been reduced to a minimal set by the use of the equations of motion (for further details,
and the relation among the various notations, see [10]).

It is important to remark that the previous HEFT Lagrangian in Eq. (2.1) is invariant under
the EW SU(2)L ⇥ U(1)Y gauge symmetry and is renormalizable in the weaker sense of EFTs with
a truncated Lagrangian. The one-loop renormalization of the previous truncated HEFT Lagrangian
in Eq. (2.1) is possible by the proper renormalization of the HEFT parameters involved, including
the particle masses, couplings, fields and the HEFT coe�cients, both LO (a, b, c, 3, 4) and NLO
ones (ai’s) . The one-loop renormalization of the bosonic HEFT in R⇠ covariant gauges has been
performed in a series of works, see refs. [8–11], where the counterterms of the HEFT parameters and
fields in Eq. (2.1) have been set.

The Feynman rules of the relevant HEFT vertices are summarized in Fig. 1 and in Appendix B.
These relevant vertices include the e↵ective interactions of the Higgs boson H with the electroweak
gauge bosons V = W

±
, Z and the Higgs self-interactions. More specifically we focus on the following

interactions: V V H, V V HH, V V HHH, with V V = WW, ZZ, and HHH, HHHH. As it can be
seen in these Feynman rules, both the LO and NLO HEFT coe�cients are involved in these e↵ective
interactions. Moreover, as it will be shown in the forthcoming sections, we wish to remark that only
a subset of these HEFT coe�cients will be needed to solve the matching of the HEFT and SMEFT
amplitudes that we are aiming to provide in this work. Specifically, we will present analytical results
for the scattering amplitudes of the following specific processes including single, double and triple
Higgs production: WW ! H, ZZ ! H, HH ! HH, WW ! HH, ZZ ! HH, WW ! HHH and
ZZ ! HHH. These processes have been selected because they participate as possible subprocesses
in multiple Higgs production at future lepton and hadron colliders. In particular those subprocesses
with initial EW gauge boson pairs are essential for the production mechanism called single H, double
HH and triple HHH production from Weak Boson Fusion.

For our main objective here, i.e. for solving the matching HEFT/SMEFT, we have selected the
proper subset of HEFT coe�cients which are marked in red color in the HEFT Lagrangian. It will
be shown later that these HEFT coe�cients being involved in the selected processes are the following
14 specific coe�cients: a, b, c, 3, 4, aH0, aHH0, aHHH0, aHWW , aHHWW , aHBB , aHHBB , aH1 and
aHH1.

Regarding the comparison of the HEFT with the SM, it can also be checked that the SM Feynman
rules, summarized in Appendix A, can be reached from the HEFT Feynman rules, summarized in

– 5 –

,

The Electroweak Chiral Lagrangian: Before Higgs discovery (III) 
 Introducing EW gauge bosons in the EChL  with  EW gauge symmetrySU(2)L × U(1)Y

A.Longhitano, Heavy Higgs Bosons in the Weinberg Salam Model, PRD22, 1166 (1980) Bosons Sector : 
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 The bosonic EChL 
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+ . . . with Vµ = (DµU)U† , DµO = @µO + i [Ŵµ,O]
[Longhitano; Appelquist and Bernard (PRD 1980)]
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ℒ4 =

Relevant ‘light’ bosonic fields 

the other hand, it provides new contributions to the scattering amplitudes that encode BSM physics,
which can be checked experimentally. These contributions from L4 in the scattering amplitudes are
considered in momentum space as NLO respect to the LO contributions from L2, since they count
as O(p4), where p refers to either momentum or mass, in contrast to the contributions from L2, that
count as O(p2). For the present work we will compute all the scattering amplitudes at the tree level
and, therefore, the role played by the L4 part will be just the second one.

We summarize the HEFT Lagrangian that is relevant for this work in the following:

L
NLO
HEFT = L2 + L4 (2.1)

The LO Lagrangian is given by:

L2 =
v
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✓
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v
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v3
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Tr[DµU

†
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Tr[Ŵµ⌫Ŵ
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1

2g02
Tr[B̂µ⌫B̂

µ⌫ ] + LGF + LFP , (2.2)

The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. Due to this singlet Nature of H within the HEFT, the first
term in L2 contains a polynomial function in powers of (H/v) which for the present work we take up
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Tr[Ŵµ⌫Ŵ
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Tr[Ŵµ⌫Ŵ
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The relations among couplings and masses within the LO-HEFT are: m
2
H

= 2�v
2, mW = gv/2 and

mZ = mW /cW . The vacuum expectation value v can be written in terms of the Fermi coupling
constant GF by v = ( 1p

2GF

)1/2 = 246 GeV.
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Ŵ

µ⌫
i
+ ia2Tr

h
UB̂µ⌫U

†
[Vµ,V⌫

]

i
� ia3Tr

h
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[Longhitano; Appelquist and Bernard (PRD 1980)]
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
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where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';
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where we use the short notation sW ¼ sin θW and
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The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;
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Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write
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the interactions ofH with the other fields are introduced via
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v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
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which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
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∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
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p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,
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Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2

4

!
1þ 2a

H
v
þ b

!
H
v

"
2

þ ' ' '
"
Tr½DμU†DμU&

þ 1

2
∂μH∂μH − VðHÞ − 1

2g2
Tr½ŴμνŴμν&

−
1

2g02
Tr½B̂μνB̂μν& þ LGF þ LFP: ð2:4Þ

Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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radiative corrections of the WW → HH scattering, and we
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active fields are the EW gauge bosons, Bμ and Wa
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(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by
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−
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Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
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4
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For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
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A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
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p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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L4 Lagrangian

Complete set O(p4) operators with dimensionless EW Chiral coe�cients ai
Operators with EW gauge and GB (Custodial preserving and breaking):
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+ . . . with Vµ = (DµU)U† , DµO = @µO + i [Ŵµ,O]
[Longhitano; Appelquist and Bernard (PRD 1980)]
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
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in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,
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μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
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where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;
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Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write
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group. Also, the EChL is Lorentz, CP, and SUð2ÞL ×
Uð1ÞY gauge invariant. In the present work, we focus on the
bosonic part of the EChL assuming that the fermionic
contributions to the observables of interest here, H → γγ
and H → γZ, are the same as in the SM. For the present
work, we consider only effective operators within the EChL
that preserve custodial symmetry. With this assumption, the
only source of custodial symmetry breaking in the bosonic
sector of the EChL is, as in the SM case, the small nonzero
hypercharge gauge coupling g0 corresponding to Uð1ÞY . As
dynamical fields, the EChL contains the EW gauge bosons
Bμ and Wa

μ (with a ¼ 1, 2, 3), and the SM-like Higgs
boson H. In contrast to the SM case, and other EFTs
for BSM Higgs physics, where the Higgs field is imple-
mented together with the would-be GBs inside a linear
representation of SUð2Þ, given by the doublet ΦT ¼
ðiπþ; ððH þ vÞ − iπ3Þ=

ffiffiffi
2

p
Þ with π% ¼ ðπ1 ∓ iπ2Þ=

ffiffiffi
2

p
,

in the EChL the Higgs field and the GB fields are
introduced separately. The H field is a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its
interactions into the Lagrangian. Usually, in the EChL,
the interactions ofH with the other fields are introduced via
multiplicative generic polynomials. Regarding the three
GBs, πa, they are introduced in the EChL in a nonlinear
representation of SUð2Þ. We use here the exponential
parametrization given by

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1, 2, 3, are the Pauli matrices and
v ¼ 246 GeV. Under an EW chiral transformation of
SUð2ÞL×SUð2ÞR, given by L∈ SUð2ÞL and R∈SUð2ÞR,
the field U transforms linearly as LUR†, whereas the GBs
πa transform nonlinearly. In this sense, these EW GBs of
the EChL behave similarly to the pions in low energy QCD,
which are identified with the GBs of the chiral symmetry
breaking. Consequently, the building of this nonlinear
EFT for low energy EW interactions as given by the
EChL is clearly inspired in the well-known chiral pertur-
bation theory for low energy strong interactions given by
the chiral Lagrangian of QCD [5–7]. On the other hand, the
EW gauge bosons are introduced in the EChL via the
Uð1ÞY and SUð2ÞL field strength tensors and the covariant
derivative of the U matrix by

B̂μν ¼ ∂μB̂ν − ∂νB̂μ; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν';

DμU ¼ ∂μUþ iŴμU − iUB̂μ; ð2:2Þ

where B̂μ ¼ g0Bμτ3=2 and Ŵμ ¼ gWa
μτa=2. In order to

introduce the physical fields, we use the usual definitions,

W%
μ ¼ 1ffiffiffi

2
p ðW1

μ ∓ iW2
μÞ; Zμ ¼ cwW3

μ − swBμ;

Aμ ¼ swW3
μ þ cwBμ; ð2:3Þ

where we use the short notation sW ¼ sin θW and
cW ¼ cos θW .
The EChL structure is based on a momentum expansion

following the usual counting rules of the chiral Lagrangian
approach, and the effective operators in the EChL are
organized through their chiral dimension. This chiral
dimension is established by the scaling with the momentum
p of the various contributing building blocks. In this
context, derivatives and masses are soft scales and they
count with the same power of the momentum,

∂μ; mW; mZ; mH; gv; g0v ∼OðpÞ: ð2:4Þ

The corresponding counting rules for the gauge fields and
the field strength tensors can then be obtained from the
previous ones if we rewrite them in terms of the gv and g0v
combinations,

B̂μ ¼ ðg0vÞðBμ=vÞτ3=2; Ŵμ ¼ ðgvÞðWa
μ=vÞτa=2 ∼OðpÞ;

B̂μν ¼ ðg0vÞð∂μðBν=vÞ − ∂νðBμ=vÞÞτ3=2 ∼Oðp2Þ;

Ŵμν ¼ ðgvÞð∂μðWa
ν=vÞ − ∂νðWa

μ=vÞ
− ðgvÞϵabcðWb

μ=vÞðWc
ν=vÞÞτa=2 ∼Oðp2Þ: ð2:5Þ

Consequently, an effective operator containing the block
ð1=g2ÞðŴμνŴμνÞ scales as Oðp2Þ, etc. With the above
counting rules, the chiral Lagrangian LEChL is given by the
sum of the various contributions Ld with increasing chiral
dimension d, i.e., of OðpdÞ. The dimensionless parameter
controlling the convergence of this chiral expansion is
p=ð4πvÞ with 4πv ≈ 3 TeV, in close analogy with the
chiral Lagrangian of QCD where the corresponding dimen-
sionless parameter is p=ð4πfπÞ with 4πfπ ≈ 1 GeV. Thus,
in the absence of any other resonance appearing in the
spectrum, the EChL is expected to be an EFT valid below
this Oð3 TeVÞ typical energy.
We consider here just the two leading contributions, L2

and L4 in this chiral expansion of the EChL, and then we
select from them the effective operators which are relevant
for the present computation of the Higgs boson decays into
γγ and γZ. Thus, we write

LEChL ¼ L2 þ L4 þ ( ( ( ; ð2:6Þ

where L2 and L4 are given, respectively, by
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EChL coefficients a′ is
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 ℒHEFT (ai) = ℒ2 + ℒ4 + . .

∂μ , mW, mZ , mH, λv , gv , g′￼v ∼ 𝒪(p)

,

H ∂μH

Fermions assumed  as in the SM, 

i.e. no new interactions with fermions

In contrast to 

ℒSMEFT (ci) = ℒSM + ℒ6 + ℒ8 + . . .

ℒd = ∑
i

ci

Λd−4
𝒪d

i

Chiral dim

Canonical dim d

ai dimensionless

dimensionlessci

 singletH

 In doublet H Φ
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Appendix B, by setting a = b = 3 = 4 = 1, c = 0 and ai = 0 for the rest of HEFT coe�cients. This
is equivalent to say that the proper choice for the HEFT parameters that match the SM predictions
for the scattering amplitudes are: a = b = 3 = 4 = 1 and c = 0. The rest of HEFT coe�cients
ai in L4 must also be set to zero in order to match the HEFT with the SM. Notice that the contact
interactions parametrized by c are absent at the tree level within the SM. Thus, any experimentally
detectable e↵ect from c 6= 0 and/or ai 6= 0 will provide clear signals of BSM Higgs Physics at colliders
[11, 12, 15, 30, 31].

Regarding the codes used in this work, for the forthcoming computations we use Mathematica [32]
with our own model file that implements the previous HEFT Lagrangian in the R⇠ gauges and derive
the Feynman rules and the scattering amplitudes with the help of FeynRules [33] and FormCalc [34].
We have also performed cross checks with the help of FeynCalc [35]. As for the drawing of Feynmam
diagrams we use FeynArts [36].

For phenomenological discussions it is convenient to relate these LO-HEFT coe�cients with the
so-called  modifiers which parametrize the coupling deviations with respect to the SM couplings. In
particular:

a = V , b = 2V , 3 = �. (2.9)

Generically, as said above, the LO-HEFT parameters a, b, 3 and 4 are set to 1 for the matching
to the SM. Then, the deviations of the LO-HEFT predictions from the SM predictions should be
parametrized in terms of the di↵erences of these LO-HEFT coe�cients with respect to 1. We define
here these di↵erences as: �a ⌘ 1 � a, �b ⌘ 1 � b, �3 ⌘ 1 � 3, and �4 ⌘ 1 � 4.

The present data from LHC set important constraints on these  parameters of Eq. 2.9, which
can be translated directly into constraints on the LO-HEFT parameters a, b and 3. The quartic
coupling 4 is not constrained yet. These constraints can be shortly summarized as (see [37–41] for
the corresponding analysis’ assumptions):

ATLAS : V 2 (0.96, 1.11)(95%CL) , 2V 2 (0.6, 1.5)(95%CL) , � 2 (�0.4, 6.3)(95%CL) (2.10)

CMS : V 2 (0.97, 1.09)(95%CL) , 2V 2 (0.6, 1.5)(95%CL) , � 2 (�1.4, 7.8)(95%CL) (2.11)

3 Relevant SMEFT operators for double and triple Higgs WBF produc-
tion

Within the SMEFT, the set of EW bosonic e↵ective operators that are relevant for the present work
are contained in the following NLO SMEFT Lagrangian.

L
NLO
SMEFT = L

(4)
SMEFT + L

(6)
SMEFT (3.1)

where the LO-SMEFT Lagrangian, with canonical dimension 4, is the SM Lagrangian of the bosonic

sector, and L
(6)
SMEFT contains the set of relevant SMEFT operators with canonical dimension 6. We

use here the basis of operators and notation as defined in [42]. The LO-SMEFT Lagrangian can then
be written as:

L
(4)
SMEFT = LSM = �

1

4
W

I

µ⌫
W

Iµ⌫
�

1

4
Bµ⌫B

µ⌫ + L
SM
GF

+ L
SM
FP

+ (Dµ�)† (Dµ�) + m
2�†� �

1

2
�
�
�†�

�2
, (3.2)

where � is the SM complex scalar doublet,

� =

0

BB@
�
+

1p
2
(v + H + i�

0)

1

CCA , (3.3)
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ℒ4(ai) = ∑
i

ℱi(H) ℒLonghitano
i +

 ℒBosonic
EChL = ℒ2 + ℒ4 + . .

ℒ2 =
v2

4 (1 + 2a
H
v

+ b
H2

v2
+ c

H3

v3
+ . . ) Tr[DμU†DμU] +

1
2

∂μH∂μH − V(H) + ℒGF + ℒFP

V(H) =
1
2

m2
HH2 + κ3λvH3 + κ4

λ
4

H4

Additional Invariant terms built with the basic blocks  

Now including also andH′￼s ∂H′￼s
For a complete list of operators, see Brivio et al 1311.1823   

 the most relevant for VBS, a4 , a5 VV → VV
a↵ecting the interactions of the scalar sector with the EW gauge bosons and the self-interactions of
the scalar sector [10–12] (for a more complete list of NLO e↵ective operators see [13]):

L4 = �addVV1
@
µ
H @

⌫
H

v2
Tr

h
VµV⌫

i
� addVV2

@
µ
H @µH

v2
Tr

h
V
⌫
V⌫

i

�
m

2
H

4

✓
2aHVV

H

v
+ aHHVV

H
2

v2

◆
Tr

h
V
µ
Vµ

i

+

✓
aH0

H

v
+ aHH0

H
2

v2
+ aHHH0

H
3

v3

◆�
m

2
Z

� m
2
W

�
Tr

h
U⌧

3
U

†
Vµ

i
Tr

h
U⌧

3
U

†
V
µ

i

+

✓
âHdd

H

v
+ âHHdd

H
2

v2

◆
@
µ
H @µH + adddd

1

v4
@µH@

µ
H @⌫H@

⌫
H

�

✓
aHWW

H

v
+ aHHWW

H
2

v2

◆
Tr

h
Ŵµ⌫Ŵ

µ⌫

i
+ i

✓
ad2 + aHd2

H

v

◆
@
⌫
H

v
Tr

h
Ŵµ⌫V

µ

i

�

✓
aHBB

H

v
+ aHHBB

H
2

v2

◆
Tr

h
B̂µ⌫B̂

µ⌫

i
+ i

✓
ad1 + aHd1

H

v

◆
@
⌫
H

v
Tr

h
UB̂µ⌫U

†
V
µ

i

+

✓
aH1

H

v
+ aHH1

H
2

v2

◆
Tr

h
UB̂µ⌫U

†
Ŵ

µ⌫

i
(2.8)

where we have used the usual definition Vµ ⌘ (DµU)U † and a short notation with respect to [10, 11]

given by âHdd = aHdd

m
2
H

v2 + addW

m
2
W

v2 + addZ

m
2
Z

v2 and âHHdd = aHHdd

m
2
H

v2 + aHddW

m
2
W

v2 + aHddZ

m
2
Z

v2 .
Notice that in the list above, the full set of bosonic operators in the NLO Lagrangian, displayed in
ref. [13], has been reduced to a minimal set by the use of the equations of motion (for further details,
and the relation among the various notations, see [10]).

It is important to remark that the previous HEFT Lagrangian in Eq. (2.1) is invariant under
the EW SU(2)L ⇥ U(1)Y gauge symmetry and is renormalizable in the weaker sense of EFTs with
a truncated Lagrangian. The one-loop renormalization of the previous truncated HEFT Lagrangian
in Eq. (2.1) is possible by the proper renormalization of the HEFT parameters involved, including
the particle masses, couplings, fields and the HEFT coe�cients, both LO (a, b, c, 3, 4) and NLO
ones (ai’s) . The one-loop renormalization of the bosonic HEFT in R⇠ covariant gauges has been
performed in a series of works, see refs. [8–11], where the counterterms of the HEFT parameters and
fields in Eq. (2.1) have been set.

The Feynman rules of the relevant HEFT vertices are summarized in Fig. 1 and in Appendix B.
These relevant vertices include the e↵ective interactions of the Higgs boson H with the electroweak
gauge bosons V = W

±
, Z and the Higgs self-interactions. More specifically we focus on the following

interactions: V V H, V V HH, V V HHH, with V V = WW, ZZ, and HHH, HHHH. As it can be
seen in these Feynman rules, both the LO and NLO HEFT coe�cients are involved in these e↵ective
interactions. Moreover, as it will be shown in the forthcoming sections, we wish to remark that only
a subset of these HEFT coe�cients will be needed to solve the matching of the HEFT and SMEFT
amplitudes that we are aiming to provide in this work. Specifically, we will present analytical results
for the scattering amplitudes of the following specific processes including single, double and triple
Higgs production: WW ! H, ZZ ! H, HH ! HH, WW ! HH, ZZ ! HH, WW ! HHH and
ZZ ! HHH. These processes have been selected because they participate as possible subprocesses
in multiple Higgs production at future lepton and hadron colliders. In particular those subprocesses
with initial EW gauge boson pairs are essential for the production mechanism called single H, double
HH and triple HHH production from Weak Boson Fusion.

For our main objective here, i.e. for solving the matching HEFT/SMEFT, we have selected the
proper subset of HEFT coe�cients which are marked in red color in the HEFT Lagrangian. It will
be shown later that these HEFT coe�cients being involved in the selected processes are the following
14 specific coe�cients: a, b, c, 3, 4, aH0, aHH0, aHHH0, aHWW , aHHWW , aHBB , aHHBB , aH1 and
aHH1.

Regarding the comparison of the HEFT with the SM, it can also be checked that the SM Feynman
rules, summarized in Appendix A, can be reached from the HEFT Feynman rules, summarized in
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the scalar sector [10–12] (for a more complete list of NLO e↵ective operators see [13]):

L4 = �addVV1
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h
V
⌫
V⌫
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+

✓
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v3
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2
Z
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2
W

�
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U⌧
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†
Vµ
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Tr

h
U⌧

3
U

†
V
µ

i

+

✓
âHdd

H

v
+ âHHdd

H
2

v2

◆
@
µ
H @µH + adddd

1

v4
@µH@

µ
H @⌫H@

⌫
H

�

✓
aHWW

H

v
+ aHHWW

H
2

v2

◆
Tr

h
Ŵµ⌫Ŵ

µ⌫

i
+ i

✓
ad2 + aHd2

H

v

◆
@
⌫
H

v
Tr

h
Ŵµ⌫V

µ

i

�

✓
aHBB

H

v
+ aHHBB

H
2

v2

◆
Tr

h
B̂µ⌫B̂

µ⌫

i
+ i

✓
ad1 + aHd1

H

v

◆
@
⌫
H

v
Tr

h
UB̂µ⌫U

†
V
µ

i

+

✓
aH1

H

v
+ aHH1

H
2

v2

◆
Tr

h
UB̂µ⌫U

†
Ŵ

µ⌫

i
(2.8)

where we have used the usual definition Vµ ⌘ (DµU)U † and a short notation with respect to [10, 11]

given by âHdd = aHdd

m
2
H

v2 + addW

m
2
W

v2 + addZ

m
2
Z

v2 and âHHdd = aHHdd

m
2
H

v2 + aHddW

m
2
W

v2 + aHddZ

m
2
Z

v2 .
Notice that in the list above, the full set of bosonic operators in the NLO Lagrangian, displayed in
ref. [13], has been reduced to a minimal set by the use of the equations of motion (for further details,
and the relation among the various notations, see [10]).

It is important to remark that the previous HEFT Lagrangian in Eq. (2.1) is invariant under
the EW SU(2)L ⇥ U(1)Y gauge symmetry and is renormalizable in the weaker sense of EFTs with
a truncated Lagrangian. The one-loop renormalization of the previous truncated HEFT Lagrangian
in Eq. (2.1) is possible by the proper renormalization of the HEFT parameters involved, including
the particle masses, couplings, fields and the HEFT coe�cients, both LO (a, b, c, 3, 4) and NLO
ones (ai’s) . The one-loop renormalization of the bosonic HEFT in R⇠ covariant gauges has been
performed in a series of works, see refs. [8–11], where the counterterms of the HEFT parameters and
fields in Eq. (2.1) have been set.

The Feynman rules of the relevant HEFT vertices are summarized in Fig. 1 and in Appendix B.
These relevant vertices include the e↵ective interactions of the Higgs boson H with the electroweak
gauge bosons V = W

±
, Z and the Higgs self-interactions. More specifically we focus on the following

interactions: V V H, V V HH, V V HHH, with V V = WW, ZZ, and HHH, HHHH. As it can be
seen in these Feynman rules, both the LO and NLO HEFT coe�cients are involved in these e↵ective
interactions. Moreover, as it will be shown in the forthcoming sections, we wish to remark that only
a subset of these HEFT coe�cients will be needed to solve the matching of the HEFT and SMEFT
amplitudes that we are aiming to provide in this work. Specifically, we will present analytical results
for the scattering amplitudes of the following specific processes including single, double and triple
Higgs production: WW ! H, ZZ ! H, HH ! HH, WW ! HH, ZZ ! HH, WW ! HHH and
ZZ ! HHH. These processes have been selected because they participate as possible subprocesses
in multiple Higgs production at future lepton and hadron colliders. In particular those subprocesses
with initial EW gauge boson pairs are essential for the production mechanism called single H, double
HH and triple HHH production from Weak Boson Fusion.

For our main objective here, i.e. for solving the matching HEFT/SMEFT, we have selected the
proper subset of HEFT coe�cients which are marked in red color in the HEFT Lagrangian. It will
be shown later that these HEFT coe�cients being involved in the selected processes are the following
14 specific coe�cients: a, b, c, 3, 4, aH0, aHH0, aHHH0, aHWW , aHHWW , aHBB , aHHBB , aH1 and
aHH1.

Regarding the comparison of the HEFT with the SM, it can also be checked that the SM Feynman
rules, summarized in Appendix A, can be reached from the HEFT Feynman rules, summarized in
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effects of   suppressed by 𝒪8 ( 1
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Bosonic HEFT

Most relevant coeffs. at NLO a5, a4, η, δ, γ, . . .

radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2

4

!
1þ 2a

H
v
þ b

!
H
v

"
2

þ ' ' '
"
Tr½DμU†DμU&

þ 1

2
∂μH∂μH − VðHÞ − 1

2g2
Tr½ŴμνŴμν&

−
1

2g02
Tr½B̂μνB̂μν& þ LGF þ LFP: ð2:4Þ

Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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previous work [3] devoted toWZ → WZ scattering. All the
final scattering amplitudes with external on-shell particles
are, of course, finite and gauge invariant, but the involved
1PI functions are ξ dependent, so the cancellation of the ξ
dependence in the final one-loop amplitude is an excellent
check of the computation. In the present paper, for all the
numerical estimates of WW → HH, we will choose in
particular the Feynman–’t Hooft gauge, and accordingly,
for definiteness, we set ξ ¼ 1 in the presentation of all our
results.
From this previous Rξ gauge-fixing Lagrangian, one

derives as usual the corresponding Faddeev-Popov
Lagrangian [9], given by

LFP ¼
X

i;j¼þ;−;Z;A
c̄i
δFi

δαj
cj; ð2:9Þ

where cj are the ghost fields and αj (j ¼ þ;−; Z; A) are the
corresponding gauge transformation parameters under
the local transformations SUð2ÞL ×Uð1ÞY given by L ¼
eigτ⃗·α⃗LðxÞ=2 and R ¼ eig

0τ3αYðxÞ=2.
Formally, the expressions in Eqs. (2.7)–(2.9) and the

gauge bosons’ field transformations are the same as in the
SM. However, the scalar transformations in this nonlinear
EFT differ from the corresponding ones in the SM. This
particularity yields to the absence of interactions among the
Higgs boson and ghost fields, and the presence of new
interactions with multiple GBs and two ghost fields.
Second, the relevant chiral dimension-four Lagrangian

for the computation of all the one-loop 1PI functions
involved in the WW → HH scattering amplitude is
given by

L4 ¼ −addVV1
∂μH∂νH

v2
Tr½VμVν& − addVV2

∂μH∂μH
v2

Tr½VνVν&

þ
!
a11 þ aH11

H
v
þ aHH11

H2

v2

"
Tr½DμVμDνVν& −m2

H

4

!
2aHVV

H
v
þ aHHVV

H2

v2

"
Tr½VμVμ&

−
!
aHWW

H
v
þ aHHWW

H2

v2

"
Tr½ŴμνŴμν& þ i

!
ad2 þ aHd2

H
v

"
∂νH
v

Tr½ŴμνVμ&

þ
!
a
□VV þ aH□VV

H
v

"
□H
v

Tr½VμVμ& þ
!
ad3 þ aHd3

H
v

"
∂νH
v

Tr½VνDμVμ&

þ
!
a
□□

þ aH□□

H
v

"
□H□H

v2
þ add□

∂μH∂μH□H
v3

þ
!
aHdd

m2
H

v2
þ addW

m2
W

v2
þ addZ

m2
Z

v2

"
H
v
∂μH∂μH: ð2:10Þ

These relevant effective operators are taken from the full
HEFT Lagrangian in Refs. [6,10], but we use here a different
notation for the EChL coefficients in L4, which are referred
to here generically as ai’s. The correspondence among the
two sets of coefficients, the ai’s here and the coefficients in
Refs. [6,10], can be summarized, in short, by addVV1 ↔ c8,
addVV2 ↔ c20, a11 ↔ c9, aHWW ↔ aW , aHHWW ↔bW ,
ad2↔c5, aHd2↔a5, a

□VV ↔ c7, aH□VV ↔ a7,
ad3 ↔ c10, aHd3 ↔ a10, a

□□

↔ c
□H, aH□□

↔ a
□H,

add□ ↔ cΔH, aHVV ↔ aC, and aHHVV ↔ bC.
It is worth noticing that, in contrast to our one-loop

computation here, for a tree-level computation of the
scattering amplitude (see, for instance, Ref. [11]), the
previous set of operators in L4 can be reduced to a smaller
set by the use of the equations of motion (EOMs).
Concretely, one may use the following EOMs involving
the pieces □H, DμVμ and F ðHÞ ¼ 1þ 2a H

v þ bðHvÞ
2:

□H ¼ −
δVðHÞ
δH

−
v2

4

F ðHÞ
δH

Tr½VμVμ& ⇒

⇒ □H ¼ −m2
HH −

3

2
κ3m2

H
H2

v
−
a
2
vTr½VμVμ&

−
b
2
HTr½VμVμ&;

Tr½τjDμVμ&F ðHÞ ¼ −Tr½τjVμ&∂μF ðHÞ ⇒

⇒ Tr½τjDμVμ& ¼ −Tr½τjVμ& 2a
v
∂μH: ð2:11Þ

Then, one may eliminate the terms in L4 involving these
two pieces by rewriting them in terms of the other effective
operators. This reduces in practice the number of effective
operators in L4 as follows:
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radiative corrections of the WW → HH scattering, and we
provide some necessary notation. In the EChL context, the
active fields are the EW gauge bosons, Bμ and Wa

μ

(a ¼ 1; 2; 3); their corresponding GBs πa (a ¼ 1; 2; 3);
and the Higgs boson H. The unique requirement for the
building of the EChL is invariance under the EW gauge
transformations, SUð2ÞL × Uð1ÞY . On the other hand, the
scalar sector of the EChL has an additional invariance
under the EW chiral transformation, SUð2ÞL × SUð2ÞR.
Under this EW chiral transformation, the GBs transform
nonlinearly. This peculiarity implies multiple GB inter-
actions among themselves and also with the other fields.
The Higgs boson field, in contrast, is invariant under all
transformations. Usually the GBs are introduced in a
nonlinear representation via the exponential parametriza-
tion, by means of the matrix U, which transforms linearly
under the EW chiral transformations:

UðπaÞ ¼ eiπ
aτa=v; ð2:1Þ

where τa, a ¼ 1; 2; 3 are the Pauli matrices and
v ¼ 246 GeV. On the other hand, the Higgs field is a
singlet of the EW chiral symmetry and the EW gauge
symmetry. Hence, the interactions of H are introduced via
generic polynomials, since there are no limitations from
symmetry arguments on the implementation of this field
and its interactions with itself and with the other fields, in
contrast to linear EFTs such as the SMEFT. Finally, the EW
gauge bosons are introduced by the gauge invariance
principle. Thus, they appear in the following pieces of
the EChL:

B̂μ ¼ g0Bμτ3=2; B̂μν ¼ ∂μB̂ν − ∂νB̂μ;

Ŵμ ¼ gWa
μτa=2; Ŵμν ¼ ∂μŴν − ∂νŴμ þ i½Ŵμ; Ŵν&;

DμU ¼ ∂μU þ iŴμU − iUB̂μ; Vμ ¼ ðDμUÞU†;

DμO ¼ ∂μOþ i½Ŵμ; O&: ð2:2Þ

As usual, the chiral counting arranges the effective
operators in the EChL into terms with increasing chiral
dimension. The most relevant ones are the leading-order
Lagrangian, with chiral dimension two,L2, and the next-to-
leading-order one with chiral dimension four, L4. The
relevant EChL for the present computation can then be
summarized as follows:

LEChL ¼ L2 þ L4: ð2:3Þ

In this chiral dimension counting, it is important to keep in
mind that all derivatives and masses count as momentum—
namely, ∂μ, mW, mZ, mH, gv, g0v, λv ∼OðpÞ.

First, the leading-order Lagrangian L2 is given by

L2 ¼
v2

4

!
1þ 2a

H
v
þ b

!
H
v

"
2

þ ' ' '
"
Tr½DμU†DμU&

þ 1

2
∂μH∂μH − VðHÞ − 1

2g2
Tr½ŴμνŴμν&

−
1

2g02
Tr½B̂μνB̂μν& þ LGF þ LFP: ð2:4Þ

Here, VðHÞ is the Higgs potential, and LGF and LFP are the
gauge-fixing Lagrangian and Fadeev-Popov Lagrangian,
respectively. From now on, the dots in the presentation of
the relevant pieces in the EChL stand for terms that do not
enter into our process of interest, WW → HH, neither at
tree level nor at one-loop level; thus, we omit them. The
Higgs potential in L2 is given by

VðHÞ ¼ ð−μ2 þ λv2ÞvH þ 1

2
ð−μ2 þ 3λv2ÞH2

þ κ3λvH3 þ κ4
λ
4
H4: ð2:5Þ

For the posterior discussion on renormalization in this
EChL context, it is convenient to definem2

H ¼ −μ2 þ 3λv2;
then, we can eliminate the μ2 parameter in terms of m2

H. In
this case, the linear term (Higgs tadpole) can be simply
written as

T ¼ ðm2
H − 2λv2Þv; ð2:6Þ

and the minimum of the potential, corresponding to a
vanishing tadpole, sets m2

H ¼ 2λv2.
Here, we quantize the EChL as in our previouswork [3]—

i.e., using the linear covariant Rξ gauges [8] with the gauge-
fixing Lagrangian given by

LGF ¼ −FþF− −
1

2
F2
Z −

1

2
F2
A; ð2:7Þ

and the gauge-fixing functions given by

F( ¼ 1ffiffiffi
ξ

p ð∂μW(
μ − ξmWπ(Þ;

FZ ¼ 1ffiffiffi
ξ

p ð∂μZμ − ξmZπ3Þ; FA ¼ 1ffiffiffi
ξ

p ð∂μAμÞ: ð2:8Þ

Here, ξ is the generic gauge-fixing parameter of the Rξ

gauges. Some comments about the ξ dependence are worth
adding here. Notice that in our renormalization program,
we demand the renormalization of all the 1PI functions
involved at arbitrary momentum for the external legs, and
not just the finiteness of the one-loop scattering amplitude.
Thus, in order to demonstrate explicitly the gauge invari-
ance of the renormalized EChL coefficients—i.e., to check
that these are ξ independent—the computation of the loop
diagrams involved in the 1PI functions should be per-
formed for an arbitrary ξ parameter, as was done in our
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LþEOMs
4 ¼ −ðaddVV1 − 4a2a11 þ 2aad3Þ

∂μH∂νH
v2

Tr½VμVν& −
!
addVV2 þ

a
2
add□

"
∂μH∂μH

v2
Tr½VνVν&

−
m2

H

2
ðaHVV − 2a

□VV þ 2aa
□□

ÞH
v
Tr½VμVμ&

−
m2

H

4
ðaHHVV − 6κ3a□VV − 4aH□VV þ 4ba

□□

þ 6κ3aa□□

þ 4aaH□□

ÞH
2

v2
Tr½VμVμ&

þ ðaHdd − add□Þ
m2

H

v2
H
v
∂μH∂μH þ

!
addW

m2
W

v2
þ addZ

m2
Z

v2

"
H
v
∂μH∂μH

−
!
aHWW

H
v
þ aHHWW

H2

v2

"
Tr½ŴμνŴμν& þ i

!
ad2 þ aHd2

H
v

"
∂νH
v

Tr½ŴμνVμ&: ð2:12Þ

In this reduced Lagrangian, addVV1, a11, and ad3 have been grouped together in the first operator, addVV2 and add□ in the
second operator, etc. We then redefine these combinations of coefficients as follows:

η ¼ ãddVV1 ≡ addVV1 − 4a2a11 þ 2aad3;

δ ¼ ãddVV2 ≡ addVV2 þ
a
2
add□;

ãHVV ≡ aHVV − 2a
□VV þ 2aa

□□

;

ãHHVV ≡ aHHVV − 6κ3a□VV − 4aH□VV þ 4ba
□□

þ 6κ3aa□□

þ 4aaH□□

;

ãHdd ≡ aHdd − add□: ð2:13Þ

Notice that in the two first coefficients, we have also used
the alternative notation given by η and δ, which is the one
frequently used in some related literature. In particular, the
contributions to the scattering amplitude WW → HH of
these two first operators in the above list with η and δ
coefficients were studied first in Refs. [4,5]. We will
compare our results with these and more references in
later sections. Notice also that some coefficients, like aH11,
aHH11, and aHd3, have disappeared in Eq. (2.12) since, after
the use of the EOMs, they contribute to effective operators
with at least three Higgs bosons which do not enter into the
process of our interest here.
The main consequence of using the EOMs when

computing the scattering amplitude is that these combina-
tions of the EChL coefficients are the ones appearing
precisely in the on-shell scattering amplitudes. On the other
hand, this means that only these combinations of coeffi-
cients are the ones that are really testable at colliders via
this particular WW → HH scattering. In particular, only η
and δ in Eq. (2.13) and not the separate coefficients, addVV1,
a11, ad3, addVV2, and add□, are the appropriate parameters
for a phenomenological analysis of this scattering WW →
HH process, and similarly for the other combinations
appearing in Eq. (2.12). However, for our most ambitious
computation and renormalization program, where the finite
renormalized one-loop scattering amplitude is obtained in
terms of finite renormalized one-loop 1PI functions, this
reduced Lagrangian is not sufficient, and we must use the
full Lagrangian in Eq. (2.10). As we will see in the
following sections, this full Lagrangian provides not only

a finite one-loop amplitude with on-shell external particles
but also finite one-loop 1PI functions with arbitrary
external momenta (generically off shell). This renormali-
zation program in terms of one-loop 1PI functions is also
relevant for the check of the gauge invariance of the final
one-loop amplitude, and to demonstrate the gauge invari-
ance of the renormalized EChL coefficients. The great
advantage of using this procedure by means of the 1PI
functions to compute the radiative corrections in scattering
amplitudes is that the same 1PI one-loop renormalized
functions, once computed at arbitrary external momenta,
can be used for several processes, by just adjusting the
external momenta to those of that particular process,
including the proper on-shell setting for the external legs
when needed. For instance, the one-loop 1PI function
Γ̂HWW can be used for both WW→HH and WZ → WZ,
the one-loop 1PI function Γ̂HHH can be used for both
WW → HH and HH → HH, and similarly with other
processes. Therefore, our renormalization program based
on 1PI functions is more powerful than just renormalizing
concrete scattering amplitudes.
Finally, to end this section, we remind the reader that in

order to reach the SM tree-level vertices from the above
presented EChL, one has to set the EFT coefficients to the
following reference values: (i) the coefficients in L2, a, b,
κ3, and κ4 should be set to 1, and (ii) all the ai’s coefficients
in L4 should be set to zero. Accordingly, the new BSM
physics encoded in the EChL is parametrized in terms of
the departures from these reference parameter values. The
corresponding derived Feynman rules (FRs) from this
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LþEOMs
4 ¼ −ðaddVV1 − 4a2a11 þ 2aad3Þ

∂μH∂νH
v2

Tr½VμVν& −
!
addVV2 þ

a
2
add□

"
∂μH∂μH

v2
Tr½VνVν&

−
m2

H

2
ðaHVV − 2a

□VV þ 2aa
□□

ÞH
v
Tr½VμVμ&

−
m2

H

4
ðaHHVV − 6κ3a□VV − 4aH□VV þ 4ba

□□

þ 6κ3aa□□

þ 4aaH□□

ÞH
2

v2
Tr½VμVμ&

þ ðaHdd − add□Þ
m2

H

v2
H
v
∂μH∂μH þ

!
addW

m2
W

v2
þ addZ

m2
Z

v2

"
H
v
∂μH∂μH

−
!
aHWW

H
v
þ aHHWW

H2

v2

"
Tr½ŴμνŴμν& þ i

!
ad2 þ aHd2

H
v

"
∂νH
v

Tr½ŴμνVμ&: ð2:12Þ

In this reduced Lagrangian, addVV1, a11, and ad3 have been grouped together in the first operator, addVV2 and add□ in the
second operator, etc. We then redefine these combinations of coefficients as follows:

η ¼ ãddVV1 ≡ addVV1 − 4a2a11 þ 2aad3;

δ ¼ ãddVV2 ≡ addVV2 þ
a
2
add□;

ãHVV ≡ aHVV − 2a
□VV þ 2aa

□□

;

ãHHVV ≡ aHHVV − 6κ3a□VV − 4aH□VV þ 4ba
□□

þ 6κ3aa□□

þ 4aaH□□

;

ãHdd ≡ aHdd − add□: ð2:13Þ

Notice that in the two first coefficients, we have also used
the alternative notation given by η and δ, which is the one
frequently used in some related literature. In particular, the
contributions to the scattering amplitude WW → HH of
these two first operators in the above list with η and δ
coefficients were studied first in Refs. [4,5]. We will
compare our results with these and more references in
later sections. Notice also that some coefficients, like aH11,
aHH11, and aHd3, have disappeared in Eq. (2.12) since, after
the use of the EOMs, they contribute to effective operators
with at least three Higgs bosons which do not enter into the
process of our interest here.
The main consequence of using the EOMs when

computing the scattering amplitude is that these combina-
tions of the EChL coefficients are the ones appearing
precisely in the on-shell scattering amplitudes. On the other
hand, this means that only these combinations of coeffi-
cients are the ones that are really testable at colliders via
this particular WW → HH scattering. In particular, only η
and δ in Eq. (2.13) and not the separate coefficients, addVV1,
a11, ad3, addVV2, and add□, are the appropriate parameters
for a phenomenological analysis of this scattering WW →
HH process, and similarly for the other combinations
appearing in Eq. (2.12). However, for our most ambitious
computation and renormalization program, where the finite
renormalized one-loop scattering amplitude is obtained in
terms of finite renormalized one-loop 1PI functions, this
reduced Lagrangian is not sufficient, and we must use the
full Lagrangian in Eq. (2.10). As we will see in the
following sections, this full Lagrangian provides not only

a finite one-loop amplitude with on-shell external particles
but also finite one-loop 1PI functions with arbitrary
external momenta (generically off shell). This renormali-
zation program in terms of one-loop 1PI functions is also
relevant for the check of the gauge invariance of the final
one-loop amplitude, and to demonstrate the gauge invari-
ance of the renormalized EChL coefficients. The great
advantage of using this procedure by means of the 1PI
functions to compute the radiative corrections in scattering
amplitudes is that the same 1PI one-loop renormalized
functions, once computed at arbitrary external momenta,
can be used for several processes, by just adjusting the
external momenta to those of that particular process,
including the proper on-shell setting for the external legs
when needed. For instance, the one-loop 1PI function
Γ̂HWW can be used for both WW→HH and WZ → WZ,
the one-loop 1PI function Γ̂HHH can be used for both
WW → HH and HH → HH, and similarly with other
processes. Therefore, our renormalization program based
on 1PI functions is more powerful than just renormalizing
concrete scattering amplitudes.
Finally, to end this section, we remind the reader that in

order to reach the SM tree-level vertices from the above
presented EChL, one has to set the EFT coefficients to the
following reference values: (i) the coefficients in L2, a, b,
κ3, and κ4 should be set to 1, and (ii) all the ai’s coefficients
in L4 should be set to zero. Accordingly, the new BSM
physics encoded in the EChL is parametrized in terms of
the departures from these reference parameter values. The
corresponding derived Feynman rules (FRs) from this
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 terms in  give 𝒪(∂2) ℒ2 𝒜 ∼ 𝒪(s)

Most relevant coeffs. at LO a, b, c

On the relevance of the ….. a′￼is



 HH and HHH (EW) production with LO-HEFT:  a, b, c, κ3, κ4
Easy connection of HEFT with the kappa formalism:   Choose Unitary gauge to see this connection (U=1)

the other hand, it provides new contributions to the scattering amplitudes that encode BSM physics,
which can be checked experimentally. These contributions from L4 in the scattering amplitudes are
considered in momentum space as NLO respect to the LO contributions from L2, since they count
as O(p4), where p refers to either momentum or mass, in contrast to the contributions from L2, that
count as O(p2). For the present work we will compute all the scattering amplitudes at the tree level
and, therefore, the role played by the L4 part will be just the second one.

We summarize the HEFT Lagrangian that is relevant for this work in the following:

L
NLO
HEFT = L2 + L4 (2.1)

The LO Lagrangian is given by:

L2 =
v
2

4

✓
1 + 2a

H

v
+ b

H
2

v2
+ c

H
3

v3

◆
Tr[DµU

†
D

µ
U ] +

1

2
@µH@

µ
H � V (H)

�
1

2g2
Tr[Ŵµ⌫Ŵ

µ⌫ ] �
1

2g02
Tr[B̂µ⌫B̂

µ⌫ ] + LGF + LFP , (2.2)

The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. Due to this singlet Nature of H within the HEFT, the first
term in L2 contains a polynomial function in powers of (H/v) which for the present work we take up
to cubic powers. Then, there are three coe�cients involved in this function, a, b and c. The three of
them will have consequences for the phenomenology of multiple Higgs production from WBF that we
will discuss later.

The U field is a 2 ⇥ 2 matrix

U = exp
⇣
i
!i⌧i

v

⌘
, (2.3)

that contains the three GB fields !i (i = 1, 2, 3) in a non-linear representation of the SU(2) symmetry
group and ⌧i (i = 1, 2, 3) are the three Pauli matrices.

The EW covariant derivative of this U field is defined as:

DµU = @µU � iŴµU + iUB̂µ, (2.4)

that contains the EW gauge fields, Ŵµ = g

2W
i

µ
⌧
i and B̂µ = g

0

2 Bµ⌧
3 and the EW gauge couplings g

and g
0. The corresponding EW field strength tensors are given by:

Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ � i[Ŵµ, Ŵ⌫ ], B̂µ⌫ = @µB̂⌫ � @⌫B̂µ. (2.5)

The physical gauge fields are then given, as usual, by:

W
±
µ

=
1

p
2
(W 1

µ
⌥ iW

2
µ
) , Zµ = cWW

3
µ

� sWBµ , Aµ = sWW
3
µ

+ cWBµ , (2.6)

where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle. V (H) is
the Higgs potential within the HEFT, which includes the triple and quartic Higgs self-interactions:

V (H) =
1

2
m

2
H

H
2 + 3�vH

3 + 4
�

4
H

4
. (2.7)

The relations among couplings and masses within the LO-HEFT are: m
2
H

= 2�v
2, mW = gv/2 and

mZ = mW /cW . The vacuum expectation value v can be written in terms of the Fermi coupling
constant GF by v = ( 1p

2GF

)1/2 = 246 GeV.

Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [8–10], together with more
definitions and specifications within the HEFT (see also, [11, 12]).

The remaining operators in the NLO Lagrangian that are relevant for the present computation
of double and triple Higgs production from WBF are contained in L4. We mention here only those

– 4 –

ℒLO
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The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. Due to this singlet Nature of H within the HEFT, the first
term in L2 contains a polynomial function in powers of (H/v) which for the present work we take up
to cubic powers. Then, there are three coe�cients involved in this function, a, b and c. The three of
them will have consequences for the phenomenology of multiple Higgs production from WBF that we
will discuss later.
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group and ⌧i (i = 1, 2, 3) are the three Pauli matrices.

The EW covariant derivative of this U field is defined as:
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where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle. V (H) is
the Higgs potential within the HEFT, which includes the triple and quartic Higgs self-interactions:
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The relations among couplings and masses within the LO-HEFT are: m
2
H

= 2�v
2, mW = gv/2 and

mZ = mW /cW . The vacuum expectation value v can be written in terms of the Fermi coupling
constant GF by v = ( 1p

2GF

)1/2 = 246 GeV.

Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [8–10], together with more
definitions and specifications within the HEFT (see also, [11, 12]).

The remaining operators in the NLO Lagrangian that are relevant for the present computation
of double and triple Higgs production from WBF are contained in L4. We mention here only those

– 4 –

SM:  a = b = κ3 = κ4 = 1 , c = 0 BSM:  (any of them provide BSM signals)a ≠ 1 , b ≠ 1 , κ3 ≠ 1 , κ4 ≠ 1 , c ≠ 0

i�SM

HWµW⌫
= igmW gµ⌫ i�SM

HZµZ⌫
= i g

cos ✓W
mZgµ⌫ i�SM

HHWµW⌫
= i g

2

2
gµ⌫ i�SM

HHZµZ⌫
= i g

2

2cos ✓
2
W

gµ⌫

i�HEFT

HWµW⌫
= iagmW gµ⌫ i�HEFT

HZµZ⌫
= ia g

cos ✓W
mZgµ⌫ i�HEFT

HHWµW⌫
= ib g

2

2
gµ⌫ i�HEFT

HHZµZ⌫
= ib g

2

2cos ✓
2
W

gµ⌫

Table 2.1. Higgs-EW gauge boson interaction’s Feynman rules within SM and HEFT frameworks. Here, gµ⌫

denotes the metric tensor. The HEFT coe�cients a (in red) and b (in blue) can be replaced by V and 2V

respectively.
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Notice that the relations among the physical boson masses and couplings within the LO-HEFT are as

in the SM. Concretely, mW = gv/2, mZ = mW / cos ✓W and m
2
H

= 2�v
2, where v = (

p
2GF )�1/2 =

246 GeV. Notice also that because H is a singlet within the HEFT, the Higgs interactions with the gauge

bosons are encoded by generic polynomials Fi(H) with completely arbitrary coe�cients. In particular,

the Higgs interactions with the EW gauge bosons are encoded in F(H), which includes the parameters a

and b of our interest in this work:
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For the explicit computations in the following sections, we will simplify the HEFT model assuming

3 = 4 = 1 and leave only the two relevant LO-HEFT parameters, a and b, describing the new Higgs

e↵ective couplings. The interaction vertices we are interested in, HV V and HHV V , are present in the

first term of Eq. 2.1, which incorporates the covariant derivatives of the matrix U . From the expansion

of U , Feynman rules (FRs) for the HV V and HHV V (V = W, Z) and other vertices within the HEFT are

obtained in general gauges. In particular, to get them in the unitary gauge one takes U = 1 and rotates

the bosonic fields to the physical basis. These rules are similar to those from the SM, except for the a and

b e↵ective coe�cients, which in the SM are equal to 1. In this present work, there is no need to consider

higher-order terms of F(H). We summarize in Table 2.1 the set of relevant HEFT Feynman Rules (FR).

We have also included the SM Feynman rules for comparison. It is worth noting that all HEFT FR

preserve the original SM tensor structure, and this is the reason why the HEFT a and b coe�cients can

be directly identified with the V and 2V modifiers, respectively.

The present data from LHC set important constraints on these  parameters, which can be translated

directly into constraints on the LO-HEFT parameters a = V , b = 2V and 3 = �. The constraints on

4 are very weak yet. For the present work, we select the following set of constraints to the values of the

Higgs-gauge couplings and Higgs self-coupling:

ATLAS (95%CL) : V 2 [0.99, 1.11] , 2V 2 [0.6, 1.5] , � 2 [�1.2, 7.2], (2.8)

taken from [23] and [24], and

CMS (95%CL) : V 2 [0.97, 1.09] , 2V 2 [0.6, 1.4] , � 2 [�1.2, 7.5], (2.9)
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the FRs participating in both the unitary and the Rξ gauge
computations, and we use the following short notation for
the standard Lorentz tensors of the gauge boson self
couplings:

Γμνρðp−; pþ; p0Þ ¼ gμνðp− − pþÞρ þ gνρðpþ − p0Þμ

þ gρμðp0 − p−Þν;
Sμν;ρσ ¼ 2gμνgρσ − gμρgνσ − gμσgνρ: ðA1Þ

On the other hand, Table II contains the other relevant FRs
involved in the Rξ gauges. Notice that, to shorten the table,
we present together the photon and Z boson interaction
vertices in most of the Feynman rules. In that cases, the first
coupling corresponds to the photon and the second one to
the Z.
The Feynman rules corresponding to the relevant L4

operators of Eq. (2.10) are shown in Fig. 11. Notice that
these are not present in the SM.

TABLE II. (Continued)
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the EChL interaction vertices coming from L2 of Eq. (2.7)
and the corresponding SM Feynman rules for a clear
comparison between them. We use the following short
notation for the standard Lorentz tensors of the gauge
boson self couplings:

Vμνρðp−; pþ; p0Þ ¼ gμνðp− − pþÞρ þ gνρðpþ − p0Þμ

þ gρμðp0 − p−Þν;
Sμν;ρσ ¼ 2gμνgρσ − gμρgνσ − gμσgνρ; ðA1Þ

TABLE III. Additional relevant EChL Feynman rules from L2, with one gauge boson, participating in the loops contributions to VBS
processes. In the rules with ‘f; g’, the first and second arguments correspond to the photon and Z boson, respectively. All momenta are
incoming. The corresponding SM rules are included for comparison.

Interaction EChL SM

agpμ
∓ 1

2 gðp∓ − pHÞμ

∓ i
2 gðp∓ − p0Þμ ∓ i

2 gðp∓ − p0Þμ

igfsw; c
2
w−s2w
2cw

gðp− − pþÞμ igfsw; c
2
w−s2w
2cw

gðp− − pþÞμ

a g
cw
pμ
0

1
2cw

gðp0 − pHÞμ

b g
v p

μ
∓ 0

g
3v ð2p% − p∓ − p0∓Þμ 0

g
3v ðp0 þ p0

0 − 2p∓Þμ 0

2ia g
v fsw;

c2w−s2w
2cw

gðp− − pþÞμ 0
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and, to shorten the tables, we present together the photon
and Z boson interaction vertices in most of the Feynman
rules. In that cases, the first coupling corresponds to the
photon and the second one to the Z.

APPENDIX B: RELEVANT ONE-LOOP
DIAGRAMS

Here we present the relevant one-loop diagrams entering
in the computation of the 1PI functions within the EChL. In
order to shorten the number of diagrams in the full list that

is generated with FeynArts [21], we have grouped them by
different topologies and used a generic notation for the
internal propagators: dashed lines refer to all possible scalar
particles S, namely, Higgs boson and Goldstone bosons;
wavy lines refer to all possible EW gauge bosons; and
dotted lines refer to the ghost fields.
The generic loop diagrams entering in the specific 1PI

functions that participate in the present computation of the
WZ → WZ scattering amplitude are then summarized in
the following figures: Fig. 9 (self-energies), Fig. 10 (VVV),
Fig. 11 (πWZ), Fig. 12 (HVV), and Fig. 13 (WZWZ).

TABLE IV. Additional relevant EChL Feynman rules from L2, with two gauge bosons, participating in the loops contributions to VBS
processes. All momenta are incoming. The corresponding SM rules are included for comparison.

Interaction EChL SM

i
2 bg

2f1; 1
c2w
ggμν i

2 g
2f1; 1

c2w
ggμν

∓ag2 s2w
cw
gμν ∓g2 s2w

2cw
gμν

0 i
2 g

2gμν

f−2ig2s2wgμν; 0g i
2c2w

g2fðc2w − s2wÞ2; 1ggμν

− 4i
v ag

2s2wgμν 0

∓ 1
v bg

2 s2w
cw
gμν 0

# 2
3v g

2 s2w
cw
f2; 1ggμν 0
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rules. In that cases, the first coupling corresponds to the
photon and the second one to the Z.

APPENDIX B: RELEVANT ONE-LOOP
DIAGRAMS

Here we present the relevant one-loop diagrams entering
in the computation of the 1PI functions within the EChL. In
order to shorten the number of diagrams in the full list that

is generated with FeynArts [21], we have grouped them by
different topologies and used a generic notation for the
internal propagators: dashed lines refer to all possible scalar
particles S, namely, Higgs boson and Goldstone bosons;
wavy lines refer to all possible EW gauge bosons; and
dotted lines refer to the ghost fields.
The generic loop diagrams entering in the specific 1PI

functions that participate in the present computation of the
WZ → WZ scattering amplitude are then summarized in
the following figures: Fig. 9 (self-energies), Fig. 10 (VVV),
Fig. 11 (πWZ), Fig. 12 (HVV), and Fig. 13 (WZWZ).

TABLE IV. Additional relevant EChL Feynman rules from L2, with two gauge bosons, participating in the loops contributions to VBS
processes. All momenta are incoming. The corresponding SM rules are included for comparison.

Interaction EChL SM

i
2 bg

2f1; 1
c2w
ggμν i

2 g
2f1; 1

c2w
ggμν

∓ag2 s2w
cw
gμν ∓g2 s2w

2cw
gμν

0 i
2 g

2gμν

f−2ig2s2wgμν; 0g i
2c2w

g2fðc2w − s2wÞ2; 1ggμν

− 4i
v ag

2s2wgμν 0

∓ 1
v bg

2 s2w
cw
gμν 0

# 2
3v g

2 s2w
cw
f2; 1ggμν 0

ONE-LOOP RENORMALIZATION OF VECTOR BOSON … PHYS. REV. D 104, 075013 (2021)

075013-31

and, to shorten the tables, we present together the photon
and Z boson interaction vertices in most of the Feynman
rules. In that cases, the first coupling corresponds to the
photon and the second one to the Z.

APPENDIX B: RELEVANT ONE-LOOP
DIAGRAMS

Here we present the relevant one-loop diagrams entering
in the computation of the 1PI functions within the EChL. In
order to shorten the number of diagrams in the full list that

is generated with FeynArts [21], we have grouped them by
different topologies and used a generic notation for the
internal propagators: dashed lines refer to all possible scalar
particles S, namely, Higgs boson and Goldstone bosons;
wavy lines refer to all possible EW gauge bosons; and
dotted lines refer to the ghost fields.
The generic loop diagrams entering in the specific 1PI

functions that participate in the present computation of the
WZ → WZ scattering amplitude are then summarized in
the following figures: Fig. 9 (self-energies), Fig. 10 (VVV),
Fig. 11 (πWZ), Fig. 12 (HVV), and Fig. 13 (WZWZ).

TABLE IV. Additional relevant EChL Feynman rules from L2, with two gauge bosons, participating in the loops contributions to VBS
processes. All momenta are incoming. The corresponding SM rules are included for comparison.

Interaction EChL SM

i
2 bg

2f1; 1
c2w
ggμν i

2 g
2f1; 1

c2w
ggμν

∓ag2 s2w
cw
gμν ∓g2 s2w

2cw
gμν

0 i
2 g

2gμν

f−2ig2s2wgμν; 0g i
2c2w

g2fðc2w − s2wÞ2; 1ggμν

− 4i
v ag

2s2wgμν 0

∓ 1
v bg

2 s2w
cw
gμν 0

# 2
3v g

2 s2w
cw
f2; 1ggμν 0

ONE-LOOP RENORMALIZATION OF VECTOR BOSON … PHYS. REV. D 104, 075013 (2021)

075013-31

and, to shorten the tables, we present together the photon
and Z boson interaction vertices in most of the Feynman
rules. In that cases, the first coupling corresponds to the
photon and the second one to the Z.

APPENDIX B: RELEVANT ONE-LOOP
DIAGRAMS

Here we present the relevant one-loop diagrams entering
in the computation of the 1PI functions within the EChL. In
order to shorten the number of diagrams in the full list that

is generated with FeynArts [21], we have grouped them by
different topologies and used a generic notation for the
internal propagators: dashed lines refer to all possible scalar
particles S, namely, Higgs boson and Goldstone bosons;
wavy lines refer to all possible EW gauge bosons; and
dotted lines refer to the ghost fields.
The generic loop diagrams entering in the specific 1PI

functions that participate in the present computation of the
WZ → WZ scattering amplitude are then summarized in
the following figures: Fig. 9 (self-energies), Fig. 10 (VVV),
Fig. 11 (πWZ), Fig. 12 (HVV), and Fig. 13 (WZWZ).

TABLE IV. Additional relevant EChL Feynman rules from L2, with two gauge bosons, participating in the loops contributions to VBS
processes. All momenta are incoming. The corresponding SM rules are included for comparison.

Interaction EChL SM

i
2 bg

2f1; 1
c2w
ggμν i

2 g
2f1; 1

c2w
ggμν

∓ag2 s2w
cw
gμν ∓g2 s2w

2cw
gμν

0 i
2 g

2gμν

f−2ig2s2wgμν; 0g i
2c2w

g2fðc2w − s2wÞ2; 1ggμν

− 4i
v ag

2s2wgμν 0

∓ 1
v bg

2 s2w
cw
gμν 0

# 2
3v g

2 s2w
cw
f2; 1ggμν 0

ONE-LOOP RENORMALIZATION OF VECTOR BOSON … PHYS. REV. D 104, 075013 (2021)

075013-31

LO-EChL SMU(πa) = eπaτa/v

the EChL interaction vertices coming from L2 of Eq. (2.7)
and the corresponding SM Feynman rules for a clear
comparison between them. We use the following short
notation for the standard Lorentz tensors of the gauge
boson self couplings:

Vμνρðp−; pþ; p0Þ ¼ gμνðp− − pþÞρ þ gνρðpþ − p0Þμ

þ gρμðp0 − p−Þν;
Sμν;ρσ ¼ 2gμνgρσ − gμρgνσ − gμσgνρ; ðA1Þ

TABLE III. Additional relevant EChL Feynman rules from L2, with one gauge boson, participating in the loops contributions to VBS
processes. In the rules with ‘f; g’, the first and second arguments correspond to the photon and Z boson, respectively. All momenta are
incoming. The corresponding SM rules are included for comparison.

Interaction EChL SM

agpμ
∓ 1

2 gðp∓ − pHÞμ

∓ i
2 gðp∓ − p0Þμ ∓ i

2 gðp∓ − p0Þμ
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2
w−s2w
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2
w−s2w
2cw
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a g
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1
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b g
v p

μ
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g
3v ð2p% − p∓ − p0∓Þμ 0

g
3v ðp0 þ p0

0 − 2p∓Þμ 0

2ia g
v fsw;
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2cw

gðp− − pþÞμ 0
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H does NOT interact with ghosts !!  H  interacts with ghosts  

EChL and SM provide  

𝒜unitary−gauge = 𝒜Rξ−gauge

Gauge  Invariant amplitudes

Finally, we summarize in the following the resulting
divergencies of the SM counterterms using the Rξ gauges
that should be compared with the EChL results in

Eq. (4.34). From the previous findings in this Appendix
we get the following SM results for the counterterms of the
EW parameters:

δϵZϕ ¼ Δϵ

16π2
3 − ξ
v2

ð2m2
W þm2

ZÞ; δϵT̄ ¼ Δϵ

16π2
1

2v
ð3m4

H þ 6ð2m4
W þm4

ZÞ þm2
Hð2m2

W þm2
ZÞξÞ;

δϵm2
H ¼ Δϵ

16π2
3

2v2
ð5m4

H þ ð−2þ ξÞm2
Hð2m2

W þm2
ZÞ þ 6ð2m4

W þm4
ZÞÞ;

δϵZB ¼ −
Δϵ

16π2
g02

6
; δϵZW ¼ Δϵ

16π2
g2

6
ð25 − 6ξÞ;

δϵm2
W ¼ −

Δϵ

16π2
g2

12
ðð68 − 6ξÞm2

W − ð9þ 3ξÞm2
ZÞ;

δϵm2
Z ¼ Δϵ

16π2
g2

12c2w
ðð14þ 6ξ − 84c2wÞm2

W þ ð11þ 3ξÞm2
ZÞ;

δϵg0=g0 ¼ 0; δϵg=g ¼ −
Δϵ

16π2
g2

2
ð3þ ξÞ;

δϵξ1 ¼
Δϵ

16π2
g2

6
ð25 − 6ξÞ;

δϵξ2 ¼
Δϵ

16π2
2

3v2
ð25m2

W − 9m2
ZÞ;

δϵv=v ¼ Δϵ

16π2
2m2

W þm2
Z

v2
ξ: ðC5Þ

Overall, we see that all the CTs, except δϵg0=g0 and δϵg=g,
are different in the SM and the EChL. The results for δϵZB,
δϵZW and δϵξ1 coincide in the EChL and the SM for a ¼ 1.
The tadpole and the mass CTs in the SM, contain an
explicit dependence on the ξ parameter, in contrast to the
EChL result. Since there is just one wave function
renormalization in the SM case, corresponding to the
whole doublet, the value for δϵZϕ, is different than δϵZH
and δϵZπ of the EChL. The results for δϵξ2 and δϵv=v are
also different in the SM and the EChL (they only coincide
for a ¼ b ¼ 1 in the Landau gauge). One of the most
important differences among the SM and EChL results
comes from the different role played by the Higgs tadpole
in both theories. In fact, it implies that within the SM, only
the proper contribution fδm2 of both tadpole δT and mass
counterterms δm2 to the pole of the propagators are
ξ-independent. In contrast to the EChL case, where due
to the genuine character of H being a singlet, the tadpole
and the mass counterterms are ξ-independent, separately, as
we have already said. We discuss these tadpole related
issues in more detail in the next Appendix.

APPENDIX D: TADPOLE RELATED ISSUES

Within the SM the Higgs tadpole appears due to the
linear H term in the potential once the doublet field is
expanded in terms of their component fields:

VSMðΦÞ ¼ −
1

2
m2

HΦ†Φþ λðΦ†ΦÞ2

¼ T̄H þm2
H

2
H2 þ T̄ðπþπ− þ π23=2Þ=v

þ λvðH3 þHπþπ− þHπ23Þ

þ λ

!
H4

4
þ π43

4
þ ðπþπ−Þ2 þH2π23

2

þH2πþπ− þ π23π
þπ−

"
; ðD1Þ

where the Φ doublet is defined as:

Φ ¼
! iπþ

vþH−iπ3ffiffi
2

p

"
: ðD2Þ

Notice that the tadpole T̄ is also present in the quadratic
terms of the GBs. At the leading order, the tadpole is absent
since T̄LO ¼ ð−m2

H=2þ λv2Þv ¼ 0 (due to the relation
among the tree level quantities setting m2

H ¼ 2λv2). At
the next to leading order, the tadpole is present and it must
be renormalized, starting with the bare tadpole given
by T̄0 ¼ ð−m0 2

H =2þ λ0v20Þv0.
Regarding the multiplicative renormalization prescrip-

tion in the SM, we use the usual choice for the scalar sector
given by:
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The  framework does not κ
because GBs are not included 

Gauge Invariance  checked analytically 

in several processes:

H → γγ , γZ

(Herrero,Morales)

PRD102.075040(2020)

WZ → WZ PRD104.075013(2021)

WW → HHH Domenech et al  2506.21716

WW → HH PRD106.073008(2022)
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WW HH gives access to  (LO-HEFT)→ a, b, κ3

a

Important Issue 1): When looking for enhancements respect to SM not all the coefficients are equally relevant

Similarly for ZZ HH→

The most relevant  
are a = κV , b = κ2V

Important Issue 3): Gauge Invariance of the HEFT amplitude checked analitically  𝒜unitary−gauge = 𝒜Rξ−gauge

Explained by behavior with energy  

6 High energy behaviour of multiple Higgs production from VLVL

Finally, in this section we study the high energy behaviour of the scattering amplitudes for double
and tripe Higgs production in the particular case of longitudinally polarized EW gauge bosons. We
also consider the single Higgs production case for comparison. We focus here on the amplitudes
A(WLWL ! HH) and A(WLWL ! HHH). We wish to explore the high energy behaviour of these
amplitudes by means of an analytical expansion in powers of a small parameter written generically as
mEW/

p
s, where

p
s is the energy of the process and mEW refers to the EW masses involved and v.

In the case of WLWL fusion this implies
p

s � mW , mH , v. The interest of this study is twofold: on
the one hand, it serves us to test the prediction done in the literature using the Equivalence Theorem,
where these amplitudes are approximated by the corresponding amplitudes with external massless
GBs and where these later are computed within the pure scalar theory [20]. On the other hand, this
computation will also serve us to show the di↵erent energy behaviour that the HEFT and the SMEFT
amplitudes have. This being, in turn, very relevant for their respective tests at colliders.

For this exercise we start with our HEFT amplitudes in Section 4 and particularize them to
the case where the W

± polarization vectors, ✏1 and ✏2 are set to the longitudinal ones, ✏
L

1 and ✏
L

2

respectively. Since we search only for the leading contributions to the amplitudes found in Section 4
in this large s expansion, which turn out to be linear in s, i.e. of O(s), we use some starting
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= O(s0). Then, using the same notation as in Section 4, we get
the following results for the leading terms of all the diagrams involved in the high energy limit.
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Therefore, by adding them and considering k1 + k2 = k3 + k4, we get from the sum of Ac, At and Au

the total result of O(s), where the angular dependence in At and Au cancels, leading to:
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Similarly one can conclude on the high energy behaviour result of single Higgs production from
WBF of two longitudinal W ’s. From the first equation in Section 5 we find, straightforwardly:
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6.2 Case HHH

In the triple Higgs production case we get, for the 7 reference diagrams:
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triple and double Higgs production, but now the maximum appears slightly above the new
threshold energy, 3mH . The deviations with respect to the SM prediction are larger again for
negative values of 3, and can reach values of up to five orders of magnitude larger than the
SM in that close to threshold energy region. On the other hand, we learn from Fig. 14 that
varying the value of 4 within the interval [-10,10], with 3 fixed to 1, does not modify the
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Figure 15: Total cross section of the W
�
W

+
! HH subprocess as a function of 3, with 4 set

to 1, for di↵erent values of the CM energy
p
ŝ.

shape of the cross section significantly. However, it can also increase its value by one or even
two orders of magnitude with respect to the SM prediction in the most extreme cases. The
dependence on the sign of 4 in triple Higgs production is very mild, in contrast with the
strong dependence on the sign of 3 that has been found in both channels.

Coming back to W
�
W

+
! HH, Fig. 15 shows the variation of the cross section with 3

at a fixed CM energy. Here we see that there is a minimum in the region 3 2 [2, 5]. The
greater the energy, the larger the value of 3 that minimizes the cross section. Deviations from
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Fig. 3 Predictions of the J = 0 partial wave amplitude |a0(W+
L W−

L →
HH)| within the HEFT as a function of the CM energy

√
s for various

choices of the LO-HEFT parameters a and b. Left plot assumes a2 $= b.

Right plot assumes a2 = b. The shaded region denotes the region of
perturbative unitarity violation where |a0| > 1

We also get similar conclusions for the values that lead to
the highest cross sections. Concretely for (a, b) = (1.5, 0.5)
we find the crossing at 1800 GeV, and our computation gives
that only a 5% of the total cross section comes from the prob-
lematic interval MHH ∈ (1800, 3000) GeV.

In contrast, for the b = a2 case, the situation regarding
perturbative unitarity violation is very different. As can be
seen in the right plot in Fig. 3, for b = a2, the behavior with
energy changes leading to a flat plateau at large energies that
is below the unitarity crossing line. The only exception is for
extremely large values of the low-energy effective parame-
ters, like a = 10, which are unrealistic nowadays since they
are not allowed by present LHC constraints. Therefore, one
can conclude from this behaviour that assuming the particu-
lar correlation b = a2 ensures that the predictions for HH
production via WBF preserve perturbative unitarity at the
energies presently explored at the LHC and also at future
planned e+e− colliders.

Other sensitive quantities where the combination of
parameters (a2 − b) also plays an important role are the dif-
ferential cross sections with respect to angular variables of
the final state. In particular, for W+W− → HH scattering,
the differential cross section with respect to cos θ already
presents some interesting features. This can be easily com-
puted from the previous amplitude in Eqs. 3.1 and 3.2. In the
CM frame this is given by:

dσ

d cos θ
= 1

64πs

√
s − 4m2

H√
s − 4m2

W

|Ā|2, (3.7)

where, the average over the 3 × 3 polarization combinations
of the initial W ’s is considered in |Ā|2 and the factor 1/2 due

to the two identical final Higgs bosons is also included. The
predictions within the HEFT for this differential cross sec-
tion with respect to cos θ are shown in the plots of Fig. 4
for the three CM energies,

√
s = 500 GeV (upper left),√

s = 1000 GeV (upper right) and
√
s = 3000 GeV (lower).

In these plots we explore the BSM effects from a and b and
set one particular correlation given by $b = $a/2 for def-
initeness and just as an example. We also include the SM
prediction (black line) for comparison with respect to the
BSM predictions.

The SM prediction gives a parabola with two maxima at
the extreme values cos θ = ±1 and a unique minimum at
cos θ = 0. In contrast, the BSM prediction in the HEFT
develops two minima which manifest in the plots with the
larger energies (1 and 3 TeV) symmetrically at both sides of
the central point cos θ = 0.The location of these minima gets
closer to the extremes cos θ = ±1 for the largest energies.
Also for the largest energies, it is manifested the appear-
ance of a flat and long plateau in the central region of these
plots. These commented features of the BSM HEFT predic-
tions can be understood in terms of the dominant amplitude
which, as we have already reminded, is AL . The behaviour
at high energies of AL in Eq. 3.6 explains the appearance of
the commented plateau, in the shape of the differential cross
section with respect to cos θ and relates the height of this
plateau with the value of (a2 − b). One can then conclude
that the probability that the Higgs bosons get scattered in the
central region for cos θ increases in the HEFT as we stray
from the condition b = a2. This is an important result, and
will have phenomenological consequences for colliders, as
we will see in the following sections.
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DIAGRAMS IN UNITARY GAUGE

In the Feynman-’t Hooft gauge we have 6 di�erent diagrams that contribute at tree-

level to the process W
+
W

�
! HH, and they are displayed in Fig. 3.1. As we can see,

there are 4 kinds of diagrams: one contact diagram, one s-channel, two t-channels and

two u-channels. The two diagrams of the latter 2 types correspond to the interchange of

a W boson and the corresponding GB.
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Figure 3.1: The 6 tree-level Feynman diagrams that contribute to the W
+
W

�
! HH

process in an arbitrary R� gauge.

The Feynman rules used to compute the scattering amplitudes for these diagrams

were derived from the chiral dimension 2 Lagrangian terms of the EChL (Eq. 2.12). As

previously remarked, the only di�erence with respect to a computation with the rules of

the SM is the appearance of the parameters a and b, which are present in the vertices with

either one or two Higgs bosons, respectively. Since we also have a triple Higgs coupling in

the s-channel, we could also study the e�ect of modifications of the parameter �3 in this

process, but we will set it to its SM value (which is 1) since it has been already studied

by other authors [Arganda˙2019, Gonzalez˙Lopez˙2021]. The parameter �4 involves a

four-Higgs boson interaction and therefore it is not accessible in this process at tree-level.

To access this �4 parameter some authors have considered the production of three Higgs

bosons [Gonzalez˙Lopez˙2021].

Thus, the respective amplitudes for each channel are:

AC =
g

2
b

2
�+ · ��
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Figure 2: Feynman diagrams for WW ! HH scattering. The diagrams for ZZ ! HH are similar
but changing W by Z.

4 HEFT and SMEFT amplitudes for V V ! HH and V V ! HHH

introduce here the Feynman diagrams for the scattering amplitudes and present the analytical results

5 Matching HEFT and SMEFT amplitudes

6 Conclusions

Acknowledgments

change it...to the proper aknowledgements
D.D and M.J.H acknowledge partial financial support by the Spanish Research Agency (Agencia

Estatal de Investigación) through the grant with reference number PID2022-137127NB-I00 funded by
MCIN/AEI/10.13039/501100011033/ FEDER, UE. We also acknowledge financial support from the
grant IFT Centro de Excelencia Severo Ochoa with reference number CEX2020-001007-S funded by
MCIN/AEI/10.13039/501100011033, from the previous AEI project PID2019-108892RB-I00 funded
by MCIN/AEI/10.13039/501100011033, and from the European Union’s Horizon 2020 research and
innovation programme under the Marie Sklodowska-Curie grant agreement No 860881-HIDDeN. The
work of R.M. is supported by CONICET and ANPCyT under projects PICT 2017-2751, PICT 2018-
03682 and PICT-2021-I-INVI-00374. The work of D.D.is also supported by the Spanish Ministry of
Science and Innovation via an FPU grant No FPU22/03485.

– 5 –

s c
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Figure 2: Feynman diagrams for WW ! HH scattering in the unitary gauge. The labels s, c, t and
u refer to s-channel, c-channel, t-channel and u-channel respectively. The diagrams for ZZ ! HH

are similar but changing W by Z.

in the previous HEFT case, the computations of the scattering amplitudes are performed with the
help of FeynRules [33] and FormCalc [34]. We have also performed cross checks with the help of
FeynCalc [35]. As for the drawing of Feynmam diagrams we use FeynArts [36].

4 HEFT and SMEFT amplitudes for V V ! HH and V V ! HHH

Here we summarize the analytical results for double and triple Higgs production from WBF. The
computation is performed at the tree level. We choose to compute them in the unitary gauge and
present here the results separately for all the contributing diagrams. The diagrams for V V ! HH

are displayed in Fig. 2. The diagrams for V V ! HHH are displayed in Fig. 3.
An important point that is worth to emphasize here is the explicit demonstration that all these

scattering amplitudes are gauge invariant. In particular, we have checked the full agreement in the
predictions of all the scattering amplitudes when computed in the unitary gauge with the results when
computed in the R⇠ gauges. Notice that in this later case and the full set of diagrams including also
the internal Goldstone bosons (not shown here, for shortness) must be considered. This check involves
to demonstrate explicitly the ⇠ independence of the resulting amplitude in all the studied cases for
V V ! HH and V V ! HHH with V V = WW and V V = ZZ and for the two EFT’s predictions,
HEFT and SMEFT. This gauge invariance of all the scattering amplitudes is an important feature
for the forthcoming comparison of the resulting HEFT and SMEFT amplitudes and to solve the
corresponding matching equations. Besides, and by means of the computation of these amplitudes
within the SM in the R⇠ gauges (not shown here for brevity), we have also checked the ⇠ independence
of all the SM amplitudes, as expected.

We summarize all these HEFT and SMEFT analytical results in the following subsections. We
present all these results in the physical scheme where the amplitudes are written in terms of phys-

– 8 –
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perturbative unitarity violation where |a0| > 1

We also get similar conclusions for the values that lead to
the highest cross sections. Concretely for (a, b) = (1.5, 0.5)
we find the crossing at 1800 GeV, and our computation gives
that only a 5% of the total cross section comes from the prob-
lematic interval MHH ∈ (1800, 3000) GeV.

In contrast, for the b = a2 case, the situation regarding
perturbative unitarity violation is very different. As can be
seen in the right plot in Fig. 3, for b = a2, the behavior with
energy changes leading to a flat plateau at large energies that
is below the unitarity crossing line. The only exception is for
extremely large values of the low-energy effective parame-
ters, like a = 10, which are unrealistic nowadays since they
are not allowed by present LHC constraints. Therefore, one
can conclude from this behaviour that assuming the particu-
lar correlation b = a2 ensures that the predictions for HH
production via WBF preserve perturbative unitarity at the
energies presently explored at the LHC and also at future
planned e+e− colliders.

Other sensitive quantities where the combination of
parameters (a2 − b) also plays an important role are the dif-
ferential cross sections with respect to angular variables of
the final state. In particular, for W+W− → HH scattering,
the differential cross section with respect to cos θ already
presents some interesting features. This can be easily com-
puted from the previous amplitude in Eqs. 3.1 and 3.2. In the
CM frame this is given by:

dσ

d cos θ
= 1

64πs

√
s − 4m2

H√
s − 4m2

W

|Ā|2, (3.7)

where, the average over the 3 × 3 polarization combinations
of the initial W ’s is considered in |Ā|2 and the factor 1/2 due

to the two identical final Higgs bosons is also included. The
predictions within the HEFT for this differential cross sec-
tion with respect to cos θ are shown in the plots of Fig. 4
for the three CM energies,

√
s = 500 GeV (upper left),√

s = 1000 GeV (upper right) and
√
s = 3000 GeV (lower).

In these plots we explore the BSM effects from a and b and
set one particular correlation given by $b = $a/2 for def-
initeness and just as an example. We also include the SM
prediction (black line) for comparison with respect to the
BSM predictions.

The SM prediction gives a parabola with two maxima at
the extreme values cos θ = ±1 and a unique minimum at
cos θ = 0. In contrast, the BSM prediction in the HEFT
develops two minima which manifest in the plots with the
larger energies (1 and 3 TeV) symmetrically at both sides of
the central point cos θ = 0.The location of these minima gets
closer to the extremes cos θ = ±1 for the largest energies.
Also for the largest energies, it is manifested the appear-
ance of a flat and long plateau in the central region of these
plots. These commented features of the BSM HEFT predic-
tions can be understood in terms of the dominant amplitude
which, as we have already reminded, is AL . The behaviour
at high energies of AL in Eq. 3.6 explains the appearance of
the commented plateau, in the shape of the differential cross
section with respect to cos θ and relates the height of this
plateau with the value of (a2 − b). One can then conclude
that the probability that the Higgs bosons get scattered in the
central region for cos θ increases in the HEFT as we stray
from the condition b = a2. This is an important result, and
will have phenomenological consequences for colliders, as
we will see in the following sections.
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WW  HHH gives access to  (LO-HEFT) a, b, c, κ3, κ4

Similarly for ZZ HHH→

κ4

c

b

κ3

a a

b b

a

The most relevant  are 
 a = κV , b = κ2V , c

Explained by behavior with energy  
For   s ≫ mW, mH

 3) Gauge Invariance of the amplitude checked analytically  𝒜unitary−gauge = 𝒜Rξ−gauge
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The other diagrams can be obtained from the above reference ones by the proper changes of momenta,
as defined in Eq. (4.6). Then, by grouping the 26 diagrams by subsets, and using k1+k2 = k3+k4+k5,
we get:

S1 = O(s0) ; S2 ' �
4

v3
(ab)s ; S3 = O(s0) ; S4 = O(s0)

S5 '
4

v3
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3

v3
(c)s (6.5)

Finally, adding the leading subsets S2, S5 and S7 we get the resulting total amplitude of O(s):

A
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3
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�
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4
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� b)
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s (6.6)

It is worth noticing that the above results in Eqs. (6.2) and (6.6) coincide with the approximate result
found in [20] where they used the Equivalence Theorem and computed with external massless GBs in
the pure scalar theory.

Finally, to end this section it is illustrative to show the particular high-energy results of these
longitudinal WBF amplitudes in two cases: 1) when comparing HEFT and SM , and 2) when com-
paring HEFT and SMEFT. With this purpose in mind, we first write the results in Eqs. 6.3, 6.2 ,
and 6.6 in terms of �a, �b and c. This leads to the generic BSM predictions at large energies within
the LO-HEFT:

A
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v
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4
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When setting the HEFT parameters to the SM values, i.e. for �a = 0, �b = 0 and c = 0, we get the
well known SM results:

A
SM(WLWL ! H) '

s

v
(1)

A
SM(WLWL ! HH) '

s

v2
(0) + O(s0)

A
SM(WLWL ! HHH) '

s

v3
(0) + O(s0) (6.8)

which shows that at high energies compared to the involved boson masses, the double and triple Higgs
production in the SM are suppressed respect to the BSM prediction since their amplitudes do not
grow with energy. We can also use the above generic HEFT results to get the SMEFT results. This is
done by the simple substitution of the previous values found for the �a, �b and c from the matching,
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Unitarity  in Multiple Higgs production with LO-HEFT

|a0(WLWL → HH)(s) | ≤ 1

σ(WLWL → HHH)(s) ≤
4π
s

ϵU =
rates preserving unitarity

total rates
UNITARITY CONDITIONS

 Restrictive constraints on  and  from unitarity c b

When computing production rates 
at colliders, we will be restricted 

by unitarity

2407.20706, Phys. Rev. D 111, 055004 (2025), Anisha, Domenech, Englert, Herrero, Morales

WW → HH

ja0ðWLWL → HHÞðsÞj ≤ 1; ð11Þ

where
ffiffiffi
s

p
¼ mHH is the invariant double-Higgs mass. This

elastic unitarity condition is less restrictive than the so-
called fully inelastic unitarity condition, ja0j ≤ 1=2, which
takes into account that the scattering processWW → HH is
indeed an inelastic process in contrast to WH → WH,
which is an elastic process (see, for instance, the discussion
in [63])5 We have checked that the differences in applying
the elastic or fully inelastic unitarity conditions have a
minor impact on the final numerical results of the present
work. This constraint is widely discussed in the literature,
but of course, other measurements are also known, e.g.,
[35,63]. Unitarity constraints always give qualitative con-
straints related to perturbative (non)convergence. The
Lagrangian that we consider is manifestly Hermitian,
implying a unitary time evolution. Similarly, for the case
of WLWL → HHH, we apply the unitarity restriction on
the inelastic cross section (see, e.g., [15,40,43,62])

σðWLWL → HHHÞ ≤ 4π
s

ð12Þ

where
ffiffiffi
s

p
¼ mHHH is the invariant triple-Higgs mass.

The results of these unitarity requirements are displayed
in Fig. 7. The upper plot is forWLWL → HH as a function
of b, and the middle and lower plots are for WLWL →
HHH as a function of b and c, respectively. The predictions
for the SM choices that all preserve unitarity are also
included for comparison. Notice that we show predictions
up to 3 TeV ≃ 4πv, the typical energy scale controlling the
chiral expansion. Comparing the first and second plots, we
see that the constraints on b are stronger in triple Higgs than
in double Higgs production. For instance, for b ¼ 0, the
crossing into the unitarity violating region occurs at around
2.5 TeV in HH, whereas it happens at around 1.65 TeV in
HHH production. In fact, for all the b ≠ 1 values explored
in this figure, the HHH cross section enters the unitarity-
violating region below 3 TeV. The third plot displays the
unitarity crossing energy point for each of the c ≠ 0 values
explored in the case of WW → HHH. For c ¼ 0.5, 1, 2,
and 5 this crossing occurs below 3 TeV, concretely at
around 2.25, 1.75, 1.4, and 1.2 TeV, respectively. The case
with c ¼ 0.1 enters the unitarity violating region above
3 TeV, at around 3.7 TeV.
The issue of unitarity violation in triple Higgs production

from WBF within the context of an effective Lagrangian
approach with similar interactions as ours in Eq. (1), but
when restricting them to the unitary gauge, have been
considered previously by Kilian et al. in Ref. [63]. The
relations between the relevant effective couplings in this reference and ours can be found by comparing our Eq. (4)

with their Eq. (2.4). We find the following relations:
a ¼ gW;a1 ¼ gZ;a1, b ¼ gW;a2 ¼ gZ;a2, and c ¼ gW;a3 ¼
gZ;a3. Thus, whereas in our approach there are just three
independent effective couplings, a,b, and c for one, two

s (GeV)

s (GeV)

FIG. 7. Unitarity constraints on double Higgs production
(upper plot) as a function of b and on triple Higgs production
as a function of b (middle plot) and of c (lower plot).

5We wish to thank Antonio Dobado and the anonymous PRD
referee for their comments and clarifications on these elastic/
inelastic different partial wave conditions.
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cWW → HHH

   already restricted from single  proda H

At LHC,  we find important  

reduction factors

For HL-LHC events

 for ϵU ≃ 0.6 b ∈ [0.5,1.5]

6b2j

ϵU ≃ 0.7 − 0.5 for c ∈ [0.5,1]
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Full operators list given in the literature (see, for instance, Brivio et al 1311.1823)   

corresponding cross section and identify which operators are the dominant for each polarization
state at TeV energy scale. In Section 3, we present a similar analysis in the SMEFT context. Then,
in Section 4, we compare the resulting amplitudes in both approaches and by matching them we
obtain the relation among the coe�cients in the HEFT and SMEFT. Finally, we move to the e+e�

collider scenario and study the sensitivity to the most relevant EFT coe�cients in Section 5. The
conclusions are given in Section 6.

2 WW ! HH in HEFT

In this section we present our study of WW ! HH within the HEFT context. For this study
we select the bosonic sector, containing the GBs, the Higgs field and the EW gauge bosons, and
use the EChL, which uses a non-linear parametrization of the GB fields and organizes the set of
e↵ective operators describing the new Higgs Physics in terms of their chiral dimension. We will
perform this study at the tree level approximation and will consider operators of both types, the
lowest order chiral dimension two, and of the next to leading order chiral dimension four. First we
present the relevant Lagrangian, then the relevant scattering amplitude, and then the numerical
predictions for the cross sections.

2.1 The relevant HEFT Lagrangian

The relevant HEFT Lagrangian for the present computation is the EChL. The bosonic fields and
building blocks of the EChL are as follows. The four EW gauge bosons, W a

µ (a = 1, 2, 3) and Bµ,
that are the interaction eigenstates associated to the SU(2)L and U(1)Y symmetries, respectively,
the three GBs wa (a = 1, 2, 3) associated to the spontaneous breaking SU(2)L ⇥ U(1)Y ! U(1)em,
and the Higgs boson H. The GBs are introduced in a non-linear representation, usually via the
exponential parametrization, by means of the unitary matrix U :

U(wa) = eiw
a
⌧

a
/v , (2.1)

where, ⌧a, a = 1, 2, 3, are the Pauli matrices and v = 246 GeV. Under an EW chiral transformation
of SU(2)L ⇥ SU(2)R, given by L 2 SU(2)L and R 2 SU(2)R, the field U transforms linearly
as LUR†, whereas the GBs wa transform non-linearly. This peculiarity implies multiple GBs
interactions in the HEFT, not just among themselves but also with the other fields, and it is the
main feature of this non-linear EFT. The H field is, in contrast to the GBs, a singlet of the EW
chiral symmetry and the EW gauge symmetry and, consequently, there are not limitations from
symmetry arguments on the implementation of this field and its interactions with itself and with
the other fields. Usually, in the EChL, the interactions of H are introduced via generic polynomials.

The EW gauge bosons are introduced in the EChL by means of the SU(2)L ⇥ U(1)Y gauge
prescription, namely, via the covariant derivative of the U matrix, and by the SU(2)L and U(1)Y

field strength tensors, given by:

DµU = @µU + iŴµU � iUB̂µ ,

Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ + i[Ŵµ, Ŵ⌫ ] , B̂µ⌫ = @µB̂⌫ � @⌫B̂µ , (2.2)

where Ŵµ = gW a
µ⌧a/2, and B̂µ = g0Bµ⌧3/2. For the construction of the EChL and in addition to

these basic building blocks, it is also customary to use the following objects:

Vµ = (DµU)U † , DµO = @µO + i[Ŵµ, O] . (2.3)

The physical gauge fields are then given, as usual, by:

W±
µ =

1
p

2
(W 1

µ ⌥ iW 2
µ) , Zµ = cW W 3

µ � sW Bµ , Aµ = sW W 3
µ + cW Bµ , (2.4)
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Then, one can rewrite the operators including the ⇤H or DµV
µ pieces in terms of other operators

in L4 by using the following equations, as in [10]:
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◆
. (2.10)

In particular, for the present scattering WW ! HH with external W± and H on-shell states,
one can use the following EOMs, where we have kept in Eq. (2.9) just the terms that provide a
maximum of two H or two W gauge bosons in the operator:
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HH �
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h
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V
µ

i2a

v
@µH . (2.11)

Thus, it is convenient to use the simplified Lagrangian that is obtained after the use of these
EOMs in Eq. (2.11) which is written in terms of a reduced set of couplings. In particular, the
operators of a11 and ad3 can be written in terms of the operator of addVV1; the operator of add⇤
in terms of the operators of addVV2 and aHdd; and the operators of a⇤VV , aH⇤VV , a⇤⇤, and aH⇤⇤
in terms of the operators of aHVV and aHHVV (and also with other operators which do no enter in
this observable). Thus, after the use of the EOMs there is just the reduced basis of operators with
the corresponding combinations of coe�cients which can be renamed again, to simplify, as in the
starting Lagrangian. For instance, the combination of coe�cients entering in the first operator of
Eq. (2.7) after the use of the EOMs is (�addVV1 � 4a2a11 + 2aad3) which we rename as (�addVV1),
and that for the second operator is (�addVV2 + (a/2)add⇤) which we rename as (�addVV2).

Finally, for the present computation of WW ! HH, this reduced version of L4 can be written
as follows:

L
+EOMs
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(2.12)

In summary, our starting EChL contains the following relevant coe�cients for WW ! HH: 3
coe�cients in L2, a, b and 3 (4 does not enter in this process) and 9 coe�cients in L4, addVV1,
addVV2, ad2, aHd2, aHdd, aHWW , aHHWW , aHVV and aHHVV . Notice, that other scattering processes
di↵erent than WW ! HH would require a di↵erent set of reduced operators in L4. For a complete
list of e↵ective operators in the HEFT, see for instance [10]. Notice also that we have used here
a di↵erent notation than in that reference. The relation among the two sets of coe�cients can be
summarized by: addVV1 $ c8, addVV2 $ c20, a11 $ c9, aHWW $ aW , aHHWW $ bW , ad2 $ c5,
aHd2 $ a5, a⇤VV $ c7, aH⇤VV $ a7, ad3 $ c10, aHd3 $ a10, a⇤⇤ $ c⇤H , aH⇤⇤ $ a⇤H ,
add⇤ $ c�H , aHVV $ aC and aHHVV $ bC .
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In summary, our starting EChL contains the following relevant coe�cients for WW ! HH: 3
coe�cients in L2, a, b and 3 (4 does not enter in this process) and 9 coe�cients in L4, addVV1,
addVV2, ad2, aHd2, aHdd, aHWW , aHHWW , aHVV and aHHVV . Notice, that other scattering processes
di↵erent than WW ! HH would require a di↵erent set of reduced operators in L4. For a complete
list of e↵ective operators in the HEFT, see for instance [10]. Notice also that we have used here
a di↵erent notation than in that reference. The relation among the two sets of coe�cients can be
summarized by: addVV1 $ c8, addVV2 $ c20, a11 $ c9, aHWW $ aW , aHHWW $ bW , ad2 $ c5,
aHd2 $ a5, a⇤VV $ c7, aH⇤VV $ a7, ad3 $ c10, aHd3 $ a10, a⇤⇤ $ c⇤H , aH⇤⇤ $ a⇤H ,
add⇤ $ c�H , aHVV $ aC and aHHVV $ bC .

– 5 –

ℒNLO + e.o.m
HEFT =

Reduction  from 15 to 9   NLO coefficients after the use of e.o.m    a′￼is

The most relevant 
are 

addVV1 ≡ η , addVV2 ≡ δ

 NLO-HEFT relevant operators for HH
2208.05900,  Phys. Rev. D 106(2022), 073008, Herrero, Morales (WW to HH)

ℒLO

These operators contain 4 derivatives !! 
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Out of these 9   a′￼is Also checked numerically (see next) 

In different notation
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Comparing the relevance of the various NLO  at a′￼is WW → HH
2208.05452, Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos 

For similar size of the  

we find the largest  xsections  for  


a′￼is

addVV1 ≡ η , addVV2 ≡ δ

addVV1 ≡ η addVV2 ≡ δ

by several orders of magnitud !!   
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Comparing the relevance of the various NLO  at a′ is WW → HH
2208.05452, Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos 

For similar size of the   
we find the largest  xsections  for   

a′ is

addVV1 ≡ η , addVV2 ≡ δ

Due to dominance of LL polarizations    

At energies in the relevant interval 
    

s ∈ (500,3000) (GeV)

addVV1 ≡ η addVV2 ≡ δ

by several orders of magnitud !!    

NLO: faster growth  A ∼ &(s2)
than  LO:   A ∼ &(s)

Largest deviations respect to SM in LL modes 
Relevance of  easily understood in ET(η, δ)
          María  Herrero,  EFT Multiboson, Padova 10 June 2024 17

Behavior with energy  (NLO-HEFT, tree cd=4)

ℒNLO
EChL =

enhancement in   at large     enhancement in  at large invariant mass WW → HH s ⇒ e+e− → HHν̄eνe MHH

= = e η = = d δ

UV
UV

UV

UV

UV=  to the right of this point prediction enters in the  Unitarity Violating region

. . . + addVV1 (1/v2) ∂μ H∂ν HTr [(DμU+) (DνU)] + addVV2 (1/v2) ∂μ H∂μ HTr [(DνU+) (DνU)] + . . .

          María José Herrero,  6th RedLHC Workshop , IFT, UAM,  Madrid , 10  May 2022 8

 Some preliminar results  (D. Domenech, M. Herrero, R. Morales,  M. Ramos, 2022)

 subprocess WW  process e+e−

Largest deviations respect to SM in LL modes

The most relevant 
are 

addVV1 ≡ η , addVV2 ≡ δ

These are the NLO operators  containing  ∂4



Introduccing Loops: Bosonic HEFT Renormalization in   Rξ
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Including loop corrections within bosonic-HEFT

 Developed a practical program to include one-loop HEFT corrections by means of Green functions 1PIs    

Renormalization of the involved 1PI  Green functions in generic  gauges, with generic off-shell legs 
(Running coeffs. is not enough. Complete Loop computation needed including finite contribs.)

Rξ

Easy to implement in physical scattering procceses 

Based on computation of one-loop FDs (graphical/intuitive) easy to 
implement with usual tools FeynRules, FormCalc, Looptools etc..

 Master  equation to compute renormalized 1PI function within NLO HEFT (follow  ChPT) 

(3 in HHH and 4 in HHHH), 2) from the NLO Lagrangian terms, which depend on the

NLO coe�cients (generically called ais), 3) from the one-loop diagrams collected in Fig. 8

(involving the LO coe�cients a, b, 3 and 4 in the vertices), and 4) from counterterms, which

are generated from both the LO Lagrangian (in this case leading to the terms involving �3,

�4, �ZH , �m
2
H, �v/v , and �Z⇡), and from the NLO Lagrangian (generically called �a

0
i
).

These latter are typically generated by the shift ai ! ai +�ai and are needed in the HEFT to

remove the extra divergences appearing from the loop diagrams in addition to the divergences

removed by the previous �’s. These 4 contributions can be written generically as follows:

�̂NLO = �LO + �ai + �Loop + �CT
. (A.1)

where,

�LO
HHH = �33

m
2
H

v
, �LO

HHHH = �34
m

2
H

v2
, (A.2)

and the NLO coe�cients that enter in the �ais are: aH22, add2, aHdd, addW and addZ for

HHH, and adddd, aHH22, aHdd2, aHHdd, aHddW and aHddZ for HHHH. In addition a22
enters in both HHH and HHHH via the finite contributions to �ZH and �m

2
H in the on-shell

scheme.

The renormalized 1PI functions for HH, HHH and HHHH have been checked to be

finite for all vlues of the external momenta. For this finiteness check just the O(�✏) pieces

(named �✏) of the counterterms and the HEFT coe�cients in Eqs. (2.4), (2.6), and (2.7) are

needed. We include them below for completeness.
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2
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2
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4
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4
Z)) ,
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�✏
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v2
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�✏
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�✏
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�✏
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We have computed all the 
loops and all the needed CTs  

In particular, all the 
involved   δa′￼is

M.J. Herrero and R.A Morales , PRD106,073008(2022) 2208.05900

which are in agreement with the RGEs given in Ref. [4].
Notice that, in particular for a ¼ b ¼ 1, these two EChL
coefficients η and δ do not run; therefore, they are RGE
invariants.

V. NUMERICAL RESULTS FOR W +
L W

−
L → HH

In this section, we study the numerical predictions from
the EChL for the cross section of the scattering process
WW → HH and compare the tree-level rates with the
one-loop rates. We also compare these rates with the
SM case which have been computed independently here
following the same procedure as for the EChL case. It is

also interesting to compare this SM case with previous
SM results in the literature [23]. Since, as we have
already said, the dominant contribution to this scattering
process in the TeV domain is that coming from the
longitudinally polarized gauge boson modes, we will focus
in this section on this most relevant cross section—i.e., on
σðWþ

LW
−
L → HHÞ. In addition, this numerical study of the

radiative corrections will be devoted to the most relevant
coefficients of the NLO-EChL, which, as already said, are
the parameters η and δ. For simplicity, the LO-EChL
parameters will be set here to the SM default values—
i.e., in the following we set a ¼ b ¼ κ3 ¼ κ4 ¼ 1. All
the numerical computations presented here have been

FIG. 4. Cross section prediction forWþ
LW

−
L → HH as a function of the energy

ffiffiffi
s

p
within the EChL at one-loop level (solid lines) and

comparison with the tree-level prediction (dashed lines). The effect of the NLO parameter η is displayed, assuming values for this
parameter of%10−2 and%10−3. The LO parameters are set to a ¼ b ¼ κ3 ¼ κ4 ¼ 1. The other NLO parameters are set to zero. The SM
predictions at tree level (pink) and one-loop level (red) are also included. The relative size of the one-loop prediction with respect to the
tree-level prediction, defined by means of δ1-loop in Eq. (5.1), is displayed at the bottom of this figure. The color code is red (SM), orange
(EChL, η ¼ 10−3), brown (EChL, η ¼ −10−3), bright green (EChL, η ¼ 10−2), and green (EChL, η ¼ −10−2).
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performed with the help of FormCalc and LoopTools, and
for definiteness, we choose the Feynman–’t Hooft gauge—
i.e., we fix ξ ¼ 1.
First of all, it is worth mentioning that we have done a

numerical check of the finiteness of the predicted one-loop
cross section in both cases, the EChL and the SM. This is
done indirectly, by checking numerically the renormaliza-
tion μ-scale independence of the result. This is not a trivial
check at all, since the computation of the one-loop
amplitude from the 1PI functions amounts to the evaluation
of more than 500 one-loop diagrams, where each one
depends on this μ scale. Thus, the cancellation of the μ
dependence among the various diagrams found in the final

result is a quite convincing check. Notice that for the
studied case here of a ¼ b ¼ 1, the two parameters δ and η,
as already said, do not run; therefore, they have equal value
at any assumed μ scale.
We next summarize our numerical results for

σðWþ
LW

−
L → HHÞ as a function of the center-of-mass

energy
ffiffiffi
s

p
in the two Figs. 4 and 5. In Fig. 4, we study

the effect of η, and in Fig. 5, we study the effect of δ. In both
cases, we have explored the following values for those
coefficients, %0.01 and %0.001, which are allowed by
present experimental data. In both plots we have included,
for comparison, the following rates: (i) the tree level
predictions for the EChL, EChLð2þ4Þ

Tree ; (ii) the full one-loop

FIG. 5. Cross section prediction forWþ
LW

−
L → HH as a function of the energy

ffiffiffi
s

p
within the EChL at one-loop level (solid lines) and

comparison with the tree-level prediction (dashed lines). The effect of the NLO parameter δ is displayed, assuming values for this
parameter of%10−2 and%10−3. The LO parameters are set to a ¼ b ¼ κ3 ¼ κ4 ¼ 1. The other NLO parameters are set to zero. The SM
predictions at tree level (pink) and one-loop level (red) are also included. The relative size of the one-loop prediction with respect to the
tree-level prediction, defined by means of δ1-loop in Eq. (5.1), is displayed at the bottom of this figure. The color code is red (SM), orange
(EChL, δ ¼ 10−3), brown (EChL, δ ¼ −10−3), bright green (EChL, δ ¼ 10−2), and green (EChL, δ ¼ −10−2).
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 Size of  

comparable to SM 


NLO/LO

 different behaviour 


with energy


δ1−loop ∈ (5, − 15) %
(−20 %)

η

δ

18

Γ̂HHH Γ̂WWHH

a = b = κ3 = 1
In these plotsΓ̂WWH

Γ̂HH

Γ̂WW Γ̂Wπ Γ̂ππ

Γ̂πWH

 independence checked in the full amplitudeξ

Γ̂γ,ZHH

and right panels, respectively. In all cases we have
computed: a) the total cross section (upper panels), b)
the lowest partial wave amplitude jaJj with J ¼ 0 (lower
panels) and c) the quantity δ1−loop that provides the relative

size of the one-loop correction in the full one-loop results
respect to the tree level prediction. It is defined by:

δ1−loop ¼ ðσFull − σTreeÞ=σTree ð5:1Þ

FIG. 6. Cross-section predictions for Wþ
LZL → Wþ

LZL within the EChL corresponding to a ¼ 0.9, b ¼ a2, κ3 ¼ κ4 ¼ 1 and varying
a4 (left) and a5 (right). The rest of ai ’s are set to zero. The μ scale is set to μ ¼ 1 TeV. Dashed lines are the tree level predictions. Solid
lines are the full one-loop predictions. The solid red (pink) lines correspond to the full (tree) SM prediction. The relative size of the one-
loop prediction respect to the tree level one defined by means of δ1−loop is also shown (lower plots in the upper pannels). The predictions
for the lowest partial wave aJ with J ¼ 0 are also displayed (lower pannels). The unitarity violating regions in these plots are indicated
by the shadowed areas.
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i ˆ̄Γμ
πWH ¼ −i

g
2
ðpW þ 2pHÞμ þ iΓ̄Loop

πWH − i
g
2

!
δg
g
þ δZϕ

"
ðpW þ 2pHÞμ;

iΓ̄Loop
πWHjdiv ¼ −i

Δϵ

16π2
g
v2

ð2m2
W −m2

ZÞðpW þ 2pHÞμ;

i ˆ̄Γμν
WWHH ¼ i

g2

2
gμν þ iΓ̄Loop

WWHH þ i
g2

2

!
2δg
g

þ δZϕ

"
gμν;

iΓ̄Loop
WWHHjdiv ¼ i

Δϵ

16π2
g2

v2
ð6m2

W −m2
ZÞgμν;

i ˆ̄Γρ
AHH ¼ iΓ̄Loop

AHH;

iΓ̄Loop
AHHjdiv ¼ 0;

i ˆ̄Γρ
ZHH ¼ iΓ̄Loop

ZHH;

iΓ̄Loop
ZHHjdiv ¼ 0: ð4:13Þ

D. Renormalization of the EFT parameters

In this section, we present the results for the renormal-
ization of the EFT parameters. These include the EW
parameters entering in L2, like g, g0, etc., and the EChL
coefficients—namely, a, b, κ3 entering in L2, and the ai
coefficients entering in L4.
First, we determine the divergent parts (called in short δϵ)

of all the counterterms, requiring that all the renormalized
1PI functions at arbitrary values of the external leg
momenta (generically off-shell) results be finite. This
procedure leads to a system of equations, which must be
solved sequentially, by demanding the cancellation of the
OðΔϵÞ contributions for the involved Lorentz structure and
momentum dependence of each Green’s functions. The
CTs corresponding to theL2 parameters in Eq. (2.4), except
for b, κ3, and λ, and some of the ai coefficients in
Eq. (2.10), were already derived in our previous work
[3]. With respect to this reference, we add now the Green’s
functions with Higgs bosons corresponding to the vertices
HHH, HWW, πWH, and WWHH (notice that the corre-
sponding ones for AHH and ZHH are finite and do not
have new EChL coefficients). In particular, we derive δϵλ
from the tadpole’s counterterm; Γ̂HHH sets δϵκ3, δϵadd□,
δϵaH□□

, and δϵaHdd; Γ̂HWW sets δϵaHWW , δϵad2, δϵa□VV ,
δϵaHVV , δϵad3, and δϵaH11; Γ̂WWHH sets δϵb, δϵaddVV1,

δϵaddVV2, δϵaHHWW , δϵaHH11, δϵaH□VV , δϵaHd2, δϵaHd3,
and δϵaHHVV ; and with the singular parts of all the CTs, we
check that Γ̂πWH gives a finite contribution to the scattering
amplitude.
Second, these divergent parts of the CTs can also be

determined by using the renormalization conditions of
Eqs. (4.4)–(4.8). They allow us to write the counterterms
as functions of the undressed 1PI functions. Then we have
used this second procedure as a check of our results that we
obtain solving the system described in the previous para-
graph. Also, with this second procedure, we can determine
the finite contributions to the counterterms (if any), and we
use them in the final numerical computation of the one-loop
cross section in the next section. Therefore, we postpone
the estimates of the finite contributions to the next section
and focus here on the derivation of the singular parts of the
EChL counterterms. For completeness, we also provide the
divergent counterterms for the EW parameters derived in
our previous work together with δϵλ (that enters now in the
s channel) in Eq. (A5). The corresponding SM results,
obtained from the one-leg and two-leg Green’s functions,
were presented and compared with the EChL in Ref. [3],
and we do not repeat them here.
Our results for the divergent parts of the full set of EChL

coefficients are then summarized as follows:

δϵa ¼ Δϵ

16π2
3

2v2
ðða2 − bÞða − κ3Þm2

H þ aðð1 − 3a2 þ 2bÞm2
W þ ð1 − a2Þm2

ZÞÞ;

δϵb ¼ −
Δϵ

16π2
1

2v2
ðða2 − bÞð8a2 − 2b − 12aκ3 þ 3κ4Þm2

H

þ 6a2bð2m2
W þm2

ZÞ − 6bðm2
W þm2

ZÞ − 6b2m2
WÞ;

δϵκ3 ¼ −
Δϵ

16π2
1

2m2
Hv

2
ðκ3ða2 − bþ 9κ23 − 6κ4Þm4

H − 3ð1 − a2Þκ3m2
Hðm2

W þm2
ZÞÞ;
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Δϵ

16π2
a4 þ a2bþ b2

3
; δϵaddVV2 ¼ −

Δϵ

16π2
ða2 − bÞð2a2 þ bþ 6Þ

12
;

δϵa11 ¼
Δϵ

16π2
a2

4
; δϵaH11 ¼

Δϵ

16π2
aða2 − bÞ

2
; δϵaHH11 ¼

Δϵ

16π2
4a4 − 5a2bþ b2

4
;

δϵaHWW ¼ Δϵ

16π2
aða2 − bÞ

12
; δϵaHHWW ¼ −

Δϵ

16π2
4a4 − 5a2bþ b2

24
;

δϵad2 ¼ −
Δϵ

16π2
aða2 − bÞ

6
; δϵaHd2 ¼

Δϵ

16π2
4a4 − 5a2bþ b2

6
;

δϵa□VV ¼ −
Δϵ

16π2
að2þ a2Þ

4
; δϵaH□VV ¼ Δϵ

16π2
4a4 þ a2ð4 − 3bÞ − 2b

4
;

δϵad3 ¼
Δϵ

16π2
aða2 þ bÞ

2
; δϵaHd3 ¼

Δϵ

16π2
−4a4 þ a2bþ b2

2
;

δϵa□□

¼ −
Δϵ

16π2
3a2

4
; δϵaH□□

¼ Δϵ

16π2
3að2a2 − bÞ

2
;

δϵadd□ ¼ Δϵ

16π2
3aða2 − bÞ

2
; δϵaHdd ¼ 0; δϵaddW=2 ¼ δϵaddZ ¼ −

Δϵ

16π2
3aða2 − bÞ;

δϵaHVV ¼ δϵaHHVV ¼ 0; ð4:14Þ

where we have used the bold notation for the new EChL
coefficients in this computation with respect to Ref. [3]. As
is expected from the SUð2ÞL ×Uð1ÞY gauge-invariant
construction of L4, we have found no ξ dependence in
any of the CTs of the EChL coefficients (in contrast to the
results for the CTs of the EW parameters, like δg, etc., that
are in general ξ dependent; see Ref. [3]). We also see in
these results that some of these CTs vanish for the choice
a ¼ b ¼ κ3 ¼ κ4 ¼ 1, and others do not, like addVV1,
addVV2, a11, a□VV , aH□VV , ad3, aHd3, a□□

, and aH□□

.
Some comments about the previous results in Eq. (4.14)

are in order. First, we wish to note that these results, to our
knowledge, are the only ones within the EChL that apply to
the most general and complete renormalization program of
off-shell, one-loop 1PI functions while including all types
of bosonic loop diagrams in the Rξ gauges. However, it is
pertinent to compare our results with some previous results
of the EChL one-loop divergences and counterterms in the
literature. We will summarize this comparison as follows:
First, we compare with previous works that compute
the one-loop scattering amplitude. The renormalization
of the WLWL → HH process was studied to one loop
within the EChL previously in Ref. [4]. It was done by
means of the ET—i.e., replacing the externalWL’s with the
w GBs and studying the corresponding ww → HH scatter-
ing with just chiral loops (meaning loops with only GBs
and Higgs in the internal propagators), and assuming
massless GBs (as in the Landau gauge, i.e., for ξ ¼ 0).
More recently, in Ref. [5], the loop contributions to the
WLWL → HH scattering amplitude were computed as well
by means of the ET—i.e., also for ww → HH scattering,

but improving upon the previous computation of Ref. [4]
by considering all kinds of bosonic one-loop diagrams in
this scattering of GBs. They also used the Landau gauge—
i.e., with massless GBs—and they simplify the computa-
tion by assuming the so-called isospin limit with
mW ¼ mZ. We have further improved these two computa-
tions in several aspects. We do not use the ET—i.e., we
consider gauge bosons in the external legs, we work in
generic Rξ gauges (i.e., with massive GBs), and we do not
work in the isospin limit—i.e., for us mW and mZ are
different, as they correspond to the physical on-shell gauge
boson masses. Furthermore, we consider the full set of 1PI
functions involved in the amplitude and include all kinds of
diagrams in those functions. The full set of one-loop
diagrams computed here are in consequence different than
in Ref. [5]. However, we can make contact with some of its
results by specifying our results for the particular assump-
tions and approximations of that reference. For instance,
taking into account the differences in the conventions, and
settingmZ ¼ mW, we find agreement for the CTs of a, b, λ,
κ3, and ad2. On the other hand, to compare with this
reference, it is convenient to use the reduced set of NLO
coefficients that, as explained in the previous sections, can
be obtained by the use of the equations of motion.
Concretely, the EChL NLO coefficients appearing in the
scattering amplitude are those presented in Eq. (3.17), and
they appear within the particular combinations of coeffi-
cients given in Eq. (2.13). Therefore, these are the ones that
should be compared with Ref. [5]. From our results in
Eq. (4.14), our prediction for the divergences of these
combinations are
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Renormalization of HEFT coeffs and derived RGEs

(involving the LO coe�cients a, b, 3 and 4 in the vertices), and 4) from counterterms, which

are generated from both the LO Lagrangian (in this case leading to the terms involving �3,

�4, �ZH , �m2
H, �v/v , and �Z⇡), and from the NLO Lagrangian (generically called �ai’s).

These latter are typically generated by the shift ai ! ai +�ai and are needed in the HEFT to

remove the extra divergences appearing from the loop diagrams in addition to the divergences

removed by the previous counterterms in the LO Lagrangian. These four contributions can

be written generically as follows:

�̂NLO = �LO + �ai + �Loop + �CT
, (A.1)

where,

�LO
HHH = �33

m
2
H

v
, �LO

HHHH = �34
m

2
H

v2
, (A.2)

and the NLO coe�cients that enter in the �ai ’s are: aH22, add2, aHdd, addW and addZ for

HHH, and adddd, aHH22, aHdd2, aHHdd, aHddW and aHddZ for HHHH (see Tab. 1). In

addition a22 enters in both HHH and HHHH via the finite contributions to �ZH and �m
2
H

in the on-shell scheme. Specifically,

�ZH = ⌃
0Loop
HH (q2 = m

2
H) �

4m2
H

v2
a22 , �m

2
H = �⌃Loop

HH (q2 = m
2
H) �

2m4
H

v2
a22 . (A.3)

The renormalized 1PI functions for HH, HHH and HHHH have been checked to be

finite for all values of the external momenta. For this finiteness check just the O(�✏) pieces

(named �✏) of the counterterms and the HEFT coe�cients in Eqs. (2.4), (2.6), and (2.7) are

needed. We include them below for completeness,

�✏ZH =
�✏

16⇡2

3a2

v2
(2m2

W + m
2
Z) , �✏ =

2

✏
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2
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�✏

16⇡2

3

2v2
((323 + 4)m

4
H � 2a2m2

H(2m2
W + m

2
Z) + (4a2 + 2b)(2m4

W + m
4
Z)) ,

�✏Z⇡ = �
�✏

16⇡2

1
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Finally, it is important to keep in mind the existent
hierarchy among the various polarization channels and
among the relevance of the various coefficients for each
polarization channel. First, it is well known the dominance
in the total cross section for this WW → HH process
of the longitudinal polarized modes over the transverse
modes. Namely, σðWW → HHÞ is fully dominated by
σðWLWL → HHÞ. The other polarization channels with
initial WTWT or WLWT are highly subdominant at the
center-of-mass energies in the TeV domain. Therefore, by
studying the longitudinal polarized case, one can approxi-
mate quite well the total cross section. This dominance of
σðWLWL → HHÞ over the other polarized channels also
happens in the EChL case, in the tree-level estimates of the
cross section, at both orders—the LO and the NLO ones. A
recent phenomenological study of the corresponding BSM
effects in Ref. [11] for all the polarized channels, and
considering all the EChL coefficients in Eq. (3.17), has
shown that the most relevant coefficients of the EChL, for
the LLmodes and at the tree-level NLO, are indeed η and δ.
Here, by “the most relevant coefficients” we mean those
EChL coefficients in L4 that lead to the largest cross
sections in this WW → HH scattering process at the TeV
energy domain. For definiteness here, and to summarize
this LL dominance in the tree-level NLO prediction from
the EChL, we show in Fig. 3 our predictions, as a function
of the center-of-mass energy

ffiffiffi
s

p
, of the cross sections (i) for

the total unpolarized case (the two plots on the first row),
and (ii) for the LL polarized case (the two plots on
the second row). We display in this figure the BSM
departures with respect to the SM predictions from the
separate effects of the two most relevant coefficients,
assuming different numerical values for those coefficients
#ð0.1; 0.01; 0.001; 0.0001Þ. (i) The effect from η is dis-
played in the plots in the first column, and (ii) the effect from
δ is displayed in the plots in the second column. We can
clearly see in these plots that the cross section for theLL case
fully dominates the total (unpolarized) cross section for all
the studied cases. Indeed, the two lines forLL and for “total”
practically coincide in the studied TeV domain (up to the
obvious reducing 1=9 factor in the unpolarized result due to
the average over the possible initial helicities). The other
evident conclusion from this figure is that large values of the
cross sections and large departures from the SM predictions
can be reached at TeVenergies for the cases with the larger
input coefficients η and δ. For a more devoted study of the
phenomenological consequences of these tree-level predic-
tions within the EChL at NLO, we address the reader to
Ref. [11]. In particular, the relevance of these predictions for
the di-Higgs production at future eþe− colliders via WW
fusion has also been explored in that reference. In the
following part of the present work, we do not go further
in these phenomenological issues and focus instead in our
main purpose here: the computation of the EW radiative
corrections for the WW → HH scattering process.

IV. RENORMALIZATION PROCEDURE

A. Generalities

In this section, we present our renormalization pro-
gram to compute the renormalized 1PI functions within
the EChL in covariant Rξ gauges using a diagrammatic
approach. These renormalized 1PI functions, denoted here
generically by Γ̂, receive contributions from the tree-level
Lagrangian L2 þ L4, ΓTree; from the one-loop diagrams
using the interaction vertices of L2 only, ΓLoop; and from all
the counterterms of L2 þ L4, ΓCT:

Γ̂n-legs ¼ ΓTree
n-legs þ ΓLoop

n-legs þ ΓCT
n-legs: ð4:1Þ

Notice again the double role of L4 in the chiral Lagrangian
approach: on the one hand, it contributes to a tree-level
scattering amplitude, and on the other hand it also acts as a
source of new counterterms in order to remove the extra
divergences emerging from the loops computed with L2,
which are not removable by a simple redefinition of the
parameters in this part of the Lagrangian.
Our analytical computation here is performed with the

various software associated with Wolfram Mathematica
[13] and starts by implementing our model in FeynRules
[14], generating and drawing the Feynman diagrams with
FeynArts [15] and performing the main calculations with
FormCalc and LoopTools [16]. Some extra checks of the
involved one-loop divergences were made using FeynCalc
[17] and Package-X [18]. The SM results were obtained by
following the same steps.
The renormalization program followed in this work is

similar to the one we already presented in Ref. [3] in the
EChL context for vector boson scattering (VBS) processes
like WZ → WZ, etc. Next, we briefly summarize the main
aspects of the regularization and multiplicative renormal-
ization prescriptions, as well as the renormalization con-
ditions; and then we present the new one-loop diagrams,
the new divergences, and the solutions for all the counter-
terms relevant for WW → HH scattering.

B. Regularization and renormalization
prescriptions

As usual, our regularization procedure of the loop
contributions is performed with dimensional regularization
[19,20] in D ¼ 4 − ϵ dimensions. This method preserves
all the relevant symmetries in the bosonic sector of the
theory, including chiral invariance (Dirac γ5 is not involved
in this work, since we do not consider the fermionic
contributions). Consequently, the scale of dimensional
regularization is set to μ, and all the one-loop divergences
are expressed in terms of

Δϵ ¼
2

ϵ
− γE þ logð4πÞ: ð4:2Þ
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δϵa′￼is

mW = mZ
19

δϵη ¼ δϵãddVV1 ¼ δϵðaddVV1 − 4a2a11 þ 2aad3Þ ¼ −
Δϵ

16π2
ða2 − bÞ2

3
;

δϵδ ¼ δϵãddVV2 ¼ δϵ

!
addVV2 þ

a
2
add□

"
¼ Δϵ

16π2
ða2 − bÞð7a2 − b − 6Þ

12
;

δϵðaHVV − 2a
□VV þ 2aa

□□

Þ ¼ Δϵ

16π2
að1 − a2Þ;

δϵðaHHVV − 6κ3a□VV − 4aH□VV þ 4ba
□□

þ 6κ3aa□□

þ 4aaH□□

Þ ¼ Δϵ

16π2
ð3κ3að1 − a2Þ þ 2b − 2a2ð2þ 3bÞ þ 8a4Þ;

δϵðaHdd − add□Þ ¼ −
Δϵ

16π2
3aða2 − bÞ

2
: ð4:15Þ

The first two lines in the above equation are in agreement
with the result for η and δ in Refs. [4,5], where a11, ad3,
and add□ were not considered. It is interesting to remark
that the combinations in Eq. (4.15) indeed vanish for
a ¼ b ¼ κ3 ¼ 1, as expected in the comparison with
the SM.
Second, we compare our results with Ref. [6]. In this

work, the renormalization of one-loop 1PI functions was
performed for off-shell external legs, but they considered
the pure scalar theory—i.e., only the Higgs and GBs sector
of the EChL—and worked with massless GBs (as in the
Landau gauge, with ξ ¼ 0). No gauge or ghost fields were
included, and therefore no gauge-fixing. We find agreement
in the divergences found for the subset of ai ’s involved in
the scalar sector (the coefficients in the notation of Ref. [6]
are specified inside the parentheses). Concretely, we agree
in a (aC), b (bC), κ3 (μ3), addVV1 (c8), addVV2 (c20), a11 (c9),
aH11 (a9), aHH11 (b9), add□ (cΔH), a□VV (c7), aH□VV (a7),
ad3 (c10), aHd3 (a10), a□□

(c
□H), and aH□□

(a
□H).

Third, we compare our results with others that do
not study scattering amplitudes but are devoted to the
renormalization of the Lagrangian. In particular, the
renormalization of the EChL was studied in the path
integral formalism, using the background field method,
in Refs. [7,21,22]. The most complete comparison of our
results should be performed with the bosonic loop results
of Refs. [7,22], since these also included all loops of scalar
and gauge particles. However, the comparison with the
path integral results is tricky, since they use the equations
of motion to reduce the number of operators in the
Lagrangian. Therefore, some off-shell divergences do
not appear in their results, and some others are redefined
by the use of the equations of motion. They also use
redefinitions of the fields (in particular, the Higgs field) to
reach the canonical kinetic term in the Lagrangian. On the
other hand, the parametrization used in Refs. [7,22] is also
very different from that used here and is not straightfor-
ward to compare with. For example, the divergence
canceled by our addW, addZ, and aHdd in the HHH
Green’s function is absorbed via the Higgs field redefini-
tion in their context.

Finally, we summarize in the following the main results
regarding the renormalization group running equations
(RGEs) for the NLO EChL coefficients, which complement
those given in our previous work [3]. These RGEs can be
easily derived from the previous results in Eq. (4.14) and
taking into account the relation between the renormalized
and bare coefficients given by a0i ¼ ai þ δai. In the MS
scheme (with μ being the scale of dimensional regulariza-
tion in D ¼ 4 − ϵ dimensions), the running aiðμÞ can be
written as follows:

aiðμÞ ¼ a0i − δaiðμÞ; δaiðμÞ ¼ δϵai −
γai
16π2

log μ2;

δϵai ¼
Δϵ

16π2
γai ; ð4:16Þ

where the divergent δϵai is written in terms of the
anomalous dimension γai of the corresponding effective
operator. The running and renormalized ai’s can then be
related, in practice, by

aiðμÞ ¼ ai þ
γai
16π2

log μ2: ð4:17Þ

The set of RGEs for all the ai’s then immediately follows:

aiðμÞ ¼ aiðμ0Þ þ
1

16π2
γai log

!
μ2

μ02

"
; ð4:18Þ

where the specific value of γai for each coefficient can be read
from Eq. (4.14). For instance, in the case of the two most
relevantNLO-EChL coefficients for the presentWW → HH
scattering, η and δ, we get the following RGEs:

ηðμÞ ¼ ηðμ0Þ − 1

16π2
1

3
ða2 − bÞ2 log

!
μ2

μ02

"
;

δðμÞ ¼ δðμ0Þ þ 1

16π2
1

12
ða2 − bÞð7a2 − b − 6Þ log

!
μ2

μ02

"
;

ð4:19Þ
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δϵðaHdd − add□Þ ¼ −
Δϵ

16π2
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2
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The first two lines in the above equation are in agreement
with the result for η and δ in Refs. [4,5], where a11, ad3,
and add□ were not considered. It is interesting to remark
that the combinations in Eq. (4.15) indeed vanish for
a ¼ b ¼ κ3 ¼ 1, as expected in the comparison with
the SM.
Second, we compare our results with Ref. [6]. In this

work, the renormalization of one-loop 1PI functions was
performed for off-shell external legs, but they considered
the pure scalar theory—i.e., only the Higgs and GBs sector
of the EChL—and worked with massless GBs (as in the
Landau gauge, with ξ ¼ 0). No gauge or ghost fields were
included, and therefore no gauge-fixing. We find agreement
in the divergences found for the subset of ai ’s involved in
the scalar sector (the coefficients in the notation of Ref. [6]
are specified inside the parentheses). Concretely, we agree
in a (aC), b (bC), κ3 (μ3), addVV1 (c8), addVV2 (c20), a11 (c9),
aH11 (a9), aHH11 (b9), add□ (cΔH), a□VV (c7), aH□VV (a7),
ad3 (c10), aHd3 (a10), a□□

(c
□H), and aH□□

(a
□H).

Third, we compare our results with others that do
not study scattering amplitudes but are devoted to the
renormalization of the Lagrangian. In particular, the
renormalization of the EChL was studied in the path
integral formalism, using the background field method,
in Refs. [7,21,22]. The most complete comparison of our
results should be performed with the bosonic loop results
of Refs. [7,22], since these also included all loops of scalar
and gauge particles. However, the comparison with the
path integral results is tricky, since they use the equations
of motion to reduce the number of operators in the
Lagrangian. Therefore, some off-shell divergences do
not appear in their results, and some others are redefined
by the use of the equations of motion. They also use
redefinitions of the fields (in particular, the Higgs field) to
reach the canonical kinetic term in the Lagrangian. On the
other hand, the parametrization used in Refs. [7,22] is also
very different from that used here and is not straightfor-
ward to compare with. For example, the divergence
canceled by our addW, addZ, and aHdd in the HHH
Green’s function is absorbed via the Higgs field redefini-
tion in their context.

Finally, we summarize in the following the main results
regarding the renormalization group running equations
(RGEs) for the NLO EChL coefficients, which complement
those given in our previous work [3]. These RGEs can be
easily derived from the previous results in Eq. (4.14) and
taking into account the relation between the renormalized
and bare coefficients given by a0i ¼ ai þ δai. In the MS
scheme (with μ being the scale of dimensional regulariza-
tion in D ¼ 4 − ϵ dimensions), the running aiðμÞ can be
written as follows:

aiðμÞ ¼ a0i − δaiðμÞ; δaiðμÞ ¼ δϵai −
γai
16π2

log μ2;

δϵai ¼
Δϵ

16π2
γai ; ð4:16Þ

where the divergent δϵai is written in terms of the
anomalous dimension γai of the corresponding effective
operator. The running and renormalized ai’s can then be
related, in practice, by

aiðμÞ ¼ ai þ
γai
16π2

log μ2: ð4:17Þ

The set of RGEs for all the ai’s then immediately follows:

aiðμÞ ¼ aiðμ0Þ þ
1

16π2
γai log

!
μ2

μ02

"
; ð4:18Þ

where the specific value of γai for each coefficient can be read
from Eq. (4.14). For instance, in the case of the two most
relevantNLO-EChL coefficients for the presentWW → HH
scattering, η and δ, we get the following RGEs:

ηðμÞ ¼ ηðμ0Þ − 1

16π2
1

3
ða2 − bÞ2 log

!
μ2

μ02

"
;

δðμÞ ¼ δðμ0Þ þ 1

16π2
1

12
ða2 − bÞð7a2 − b − 6Þ log

!
μ2

μ02

"
;

ð4:19Þ
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aiðμÞ ¼ ai þ
γai
16π2

log μ2: ð4:43Þ

The set of RGEs for all the ai’s then immediately follow:

aiðμÞ ¼ aiðμ0Þ þ
1

16π2
γai log

!
μ2

μ02

"
; ð4:44Þ

where the specific value of γai for each coefficient can be
read from Eq. (4.35). The RGEs can also be written,
alternatively, as:

daiðμÞ
d log μ

¼
γai
8π2

: ð4:45Þ

Notice that the coefficients (or combination of coefficients)
with vanishing δϵ do not run, therefore, they are RGE
invariants. Finally, notice also that, in the scattering
amplitude of our interest in this work, AðWZ → WZÞ
only the following reduced list of running coefficients
enter: aðμÞ, a0ðμÞ, a1ðμÞ, a2ðμÞ, a3ðμÞ, a4ðμÞ, a5ðμÞ,
a11ðμÞ, aHWWðμÞ, aHBBðμÞ, aH1ðμÞ, ad1ðμÞ, ad2ðμÞ,
a
□VVðμÞ and a

□□

ðμÞ.

V. NUMERICAL RESULTS FOR WZ SCATTERING

In this section we present the numerical results of the
one-loop radiative corrections to the VBS cross section for
the particular channel WZ → WZ and postpone the other
VBS channels for future works. ThisWZ channel illustrates
the main features of the complex NLO cross section
computation within the EChL and also serves as a good
reference case to compare with the SM case. For the
numerical estimation of the cross section we use LoopTools
[22]. Due to the lengthy and time consuming computation
with many one-loop diagrams involved (more than 500),
we have chosen in this numerical computation the Feynman
’t Hooft gauge (ξ ¼ 1), and we have restricted ourselves to
the custodial preserving operators that are needed as
counterterms. Furthermore, we have assumed the relation
b ¼ a2 and taken the values κ3 ¼ κ4 ¼ 1 in the EChL
coefficients of L2. With these simplifying assumptions, the
EChL coefficients participating in our computation of
σðWZ → WZÞ are reduced to the following ones: a, a1,
a2, a3, a4, a5, a11, a□VV and a

□□

. Regarding the EW input
parameters, for the numerical estimates we have chosen
mW, mZ and GF.
Before presenting the numerical results, we comment

briefly on three preliminar checks that we have done on the
computing procedure.
Firstly, in addition to the previously commented ana-

lytical checks of cancellations of the divergent OðΔϵÞ
contributions, we have also checked numerically that with
this subset of EChL coefficients the full one-loop cross
section σðWZ → WZÞ is finite. For this check, we use an
indirect method: Concretely, we have checked numerically

the independence of the full one-loop cross section with the
value of the μ parameter of dimensional regularization,
which is a high precision test since this μ parameter enters
in the very many loops participating in the radiative
corrections.
Secondly, we have also checked analytically that when

using the so-called isospin limit, which implies taking
mW ¼ mZ, the tree level amplitude from L4 depends on
an even more reduced subset of coefficients: a, a3, a4, a5,
a
□VV and a

□□

. Then, taking the high energy limit
in this amplitude,

ffiffiffi
s

p
≫ mW, mH, the involved parameters

are finally reduced to: a, a3, a4, and ã5, with ã5 ¼ a5−
ða=2Þa

□VV þ ða2=4Þa
□□

, already mentioned in Eq. (4.40).
Here, we do not use those approximations of taking the
isosplin limit nor the high energy limit, but it is worth
knowing these analytical results for the interpretation of the
final complete numerical results presented in this section.
Thirdly, we have also checked the already known results

for σðWZ → WZÞ at the tree level in [33] that showed that
under the hypothesis of similar size for all the ai coef-
ficients, the ones that contribute the most to the cross
section are a4 and a5 (and a3 to a milder level), specially at
the high energies of Oð1 TeVÞ. In this reference (and
others, see for instance [34]) it was also shown the
dominance, at large energies, of the polarized cross section
with longitudinal external gauge bosons.
Considering all these features summarized above, we

have restricted our numerical analysis of the NLO cross-
section to the longitudinal polarization state WLZL →
WLZL channel, studied the effects from the most relevant
EChL renormalized coefficients, a, a4 and a5, and fixed
b ¼ a2 and ai ¼ 0 for the rest of renormalized coefficients
in all our plots in this section. In that case, notice that a5 and
ã5 coincide. Then, we analyze in the following the results
for the six chosen benchmark cases:
(1) a ¼ 1, a4 ≠ 0, a5 ¼ 0
(2) a ¼ 1, a4 ¼ 0, a5 ≠ 0
(3) a ¼ 0.9, a4 ≠ 0, a5 ¼ 0
(4) a ¼ 0.9, a4 ¼ 0, a5 ≠ 0
(5) a ¼ 1, a4 ≠ 0, a5 ≠ 0
(6) a ¼ 0.9, a4 ≠ 0, a5 ≠ 0

In these benchmark cases we have considered two different
values of the a parameter: the case of a ¼ 1 that connects
with the SM results, and the BSM case of a ¼ 0.9
(compatible with present data, see for instance [35]).
The choice of non-vanishing a4 and a5 have been set, to
both positive and negative values, with modulus within the
interval (10−3, 10−4) which are compatible with present
data (see, for instance [36]). However, it should be noticed
that the concrete constraints on these parameters depend, in
fact, on the unitarization method used (for a recent study
see, for instance, [33]). On the other hand, notice also that
the special choice a ¼ 1 reduces considerably the number
of involved divergences and therefore the number of
divergent counterterms in the EChL coefficients.

ONE-LOOP RENORMALIZATION OF VECTOR BOSON … PHYS. REV. D 104, 075013 (2021)

075013-21

δϵai =
Δϵ

16π2
γai

,

Interesting RGE invariants emerge for a2 = b



On the size of Chiral Loops
Chiral Loops in the Bosonic EChL means Scalar loops (Scalar= GBs and H)

Main issue is comparing size of pure scalar  loops with other loops i.e pure gauge loops  and mixed gauge-scalar loops

Example 1: one-loop  vertex functions  and  for off-shell  VHγγ VHγZ H(q2 ≠ m2
H)

The size of the loop corrections can be large at large  virtuality  !!!q

Relevant for off-shell Higgs decays     and H(q) → γγ H(q) → γZ
M.J. Herrero and R.A Morales , PRD102,075040(2020) 2107.07890

The full 1-loop corrections for 
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from chiral loops, i.e. , are   independent 𝒪(q2) ξ
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Example 2:  and ΓHHH ΓHHHH

comparing the real parts, the predictions of the GB loops
for both ξ ¼ 0 and ξ ¼ 1 are very close to each other above
500 GeV for both decays. Remember that in the Landau
gauge the GB loops are indeed real. Finally, and most
importantly, we also see that these real parts from the GB
loops approach clearly to the real part of the total prediction
at large q2. This occurs in VHγγ already at intermediate
energies, say above 500 GeV, and in VHγZ at larger
energies, say above 1500 GeV. The growing dependence
with the energy of these predictions is very well approxi-
mated by the simple prediction from the Landau gauge,
which is polynomic in q2 at large momentum. This
polynomic contribution is indeed UV finite and gauge
independent. Thus, we conclude from this plot that the GB
loops (i.e., the chiral loops) do provide the most relevant
loop contributions to the vertex functions in the case of the
off-shell Higgs boson, at large energies, and their main
effect can be described by the simple polynomic term that is
gauge invariant. This is in concordance with the expect-
ations in EFT described by chiral Lagrangians.

VI. CONCLUSIONS

The use of EFTs containing the Higgs boson particle and
its interactions with all the SM particles, in a SUð3Þ ×
SUð2Þ × Uð1Þ gauge invariant way, is nowadays with
no doubt, the best tool we have at hand to describe in a

model-independent way the potential new Higgs physics
from BSM dynamics. In this work, we have focused on the
bosonic sector of the nonlinear EFT given by the EChL
which is the most appropriate one if the dynamics behind
the EWSBS is strongly interacting. In that case, the GBs of
the electroweak symmetry breaking are also the GBs of the
electroweak chiral symmetry breaking, SUð2ÞL×SUð2ÞR→
SUð2ÞLþR, and the nonlinearity of the GBs under SUð2Þ
transformations leads to notable differences with respect to
the SM case and also with respect to linear EFTs like the
SMEFT. These include derivative GB self-interactions,
different GB couplings to the EW gauge bosons and to
the Higgs boson, multiple particle interactions, and others.
These differences, in turn, may also affect in a relevant way
to the Higgs physics itself, particularly when going beyond
the tree level within this EChL approach.
In this paper, we have worked out in full detail the

computation, within the EChL to one-loop level, of two
Higgs decays which are of particular relevance due to their
phenomenological implications for collider physics.
Concretely, H → γγ and H → γZ. We have presented here,
in a supposedly didactic and illustrative way, the sequential
steps to follow in this one-loop computation, according to
the standard rules of chiral Lagrangians and also including
the proper renormalization program for this case. Our
computation in the EChL with Rξ gauges is a novel one,
and we believe complements in an interesting way the

FIG. 10. Anatomy of the EChL vertex functions, VHγγ (left) and VHγZ (right), split into the various boson loop contributions
corresponding to the total bosonic (solid lines) and GB loop contributions (dashed lines), as function of the Higgs boson momentumffiffiffiffiffi

q2
p

. We set cHγγ ¼ cHγZ ¼ 0 and normalize the resulting vertex functions respect to the a parameter. The real and imaginary parts
(solid blue and light blue lines, respectively) of the total vertex functions are displayed separately. We include predictions for both gauge
choices, ξ ¼ 0 (dashed green) and ξ ¼ 1 (dashed pink and light pink for its real and imaginary parts). The predictions from the
approximate vertex functions at large q2 are also shown (dotted lines).
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Figure 11. Predictions for the 1PI HHH (left) and 1PI HHHH (right) functions within the HEFT,
LO and NLO, as a function of the o↵-shell momentum q and for various values of the i parameters.
(3 in the left plot, 4 in the left plot). The other HEFT coe�cients are set to a = b = 1 and ai = 0.
The momenta assignement in HHH is p1, p2, p3 with p

2
1 = q

2 and p
2
2 = p

2
3 = m

2
H

, and in HHHH is
p1, p2, p3, p4 with p

2
1 = q

2 and p
2
2 = p

2
3 = p

2
4 = m

2
H

. In the case of HHHH, we also fix the values
s23 = (p2 + p3)2 = (1500GeV )2 and t = (p1 � p3)2 = �(500GeV )2 as an example.

two contributions from bosonic and top loops are of similar size and therefore compete in

the full result. Comparing the full HEFT and full SM results, it is clear that the e↵ect from

the virtualty of q is more pronounced in the HEFT than in the SM and this can lead to

large departures in the predicted HEFT rates compared to the SM rates. When the e↵ect of

a22 6= 0 is incorporated in the full results (right plot), the departures of the HEFT prediction

compared to the SM ones can be even more separated, particularly for negative a22. As

a consequence, the rates for the considered multi-Higgs processes at LHC can also be very

di↵erent, as is seen in the text.

Fig. 11 shows the HEFT predictions for the modulus of the 1PI (complex) functions �HHH

(left) and �HHHH (right) as a function of the o↵-shell momentum q and compare them with

the SM predictions. We include the full predictions NLO (dashed lines) and LO(solid lines)

in both cases HEFT (in colour) and SM (in black). The HEFT coe�cients explored in these

plots are 3 and 4, for which we are setting some illustrative values shown in the legend.

The other HEFT coe�cients ai’s are set to zero. Notice that this setting of all ai = 0 implies

�ai = 0 and therefore the tree level predictions and LO predictions coincide, i.e. �tree = �LO.

Notice also that in the case of the SM predictions, this identification is always true.

Let us first comment on the HHH case (left plot) The comparison of the LO HEFT
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One-loop corrections in 1PIs: the case of   and ΓHHH ΓHHHH

In general, departures respect to the SM grow with offshellness    q

Loops of bosons dominate if fermions assumed SM like  

The size of the corrections can be large at large  virtuality q
|�NLO

HHH |/|�LO
HHH | |�NLO

HHHH |/|�LO
HHHH |

3 q = 251 GeV q = 1000 GeV 4 q = 376 GeV q = 1000 GeV

-1 1.1 4.4 -2 0.49 6.2

-0.5 1.2 7.9 -1 1.5 13

0.5 0.77 6.3 -0.5 3.7 27

1 0.84 2.8 0.5 5.4 29

1.5 0.82 1.7 1 3.2 15

2 0.76 1.3 1.5 2.5 10

2 2.1 7.9

5 1.7 4.0

SM 0.97 1.0 SM 0.91 0.99

Table 2. NLO/LO ratios for the 1PI HHH and 1PI HHHH functions for di↵erent values of 3 and
4, respectively. Two values of q are chosen in each case. The setting for the other external momenta
involved in the 1PI functions are defined as in the previous figures. The SM predictions are also
included for comparison.

and the tree predictions. In summary, the largest HEFT departures compared to the SM case

are obtained at large virtuality of q and large |ai| values. Similar conclusions are obtained

from the 1PI HHHH results in Fig. 13. In this case, the most relevant parameters at large

q values seem to be adddd and aHdd2, since they provide the largest deviations compared to

the SM rates.

In summary, when going from LO to NLO within the HEFT, we find important correc-

tions in the 1PI HHH and HHHH functions defining the size of the blob vertices involved

in the HH and HHH production from gluon-gluon fusion at the LHC. These corrections

depend notably on the size of the virtuality of the internal propagating Higgs boson momen-

tum and can be large depending on the q values. Obviously, for the relevant estimates at the

LHC, the q values are finally integrated over all the available phase space. If we focus on the

sensitivity to 3 and 4, we summarize in Tab. 2 the predicted ratios for |�NLO
HHH/�LO

HHH | and

|�NLO
HHHH/�LO

HHHH | at two di↵erent values of q, and for several benchmark values of 3 and 4.

The two selected values for the virtuality are 1) q close to the threshold production value, i.e.

q ' 2mH in HH production and q ' 3mH in HHH production, and 2) q = 1000 GeV. For

instance, for the lowest q values close to threshold values we find that the size of the radiative

corrections in the 1PIs within the HEFT (depending on the i values) are: 1) 10%� 24% for

HHH and 2) & 50% for HHHH. These radiative corrections should be compared with the

corresponding SM radiative corrections which are small as deduced from this table, ⇠ 3% for

HHH and ⇠ 9% for HHHH. They are in concordance with the final cross section NLO/LO

rates presented in the text, in particular in Fig. 3. Obviously, to understand the comparison

with the relevant HH and HHH production rates at the LHC, these ratios of 1PI vertices

that depend on q should be integrated over all available LHC phase space. But they provide

– 24 –
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vertex functions. The renormalized self-energy of the (iso-singlet) Higgs boson is given by
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,

(2.4)

such that

⌃̂HH(m2
H) =

d⌃̂HH

dq2

����
q2=m2

H

= 0 (2.5)

in the on-shell scheme.

The electroweak vacuum expectation value (vev) is fixed through the gauge boson masses

assuming custodial invariance as highlighted in Eq. (2.1). The renormalisation conditions are

tabled in Refs. [25, 26]; it is worth highlighting that owing to the singlet nature of the

Higgs boson in HEFT, any gauge dependence cancels explicitly. Although, at face value,

HEFT is a much broader class of field theories (see in particular Ref. [29]), this fact together

with similar cancellations of gauge dependencies in the gauge boson sector [25, 26], lead to

technical simplifications that are not present in, e.g., SMEFT. Furthermore, it is known that

the HEFT approximates the resummation behaviour of SMEFT [30]. Nonetheless, the latter

can be obtained from the former through appropriate redefinitions, which in turn alludes to a

less transparent power counting of HEFT and possibly large scheme dependencies (typically

resolved in matching calculations).

The renormalized irreducible 3-point vertex function is parametrized as
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(2.6)

which is manifestly invariant under permutations of the incoming external momenta pi. This

shows a further motivation for the HEFT formalism that is rooted in its relation to the Lorentz

structures that the di↵erent interactions induce. These are directly related to experimental

measurements. SMEFT, in contrast, selects correlations in this space through internal sym-

metry considerations. Similar to the 3-point vertex, the renormalized four-point function is
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given by
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While the irreducibly three-point interactions directly enter the box diagrams of the gg !

HHH amplitude (as well as the triangle diagrams of pp ! HH), the triangle contributions to

triple Higgs production feature the reducible (truncated) four-point contribution as indicated

in Fig. 1 (a). These are represented as

iGHHHH =
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With these building blocks, one can expand the squared amplitude including the chiral di-

mension four e↵ects as

|M|
2 = |Md=2|

2 + 2 Re {Md=2M
⇤
d=4} , (2.9)

where the d = 2, 4 parts derive from the expansion of the representation of the normalized

amplitude in Fig. 1 at the specified chiral dimension recorded in Eq. (2.1) and Tab. 1, respec-

tively. In particular, triangle, box and pentagon contributions are obtained by multiplying

with the relevant (o↵-shell) scalar currents, cf. Eqs. (2.4)-(2.8).

Following Refs. [25–27], the relevant functions have been obtained through a combination

of FeynRules [31, 32], FeynArts, FormCalc [33–36] interfaced with Vbfnlo [37]. We have

validated our implementation for SM parameter choices against MadGraph5 aMC@NLO [38, 39].

Furthermore, analytical cross-checks have been performed to verify our implementation of

the reducible 4-point function assuming the SM. Further details of the calculation of the

renormalized 1PI Higgs functions are given in the appendix A.
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(involving the LO coe�cients a, b, 3 and 4 in the vertices), and 4) from counterterms, which

are generated from both the LO Lagrangian (in this case leading to the terms involving �3,

�4, �ZH , �m2
H, �v/v , and �Z⇡), and from the NLO Lagrangian (generically called �ai’s).

These latter are typically generated by the shift ai ! ai +�ai and are needed in the HEFT to

remove the extra divergences appearing from the loop diagrams in addition to the divergences

removed by the previous counterterms in the LO Lagrangian. These four contributions can

be written generically as follows:

�̂NLO = �LO + �ai + �Loop + �CT
, (A.1)

where,

�LO
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m
2
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v
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HHHH = �34
m

2
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v2
, (A.2)

and the NLO coe�cients that enter in the �ai ’s are: aH22, add2, aHdd, addW and addZ for

HHH, and adddd, aHH22, aHdd2, aHHdd, aHddW and aHddZ for HHHH (see Tab. 1). In

addition a22 enters in both HHH and HHHH via the finite contributions to �ZH and �m
2
H

in the on-shell scheme. Specifically,
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The renormalized 1PI functions for HH, HHH and HHHH have been checked to be

finite for all values of the external momenta. For this finiteness check just the O(�✏) pieces

(named �✏) of the counterterms and the HEFT coe�cients in Eqs. (2.4), (2.6), and (2.7) are

needed. We include them below for completeness,
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RGEs derived for  and  within HEFT κ3 κ4

Γ̂HHH Γ̂HHHH

κi(μ) = κi(μ′￼) +
1

16π2
γκi

log( μ2

μ′￼2 ) δϵκi =
Δϵ

16π2
γκi

;



Introducing  Loops  Improves Perturbative Unitarity

opinion, this a valuable result given the complexity of the
full one-loop computation involving many loop diagrams
of all types (more than 500), that generate finally this
imaginary part. The unitarity condition is then fullfiled
perturbatively but it is not accomplished, however, with the
full quantities in both the imaginary and real part. Namely,
the values of Im½aFull0 " and jaFull0 j2 differ in the EChL,
mainly for large a4;5 EChL coefficients and at high
energies, and this leads to the crossing over the unitary
bound, ja0j > 1, as can be seen for instance in some the
lines in the previous figures of this section.

VI. CONCLUSIONS

In this paper we have computed the one-loop corrections
to WZ → WZ scattering within the context of the non-
linear EFT determined by the bosonic sector of the EChL.
This is a novel and full (EW) one-loop computation of the
VBS amplitude within the covariant Rξ gauges that
accounts for all kind of bosonic loop diagrams including:
EW gauge bosons, Goldstone bosons, the Higgs boson and
the ghost fields. For this computation we have used a
diagrammatic method where the renormalization of the full
one-loop amplitude is performed by first computing the
involved renormalized 1PI Green functions which is a more
demanding computation since it requires the renormaliza-
tion to be implemented at the off-shell Green functions

level, i.e., for arbitrary external legs momenta. We have
then established the systematics for the renormalization
program of all the off-shell 1PI one-loop functions. The
regularization method that we have used through this work
is dimensional regularization in D ¼ 4 − ϵ dimensions
where all the divergences are given in terms of Δϵ ¼
2=ϵ − γE þ logð4πÞ and the associated energy scale μ
appears typically in logarithms. As renormalization pre-
scription we use multiplicative renormalization and fix the
renormalization parameters and associated counterterms in
a hybrid way: for the EW parameters involved (EW wave
functions, masses and couplings) we use the OS scheme,
whereas for all the EChL coefficients denoted generically
by ai we chose the MS scheme.
After computing the very many loop diagrams involved

in the renormalization of the 1-leg, 2-legs, 3-legs and 4-legs
1PI functions we extract all the divergences in the Rξ
gauges and present here all the needed counterterms to
renormalize these divergences. We summarize in
Eqs. (4.34)–(4.35) the analytical results that we have found
for all of the divergent counterterms, both for the EW
parameters and the EChL coefficients, respectively.
Whereas the ξ appears in the analytical results of the
EW parameters counterterms, we find in contrast, that all
the δai’ s counterterms are ξ-independent. This implies that
the EChL coefficients are gauge invariant. Within this non-
linear EFT, the EChL coefficients of the effective operators
in the Lagrangian with chiral dimension four act as
countertems of the extra divergencies generated by the
Lagrangian with chiral dimension two. Thus our results for
the δai’s, which are ξ-independent, together with the ones
for the EW parameters, summarize all the needed counter-
terms to find finite off-shell 1PI and, therefore, also to
arrive to a finite prediction for the VBS amplitude at one-
loop. We have also presented the derived results for the
running coefficients aiðμÞ and their corresponding RGEs.
Out of the full set of ai ’s only, a subset of them have non-
vanishing divergent counterterms δϵ, and therefore, only the
corresponding subset of running coefficients aiðμÞ do run
indeed with the scale. Saying this in different manner, the
remaining coefficients or combination of coefficients with
δϵ ¼ 0 are RGE invariants. On the other hand, the fact that
the RGEs found are written separately for each coefficient
aiðμÞ and not as a coupled system of differential equations
implies that these coefficients do not mix under RGEs. In
addition, we have also discussed in this work, the relevance
of the STI and the role played by the Higgs tadpole which
we also find different in the EChL than in the SM.
We have also presented the results in parallel for the one-

loop computation for the SM VBS amplitude and the
corresponding 1PI Green functions involved within the Rξ
gauges which we believe are also novel results. Our SM
results are interesting by themselves and deserve some
discussion to them, but we have focused on the SM
comparison with our EChL results.

FIG. 8. Check of perturbative unitarity in the one-loop pre-
dictions for the lowest partial wave a0 in both the EChL with
a ¼ 0.9 and the SM. The 10 blue (red) points are the EChL (SM)
predictions for the ten chosen energies,

ffiffiffi
s

p
½GeV" ¼ 300, 600,

900, 1200, 1500, 1800, 2100, 2400, 2700, 3000, from left to right
along the diagonal line in this plot.
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counterterms. We continue next with the presentation of the
amplitude in terms of the 1PI functions and postpone all
these renormalization issues for the next section, Section IV.
Generically, the full amplitude can be organized in terms

of the contributing 1PI functions as follows:

AEChLFull ¼ Að0Þ þA1−leg þA2−legs þA3−legs

þA4−legs þAres; ð3:7Þ

whereAn−legs means theOðℏÞ contribution from the n-legs
1PI function to the amplitude, and we have separated
explicitly the extra contribution from the finite residues of
the external gauge bosons Ares. Regarding the 1-leg 1PI
function (i.e., the tadpole T̂ of the Higgs boson), a priori, it
enters in many parts of the different diagrams contributing
to the amplitude, but as it will be seen in the next section,
one can set this renormalized Green function equals to zero
by a convenient renormalization condition, and then A1−leg
simply vanishes.
We next specify the particular 1PI functions

contributing to the amplitude of our interest. For defi-
nitess, here and in the following of this work, we fix the
notation for the momenta assignments and Lorentz
indexes as follows:

Wþ
λ ðpþÞZρðp0Þ → Wþ

σ ðkþÞZκðk0Þ; ð3:8Þ

where pþ;0 and kþ;0 (with pþ þ p0 ¼ kþ þ k0) are the
incoming and outcoming momenta of the gauge bosons,
with polarization vectors ϵλðpþÞ; ϵρðp0Þ; ϵσðkþÞ and
ϵκðk0Þ, respectively. Thus, the amplitude A can be
written as:

A ¼ AλρσκϵλðpþÞϵρðp0ÞϵσðkþÞ%ϵκðk0Þ%; ð3:9Þ

where the tensor amplitudewith explicit Lorentz indexes is
defined by Aλρσκ. The complete set of full 1PI functions and
full propagators that contribute to the full one-loop ampli-
tude AðWZ → WZÞ are displayed graphically in Fig. 1.
These full one-loop functions are represented in this figure
by black balls and are denoted by quantities with a hat, in
order to be distinguished from the corresponding leading
order quantities (without the hat). These full functions
include: 1) the full propagators, Δ̂HH, Δ̂ππ, Δ̂WW , Δ̂Wπ and
Δ̂πW ; 2) the full 1PI vertex functions with three-legs, Γ̂WWZ,
Γ̂πWZ, Γ̂HWW , Γ̂HZZ, Γ̂ZZA and Γ̂ZZZ; and 3) the full 1PI
vertex functionwith four-legs, Γ̂WZWZ. Notice, that some of
these full functions contain contributions of both orders,
Oðℏ0Þ andOðℏ1Þ, whereas others are pureOðℏ1Þ functions.
For instance, the functions Δ̂Wπ , Δ̂πW , Γ̂ZZA and Γ̂ZZZ get
only NLO contributions since they vanish at LO.
Consequently, when providing the amplitude to a given
order in powers of ℏ one has to keep accordingly the
same powers in the involved products of full functions.
Thus, in products like Γ̂μλρ

WWZΔ̂WW
μν Γ̂νσκ

WWZ there are several
contributions inside: 1) LO contributions Γμλρ

WWZΔWW
μν Γνσκ

WWZ
and 2) NLO contributions from the corresponding correc-
tions in each of the full functions. On the other hand, the
propagators ΔAA, ΔZZ and the vertex function ΓWWA, enter
just at leading order in this computation. We can then
simply read the various contributions by grouping them
together, for instance, by s, t, u and contact c channels as
follows:

Aλρσκ ¼ Aλρσκ
s þ Aλρσκ

t þ Aλρσκ
u þ Aλρσκ

c ; ð3:10Þ

where the amplitudes by channels in terms of the full
functions that enter at one-loop level read as follows:

FIG. 1. Full 1PI functions (black balls) contributing to the full one-loop amplitude AðWZ → WZÞ.
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Figure 1. Representative Feynman diagram topologies contribution to gluon fusion triple Higgs
production: (a) triangle diagrams, (b) box topologies and (c) pentagon diagrams. The light-shaded
regions refer to 1-PI irreducible vertex functions, Eqs. (2.4), (2.6) and (2.7) whereas the dark-shaded
ones refer to the connected reducible 4-point scalar vertex function, Eq. (2.8). The fermion-Higgs
sector interactions and the fermion-gauge sector interactions are taken to be SM-like for the parameter
choices of this work and also the employed renormalisation scheme. Hence, these fermionic diagrams
are identical to the SM ones.
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/v) as the non-linear sigma field of [SU(2)L ⇥ SU(2)R]/SU(2)L+R (⇡a

are the would-be Nambu-Goldstone fields), thus preserving custodial isospin. Hypercharge is
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Figure 2. Representative Feynman diagram topologies contribution to gluon fusion double Higgs
production similar to Fig. 1: (a) triangle diagrams, and (b) box topologies. The light-shaded regions
again refer to 1-PI irreducible vertex functions.
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vertex functions. The renormalized self-energy of the (iso-singlet) Higgs boson is given by
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such that
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= 0 (2.5)

in the on-shell scheme.

The electroweak vacuum expectation value (vev) is fixed through the gauge boson masses

assuming custodial invariance as highlighted in Eq. (2.1). The renormalisation conditions are

tabled in Refs. [25, 26]; it is worth highlighting that owing to the singlet nature of the

Higgs boson in HEFT, any gauge dependence cancels explicitly. Although, at face value,

HEFT is a much broader class of field theories (see in particular Ref. [29]), this fact together

with similar cancellations of gauge dependencies in the gauge boson sector [25, 26], lead to

technical simplifications that are not present in, e.g., SMEFT. Furthermore, it is known that

the HEFT approximates the resummation behaviour of SMEFT [30]. Nonetheless, the latter

can be obtained from the former through appropriate redefinitions, which in turn alludes to a

less transparent power counting of HEFT and possibly large scheme dependencies (typically

resolved in matching calculations).

The renormalized irreducible 3-point vertex function is parametrized as
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which is manifestly invariant under permutations of the incoming external momenta pi. This

shows a further motivation for the HEFT formalism that is rooted in its relation to the Lorentz

structures that the di↵erent interactions induce. These are directly related to experimental

measurements. SMEFT, in contrast, selects correlations in this space through internal sym-

metry considerations. Similar to the 3-point vertex, the renormalized four-point function is
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Figure 1. Representative Feynman diagram topologies contribution to gluon fusion triple Higgs
production: (a) triangle diagrams, (b) box topologies and (c) pentagon diagrams. The light-shaded
regions refer to 1-PI irreducible vertex functions, Eqs. (2.4), (2.6) and (2.7) whereas the dark-shaded
ones refer to the connected reducible 4-point scalar vertex function, Eq. (2.8). The fermion-Higgs
sector interactions and the fermion-gauge sector interactions are taken to be SM-like for the parameter
choices of this work and also the employed renormalisation scheme. Hence, these fermionic diagrams
are identical to the SM ones.
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Figure 2. Representative Feynman diagram topologies contribution to gluon fusion double Higgs
production similar to Fig. 1: (a) triangle diagrams, and (b) box topologies. The light-shaded regions
again refer to 1-PI irreducible vertex functions.
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While the irreducibly three-point interactions directly enter the box diagrams of the gg !

HHH amplitude (as well as the triangle diagrams of pp ! HH), the triangle contributions to

triple Higgs production feature the reducible (truncated) four-point contribution as indicated

in Fig. 1 (a). These are represented as
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With these building blocks, one can expand the squared amplitude including the chiral di-

mension four e↵ects as

|M|
2 = |Md=2|

2 + 2 Re {Md=2M
⇤
d=4} , (2.9)

where the d = 2, 4 parts derive from the expansion of the representation of the normalized

amplitude in Fig. 1 at the specified chiral dimension recorded in Eq. (2.1) and Tab. 1, respec-

tively. In particular, triangle, box and pentagon contributions are obtained by multiplying

with the relevant (o↵-shell) scalar currents, cf. Eqs. (2.4)-(2.8).

Following Refs. [25–27], the relevant functions have been obtained through a combination

of FeynRules [31, 32], FeynArts, FormCalc [33–36] interfaced with Vbfnlo [37]. We have

validated our implementation for SM parameter choices against MadGraph5 aMC@NLO [38, 39].

Furthermore, analytical cross-checks have been performed to verify our implementation of

the reducible 4-point function assuming the SM. Further details of the calculation of the

renormalized 1PI Higgs functions are given in the appendix A.
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While the irreducibly three-point interactions directly enter the box diagrams of the gg !
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With these building blocks, one can expand the squared amplitude including the chiral di-

mension four e↵ects as

|M|
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2 + 2 Re {Md=2M
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where the d = 2, 4 parts derive from the expansion of the representation of the normalized

amplitude in Fig. 1 at the specified chiral dimension recorded in Eq. (2.1) and Tab. 1, respec-

tively. In particular, triangle, box and pentagon contributions are obtained by multiplying

with the relevant (o↵-shell) scalar currents, cf. Eqs. (2.4)-(2.8).

Following Refs. [25–27], the relevant functions have been obtained through a combination

of FeynRules [31, 32], FeynArts, FormCalc [33–36] interfaced with Vbfnlo [37]. We have

validated our implementation for SM parameter choices against MadGraph5 aMC@NLO [38, 39].

Furthermore, analytical cross-checks have been performed to verify our implementation of

the reducible 4-point function assuming the SM. Further details of the calculation of the

renormalized 1PI Higgs functions are given in the appendix A.
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κ3

κ4

The loops in HHH and HHHH vertices and the non-trivial off-shell momenta dependencies produce relevant changes respect to LO   

Renormalization of  and of new   involved (see paper)κ3, κ4 a′￼is
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Matching amplitudes (HEFT versus UV)
We do matching at amplitude level (more useful to compare with data).  


In contrast to other approaches: matching Lagrangians, matching Effective Actions …etc

Matching amplitudes requires: 
Setting the HEFT order (LO, NLO,..) 
Setting the n-loop order , same in both sides𝒪(ℏn)
Setting the input parameters,  in both sides
Setting the proper large mass expansion in the UV theory

𝒜HEFT = 𝒜UV(mheavy ≫ mlight)

HEFT and 2HDM
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1 Introduction

The use of E↵ective Field Theories (EFTs) to describe new physics e↵ects from scenarios beyond
the Standard Model (BSM) is nowadays a powerful and convenient tool in many aspects. Firstly,
because they are built mainly from symmetry requirements, therefore providing a model independent
framework. Secondly, because the absence of new particles discoveries at the experiments indicates no
preference from data for any particular fundamental underlying theory to describe the BSM physics.
In the EFT context the information on the new physics is exclusively contained in the specific values
of the e↵ective coe�cients (named in di↵erent ways in the literature: Wilson coe�cients, e↵ective
parameters, e↵ective low energy constants, etc.). On the other hand, the direct comparison with data
of the predictions from EFTs for observable quantities is a valuable task and of great interest nowadays.
In particular, we focus here on the EFTs that describe the BSM Higgs boson physics and that contain
the Higgs boson observed experimentally with a mass value of mh ⇠ 125 GeV [1–3]. The two
most popular EFTs are the SMEFT (Standard Model E↵ective Field Theory) and the HEFT (Higgs
E↵ective Field Theory), see for instance the reviews [4, 5]. In contrast to the so-called -framework,
which is usually preferred by the experimental community to constraint the BSM e↵ective couplings
(also called anomalous e↵ective couplings), these two gauge theories are well defined quantum EFTs
which are built under the gauge symmetry guiding principle. SMEFT and HEFT preserve both
the gauge symmetries of the SM, i.e they are both built from SU(3)C ⇥ SU(2)L ⇥ U(1)Y gauge
invariant e↵ective operators and both are renormalizable theories, using the more relaxed definition
of renormalization in EFTs. This accounts for renormalization in the truncated series of e↵ective
operators for the given EFT.

In this work, we choose the HEFT to describe the BSM Higgs physics because it is better suited
for scenarios where the underlying UV theory generating such EFT at low energies could be strongly
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LO
LO
LO
LO
LO

NLO
NLO

tree

tree

tree

tree

tree

1-loop

1-loop

Choose input parameters: 

mh, mW, mZ, a′￼is(HEFT)

Matching

Amplitudes
mh, mW, mZ, m12 (light)

(2HDM) mH, mA, mH± (heavy)
tan β, cos(β − α)

Proper large mass expansion is in . Other parameters are derived ( ,….)(
mlight

mheavy
)

n
λhihjhk

(free)
Rξ
Rξ
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Solving the matching equations implies identifying all Lorentz invariant structures 
involved and extracting the corresponding  HEFT coeffs 

Solution to the matching equations: HEFT versus 2HDM

(a = 1 − Δa , b = 1 − Δb , κ3 = 1 − Δκ3 , κ4 = 1 − Δκ4)
following (we add explicitly here the label 2HDM for completeness):

�a|2HDM = 1 � s��↵ ,

�b|2HDM = �c
2

��↵
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2

��↵
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w
� 1)s��↵

96c2
w
⇡2

. (5.12)

Some comments are in order. First, for shortness, in the previous formulas we have used again a
compact form. To get the explicit result in terms of the 2HDM input parameters, the values of s��↵ ,
s� , c� and cot 2� given in Eq. (3.12) should be plugged in all these formulas. Then, the first conclusion
is that these HEFT coe�cients, capturing the non-decoupling e↵ects from the heavy Higgs bosons in
the 2HDM, depend on the subset of input parameters given by c��↵, tan �, mh and m12. Second,
the above results are valid for arbitrary �1  c��↵  1, therefore they set the coe�cient values for
the generic scenario with misalignment (c��↵ 6= 0). Third, in the case of an scenario with alignment,
i.e. with c��↵ = 0, we get vanishing LO-HEFT �’s. More interestingly, we get non-vanishing values
in this alignment limit for the NLO-HEFT coe�cients ah�� and ah�Z . Specifically, we get:

�a|
al

2HDM
= 0 ,

�b|
al

2HDM
= 0 ,

�3|
al

2HDM
= 0 ,

�4|
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,

ah�Z |
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= �
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2

w
� 1

96c2
w
⇡2

. (5.13)

Fourth, in the case of an scenario with quasi-alignment, namely with small but not vanishing
|c��↵| ⌧ 1, we can approximate the above results in Eq. (5.12) by doing an additional Taylor
expansion in powers of the small parameter c��↵ and keeping just the leading term in this expansion,
which for the LO-HEFT �’s is of O(c2

��↵
). Thus, we get the following results for these �’s in this

quasi-alignment (qal) scenario:
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Summarize the Non-Decoupling effects 

of the heavy Higgs bosons at low energies


 

These contributions  are 

 

𝒪(
mlight

mheavy
)

0
Leading terms in the 

large   expansionmheavy

They are valid for arbitrary  



 
tβ , cβ−α

when   is required 
(quasi-alignement)

cβ−α ≪ 1

Interesting correlations found
These non-decoupling effects from the heavy bosons 


are not obtained in the SMEFT 

where all effects are decoupling


(
mlight

mheavy
)

n
, n ≥ 2

 2307.15693, Phys.Rev.D 108 (2023)9, 095013, Arco, Domenech, Herrero, Morales   

Posterior computations within HEFT are in agreement with ours:

2311.16897 (PC-3),  2312.13885 


   

26

(Δb + 2Δa)2HDM = 0

(Δκ4 + 2Δκ3)2HDM = 0



Relating HEFT and SMEFT
Different approaches in the literature: 

Comparing Lagrangian Functions (with field redefinitions),  
Comparing Effective Actions (with the path integral), 

Comparing Green Functions (with diagrammatic methods)..

We choose comparing scattering amplitudes 

AHEFT(ai) = ASMEFT(cj)

for several MultiHiggs processes (with external physical bosons)

WW → H ZZ → H
And solve jointly  

(for the 7 channels)  
‘The  Matching Equation’ 

In terms of relations among coefficients

WW → HH

Domenech et al 2506.2171 


For truncated HEFT (up to chidim4) and 
truncated SMEFT (up to dim6). Both tree level. 

ZZ → HH WW → HHH ZZ → HHH HH → HH
The correspondence 

between both theories 

is across different orders!

This is a consequence 

of the different countingai ↔ cj

27

We  set input parameters 

In the on-shell scheme, i.e, 


  (or v)mH, mW, mZ, GF



Matching HEFT/SMEFT amplitudes in (EW) HH and HHH 
with full bosonic EFT (scalar and gauge)

 D. Domenech, M.Herrero, R.Morales, A. Salas-Bernardez,  2506.2171

A proper  matching HEFT/SMEFT of full bosonic sector must include both scalar  and gauge (L and T) particle content   

the HEFT and the SMEFT. Remember that in the Chiral Lagrangian contex it is customary to asign a
double role to the L4 part. On one hand, it provides the needed counterterms for the renormalization
of the one-loop contributions from L2 . On the other hand, it provides new contributions to the
scattering amplitudes that encode the new physics BSM and which can be checked experimentally.
These new contributions from L4 in the scattering amplitudes are considered in momentum space as
NLO respect to the LO contributions from L2, since they count as O(p4), where p refers to either
momentum or mass, in contrast to the contributions from L2, that count as O(p2). For the present
work we will compute all the scattering amplitudes at the tree level and, therefore, the role played by
the L4 part will be just the second one.

We summarize the HEFT Lagrangian that is relevant for the present work in the following:

L
NLO
HEFT = L2 + L4 (2.1)

The LO Lagrangian is given by:

L2 =
v
2

4

✓
1 + 2a

H

v
+ b

H
2

v2
+ c

H
3

v3

◆
Tr[DµU

†
D

µ
U ] +
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2
@µH@

µ
H � V (H)

�
1

2g2
Tr[Ŵµ⌫Ŵ

µ⌫ ] �
1

2g02
Tr[B̂µ⌫B̂

µ⌫ ] + LGF + LFP , (2.2)

The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. The U field is a 2 ⇥ 2 matrix

U = exp
⇣
i
!i⌧i

v

⌘
, (2.3)

that contains the three GB fields !i (i = 1, 2, 3) in a non-linear representation of the SU(2) symmetry
group and ⌧i the three Pauli matrices.

MJ: fijaros que he cambiado la notacion de la def de U a la nuestra de siempre con el tau. En
el ultimo paper con Englert el la cambio a tau/2, pero es mejor usar nuestra notacion de siempre,
pues todas las FRs de los GBs estan sacados con esa notacion. Ahora no importa pq no tenemos
diagramas con GBs en el calculo dado que estamos calculando en el gauge unitario en todo el paper.

The EW covariant derivative of this U field is defined as:

DµU = @µU � iŴµU + iUB̂µ, (2.4)

that contains the EW gauge fields, Ŵµ = g

2W
i

µ
⌧
i and B̂µ = g

0

2 Bµ⌧
3 and the EW gauge couplings g

and g
0. The corresponding EW field strength tensors are given by:

Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ � i[Ŵµ, Ŵ⌫ ], B̂µ⌫ = @µB̂⌫ � @⌫B̂µ. (2.5)

The physical gauge fields are then given, as usual, by:

W
±
µ

=
1

p
2
(W 1

µ
⌥ iW

2
µ
) , Zµ = cWW

3
µ

� sWBµ , Aµ = sWW
3
µ

+ cWBµ , (2.6)

where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle. V (H) is
the Higgs potential within the HEFT, which includes the triple and quartic Higgs self-interactions:

V (H) =
1

2
m

2
H

H
2 + 3�vH

3 + 4
�

4
H

4
. (2.7)

The relations among couplings and masses within the LO-HEFT are: m
2
H

= 2�v
2, mW = gv/2 and

mZ = mW /cw. The vacuum expectation value v can be written in terms of the Fermi coupling
constant GF by v = ( 1p

2GF

)1/2 = 246 GeV.
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Matching D = 6 EW SMEFT to HEFT

The previous field transformation that relates the two Lagrangians is hard for the full EW
sector:

Exploring the EFT Alps: HEFT, SMEFT, and ALPs in Multi-Boson Production, Alexandre Salas-Bernárdez 5th June 2025 35

)−(

Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [1–3], together with more
definitions and specifications within the HEFT.

The remaining operators in the NLO Lagrangian that are relevant for the present computation
of double and triple Higgs production from WBF are contained in L4 and are given by [3–5]
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where we have used the usual definition Vµ = (DµU)U † and a short notation with respect to [3, 4]

given by âHdd = aHdd

m
2
H

v2 + addW

m
2
W

v2 + addZ

m
2
Z

v2 and âHHdd = aHHdd

m
2
H

v2 + aHddW

m
2
W

v2 + aHddZ

m
2
Z

v2 .
Notice that in the list above, the full set of operators in the NLO Lagrangian, displayed in ref. [6],
have been reduced to a minimal set by the use of the equations of motion (for further details, and the
relation among the various notations, see [3]).

It is important to remark that the previous HEFT Lagrangian in Eq. 2.1 is invariant under the
electroweak SU(2)L ⇥U(1)Y gauge symmetry. The one-loop renormalization of the bosonic HEFT in
R⇠ covariant gauges has been performed in a series of works, see refs. [1–4], where the counterterms
of the HEFT parameters and fields in Eq. 2.1 have been set.

The Feynman rules of the relevant HEFT e↵ective vertices for the present work are summarized in
Fig.1 and in Appendix Bla. For the following computations we use our own model file that implements
the previous HEFT Lagrangian in the R⇠ gauges and derive the Feynman rules and the scattering
amplitudes with the help of FeynBla and FormCalc. We have performed also cross checks with the
help of FeynCalc.

For the forthcoming analysis of the proper scattering amplitudes for double and triple Higgs
production from Weak Boson Fusion (WBF,) we first need to identify in the HEFT Lagrangian of
Eq. 2.1 the relevant e↵ective interactions of the Higgs boson H with the electroweak gauge bosons
V = W

±
, Z and the Higgs self-interactions. More specifically we look at the following interactions:

V V H, V V HH, V V HHH, HHH and HHHH. These can be shortly summarized by the set of
Feynman rules collected in Fig. 1 and in Appendix Bla. The relevant LO-HEFT coe�cients involved
in these interactions are a, b, c 3 and 4. The proper choice for the HEFT parameters that match
the SM predictions are: a = b = 3 = 4 = 1 and c = 0. The rest of HEFT coe�cients ai in L4 must
also be set to zero in order to match the HEFT with the SM. Notice that the contact interactions
parametriced by c are absent at the tree level within the SM. Thus, any experimentaly detectable
e↵ect from c 6= 0 and/or ai 6= 0 will provide clear signals of BSM Physics [5, 7].

For phenomenological discussions it is convenient to relate these LO-HEFT coe�cients with the
so-called  modifiers which parametrize the coupling deviations with respect to the SM couplings. In
particular:

a = V , b = 2V , 3 = � (2.9)

Generically, the LO-HEFT parameters a, b, 3 and 4 are set to 1 for the matching to the SM. Then,
the deviations of the LO-HEFT predictions from the SM predictions should be parametrized in terms
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the HEFT and the SMEFT. Remember that in the Chiral Lagrangian contex it is customary to asign a
double role to the L4 part. On one hand, it provides the needed counterterms for the renormalization
of the one-loop contributions from L2 . On the other hand, it provides new contributions to the
scattering amplitudes that encode the new physics BSM and which can be checked experimentally.
These new contributions from L4 in the scattering amplitudes are considered in momentum space as
NLO respect to the LO contributions from L2, since they count as O(p4), where p refers to either
momentum or mass, in contrast to the contributions from L2, that count as O(p2). For the present
work we will compute all the scattering amplitudes at the tree level and, therefore, the role played by
the L4 part will be just the second one.

We summarize the HEFT Lagrangian that is relevant for the present work in the following:

L
NLO
HEFT = L2 + L4 (2.1)

The LO Lagrangian is given by:

L2 =
v
2

4

✓
1 + 2a

H

v
+ b
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3
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◆
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†
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2
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µ
H � V (H)

�
1

2g2
Tr[Ŵµ⌫Ŵ

µ⌫ ] �
1

2g02
Tr[B̂µ⌫B̂

µ⌫ ] + LGF + LFP , (2.2)

The relevant fields and quantities appearing in this Lagrangian are: H is the Higgs field which is
introduced in the HEFT as a singlet field, in contrast to the SM or the SMEFT where it is introduced
as a component of the usual doublet �. The U field is a 2 ⇥ 2 matrix

U = exp
⇣
i
!i⌧i

v

⌘
, (2.3)

that contains the three GB fields !i (i = 1, 2, 3) in a non-linear representation of the SU(2) symmetry
group and ⌧i the three Pauli matrices.

MJ: fijaros que he cambiado la notacion de la def de U a la nuestra de siempre con el tau. En
el ultimo paper con Englert el la cambio a tau/2, pero es mejor usar nuestra notacion de siempre,
pues todas las FRs de los GBs estan sacados con esa notacion. Ahora no importa pq no tenemos
diagramas con GBs en el calculo dado que estamos calculando en el gauge unitario en todo el paper.

The EW covariant derivative of this U field is defined as:

DµU = @µU � iŴµU + iUB̂µ, (2.4)

that contains the EW gauge fields, Ŵµ = g

2W
i

µ
⌧
i and B̂µ = g

0

2 Bµ⌧
3 and the EW gauge couplings g

and g
0. The corresponding EW field strength tensors are given by:

Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ � i[Ŵµ, Ŵ⌫ ], B̂µ⌫ = @µB̂⌫ � @⌫B̂µ. (2.5)

The physical gauge fields are then given, as usual, by:

W
±
µ

=
1

p
2
(W 1

µ
⌥ iW

2
µ
) , Zµ = cWW

3
µ

� sWBµ , Aµ = sWW
3
µ

+ cWBµ , (2.6)

where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle. V (H) is
the Higgs potential within the HEFT, which includes the triple and quartic Higgs self-interactions:

V (H) =
1

2
m

2
H

H
2 + 3�vH

3 + 4
�

4
H

4
. (2.7)

The relations among couplings and masses within the LO-HEFT are: m
2
H

= 2�v
2, mW = gv/2 and

mZ = mW /cw. The vacuum expectation value v can be written in terms of the Fermi coupling
constant GF by v = ( 1p

2GF

)1/2 = 246 GeV.
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Finally, LGF and LFP are the gauge fixing and Faddeev-Popov LFP terms, respectively, whose
explicit expressions in the general R⇠ covariant gauges can be found in [1–3], together with more
definitions and specifications within the HEFT.

The remaining operators in the NLO Lagrangian that are relevant for the present computation
of double and triple Higgs production from WBF are contained in L4 and are given by [3–5]
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Ŵµ⌫V

µ

i

�

✓
aHBB

H

v
+ aHHBB

H
2

v2

◆
Tr

h
B̂µ⌫B̂

µ⌫

i
+ i

✓
ad1 + aHd1

H

v

◆
@
⌫
H

v
Tr

h
UB̂µ⌫U

†
V
µ

i

+

✓
aH1

H

v
+ aHH1

H
2

v2

◆
Tr

h
UB̂µ⌫U

†
Ŵ
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(2.8)

where we have used the usual definition Vµ = (DµU)U † and a short notation with respect to [3, 4]

given by âHdd = aHdd
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v2 and âHHdd = aHHdd

m
2
H

v2 + aHddW

m
2
W

v2 + aHddZ

m
2
Z

v2 .
Notice that in the list above, the full set of operators in the NLO Lagrangian, displayed in ref. [6],
have been reduced to a minimal set by the use of the equations of motion (for further details, and the
relation among the various notations, see [3]).

It is important to remark that the previous HEFT Lagrangian in Eq. 2.1 is invariant under the
electroweak SU(2)L ⇥U(1)Y gauge symmetry. The one-loop renormalization of the bosonic HEFT in
R⇠ covariant gauges has been performed in a series of works, see refs. [1–4], where the counterterms
of the HEFT parameters and fields in Eq. 2.1 have been set.

The Feynman rules of the relevant HEFT e↵ective vertices for the present work are summarized in
Fig.1 and in Appendix Bla. For the following computations we use our own model file that implements
the previous HEFT Lagrangian in the R⇠ gauges and derive the Feynman rules and the scattering
amplitudes with the help of FeynBla and FormCalc. We have performed also cross checks with the
help of FeynCalc.

For the forthcoming analysis of the proper scattering amplitudes for double and triple Higgs
production from Weak Boson Fusion (WBF,) we first need to identify in the HEFT Lagrangian of
Eq. 2.1 the relevant e↵ective interactions of the Higgs boson H with the electroweak gauge bosons
V = W

±
, Z and the Higgs self-interactions. More specifically we look at the following interactions:

V V H, V V HH, V V HHH, HHH and HHHH. These can be shortly summarized by the set of
Feynman rules collected in Fig. 1 and in Appendix Bla. The relevant LO-HEFT coe�cients involved
in these interactions are a, b, c 3 and 4. The proper choice for the HEFT parameters that match
the SM predictions are: a = b = 3 = 4 = 1 and c = 0. The rest of HEFT coe�cients ai in L4 must
also be set to zero in order to match the HEFT with the SM. Notice that the contact interactions
parametriced by c are absent at the tree level within the SM. Thus, any experimentaly detectable
e↵ect from c 6= 0 and/or ai 6= 0 will provide clear signals of BSM Physics [5, 7].

For phenomenological discussions it is convenient to relate these LO-HEFT coe�cients with the
so-called  modifiers which parametrize the coupling deviations with respect to the SM couplings. In
particular:

a = V , b = 2V , 3 = � (2.9)

Generically, the LO-HEFT parameters a, b, 3 and 4 are set to 1 for the matching to the SM. Then,
the deviations of the LO-HEFT predictions from the SM predictions should be parametrized in terms
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Relevant HEFT operators and coefficients   ℒHEFT = ℒ2 + ℒ4 Relevant SMEFT operators and coefficients ℒdim 6
SMEFT

H

H

Z

Z

Z

Z

Z

Z

i�WWH i�WWHH i�WWHHH

i�ZZHHHi�ZZHHi�ZZH

i�HHH i�HHHH

Figure 1: Relevant e↵ective vertices for double and triple Higgs production. The corresponding
values of �WWH , �WWHH , �ZZH , �ZZHH , �HHH and �HHHH are given in Appendix Bla for HEFT
and in Appendix Bli for SMEFT. We use di↵erent colors in these BSM vertices to di↵erenciate them
visualy more clearly.

of the di↵erences of these LO-HEFT coe�cients with respect to 1. We define here these di↵erences
as: �a ⌘ 1 � a, �b ⌘ 1 � b, �3 ⌘ 1 � 3, and �4 ⌘ 1 � 4.

The present data from LHC set important constraints on these  parameters of Eq. 2.9, which
can be translated directly into constraints on the LO-HEFT parameters a, b and 3. The quartic
coupling 4 is not constrained yet. These constraints can be shortly summarized as ( see [8–10], and
[11], [12]):

Alguien deberia revisar criticamente estos constraints y estas citas. No nos debemos equivocar
en esto que es importante!!

ATLAS : V 2 (0.96, 1.11)(95%CL) , 2V 2 (0.6, 1.5)(95%CL) , � 2 (�0.4, 6.3)(95%CL) (2.10)

CMS : V 2 (0.97, 1.09)(95%CL) , 2V 2 (0.6, 1.5)(95%CL) , � 2 (�1.4, 7.8)(95%CL) (2.11)

3 Relevant SMEFT operators for double and triple Higgs WBF produc-
tion

Within the SMEFT, the set of electroweak bosonic e↵ective operators that are relevant for the present
work are contained in the following NLO SMEFT Lagrangian.

L
NLO
SMEFT = L

(4)
SMEFT + L

(6)
SMEFT (3.1)

where the LO-SMEFT Lagrangian, with canonical dimension 4, is the SM Lagrangian of the bosonic

sector, and L
(6)
SMEFT contains the set of relevant SMEFT operators with canonical dimension 6. We

use here the basis of operators and notation as defined in [13]. The LO-SMEFT Lagrangian can then
be writen as:

L
(4)
SMEFT = LSM = �

1

4
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I

µ⌫
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Iµ⌫
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4
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µ⌫ + L
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+ (Dµ�)† (Dµ�) + m
2�†� �
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2
�
�
�†�

�2
, (3.2)

where � is the SM complex scalar doublet,

� =

✓
�
+

1p
2
(v + H + i�

0)

◆
, (3.3)

and the conventions for the covariant derivative and SM electroweak field strengths are set here as in
[13]:

Dµ = @µ + ig
0
BµY + igW

I

µ
T

I
, I = 1, 2, 3

W
I

µ⌫
= @µW

I

µ
� @⌫W

I

µ
� g✏

IJK
W

J

µ
W

K

⌫

Bµ⌫ = @µB⌫ � @⌫Bµ (3.4)

The definitions of the gauge fixing Lagrangian in the covariant R⇠ gauges, L
SM
GF

, and the Fadeev Popov
Lagrangian, L

SM
FP

, are the usual ones in the SM. It should be noticed that the usual normalization
in the SMEFT for the Higgs self-coupling in Eq. 3.2 is di↵erent than its usual normalization in the
HEFT in Eq. 2.7. Specifically, �SMEFT = 2�HEFT.

The operators of canonical dimension 6 that are relevant for the present work are:

L
(6)
SMEFT =

c�

⇤2
(�†�)3 +

c�⇤
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(�†�)⇤(�†�) +
c�D

⇤2
(�†

D
µ�)⇤(�†
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+
c�W
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(�†�)W I

µ⌫
W

I µ⌫ +
c�B

⇤2
(�†�)Bµ⌫B

µ⌫ +
c�WB

⇤2
(�†

⌧
I�)W I

µ⌫
B

µ⌫ (3.5)

Notice that we have restricted ourselves to the CP invariant subset of operators. Then, there are
in total six Willson coe�cients involved: c�, c�⇤, c�D, c�W , c�B , and c�WB . All these c’s are
dimensionless and we keep the prefactor 1/⇤2 explicitly in the forthcoming computation. Again,
it is important to remark that the previous SMEFT Lagrangian in Eq.3.1 is invariant under the
electroweak SU(2)L ⇥ U(1)Y gauge symmetry. The one-loop renormalization in R⇠ covariant gauges
of the previous SMEFT Lagrangian has been set, and the full list of Feynman rules have also been
provided in [14].

The Feynman rules of the relevant SMEFT e↵ective vertices for the present work are summarized
in Fig.1 and in Appendix Bli. For the following computations we use the SMEFT model file and the
Feynman rules derived from FeynBlaBli. The computations of the scattering amplitudes are performed
with FeynBla and FormCalc. Cross checks with FeynCalc have also been performed.

4 HEFT and SMEFT amplitudes for V V ! HH and V V ! HHH

Here we summarize the analytical results for double and triple Higgs production from WBF. We choose
to compute them in the unitary gauge and present here the results separately of all the contributing
diagrams. The diagrams for V V ! HH are displayed in Fig.2. The diagrams for V V ! HHH

are displayed in Fig.3 We have also checked the agreement in the predictions of all the scattering
amplitudes with the results when computed in R⇠ gauges, where the full set of diagrams including
the Goldstone Bosons (not shown here, for shortness) must be considered. This check involves to
demonstrate explicitely the ⇠ independence of the resulting amplitude in all the studied cases for
V V ! HH and V V ! HHH with V V = WW and V V = ZZ and for the two EFT’s predictions,
HEFT and SMEFT. By means of the computation of this amplitude within the SM in the R⇠ gauges
(not shown here for brevity) we have also checked the ⇠ independence of the SM amplitude, as
expected.

We summarize all these HEFT and SMEFT analytical results in the following subsections. We
present all these results in the physical scheme where the amplitudes are written in terms of the
physical input masses, mH , mW , mZ and the vacuum expectation value related to the Fermi constant
v = ( 1p

2GF

)1/2 = 246 GeV. In addition, the HEFT and SMEFT results are given in terms of the

corresponding EFT coe�cients.
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� =

✓
�
+

1p
2
(v + H + i�

0)

◆
, (3.3)

and the conventions for the covariant derivative and SM electroweak field strengths are set here as in
[13]:

Dµ = @µ + ig
0
BµY + igW

I

µ
T

I
, I = 1, 2, 3

W
I

µ⌫
= @µW

I

µ
� @⌫W

I

µ
� g✏

IJK
W

J

µ
W

K

⌫

Bµ⌫ = @µB⌫ � @⌫Bµ (3.4)

The definitions of the gauge fixing Lagrangian in the covariant R⇠ gauges, L
SM
GF

, and the Fadeev Popov
Lagrangian, L

SM
FP

, are the usual ones in the SM. It should be noticed that the usual normalization
in the SMEFT for the Higgs self-coupling in Eq. 3.2 is di↵erent than its usual normalization in the
HEFT in Eq. 2.7. Specifically, �SMEFT = 2�HEFT.

The operators of canonical dimension 6 that are relevant for the present work are:

L
(6)
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c�

⇤2
(�†�)3 +

c�⇤
⇤2

(�†�)⇤(�†�) +
c�D

⇤2
(�†

D
µ�)⇤(�†

Dµ�)

+
c�W

⇤2
(�†�)W I

µ⌫
W

I µ⌫ +
c�B

⇤2
(�†�)Bµ⌫B

µ⌫ +
c�WB

⇤2
(�†

⌧
I�)W I

µ⌫
B

µ⌫ (3.5)

Notice that we have restricted ourselves to the CP invariant subset of operators. Then, there are
in total six Willson coe�cients involved: c�, c�⇤, c�D, c�W , c�B , and c�WB . All these c’s are
dimensionless and we keep the prefactor 1/⇤2 explicitly in the forthcoming computation. Again,
it is important to remark that the previous SMEFT Lagrangian in Eq.3.1 is invariant under the
electroweak SU(2)L ⇥ U(1)Y gauge symmetry. The one-loop renormalization in R⇠ covariant gauges
of the previous SMEFT Lagrangian has been set, and the full list of Feynman rules have also been
provided in [14].

The Feynman rules of the relevant SMEFT e↵ective vertices for the present work are summarized
in Fig.1 and in Appendix Bli. For the following computations we use the SMEFT model file and the
Feynman rules derived from FeynBlaBli. The computations of the scattering amplitudes are performed
with FeynBla and FormCalc. Cross checks with FeynCalc have also been performed.

4 HEFT and SMEFT amplitudes for V V ! HH and V V ! HHH

Here we summarize the analytical results for double and triple Higgs production from WBF. We choose
to compute them in the unitary gauge and present here the results separately of all the contributing
diagrams. The diagrams for V V ! HH are displayed in Fig.2. The diagrams for V V ! HHH

are displayed in Fig.3 We have also checked the agreement in the predictions of all the scattering
amplitudes with the results when computed in R⇠ gauges, where the full set of diagrams including
the Goldstone Bosons (not shown here, for shortness) must be considered. This check involves to
demonstrate explicitely the ⇠ independence of the resulting amplitude in all the studied cases for
V V ! HH and V V ! HHH with V V = WW and V V = ZZ and for the two EFT’s predictions,
HEFT and SMEFT. By means of the computation of this amplitude within the SM in the R⇠ gauges
(not shown here for brevity) we have also checked the ⇠ independence of the SM amplitude, as
expected.

We summarize all these HEFT and SMEFT analytical results in the following subsections. We
present all these results in the physical scheme where the amplitudes are written in terms of the
physical input masses, mH , mW , mZ and the vacuum expectation value related to the Fermi constant
v = ( 1p

2GF

)1/2 = 246 GeV. In addition, the HEFT and SMEFT results are given in terms of the

corresponding EFT coe�cients.
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4

14 HEFT coeffs (6 SMEFT coeffs) are involved in the matching
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AHEFT(ai) = ASMEFT(cj)
We identify all Lorentz invariant structures in these amplitudes 

and solve the system of equations  considering 
the previous set of multiHiggs processes

The solution is getting  in terms of  ai cj

+(aH0
H
v

+ aHH0
H2

v2
+ aHHH0

H3

v3 ) (m2
Z − m2

W) Tr[Uτ3U†𝒱μ]Tr[Uτ3U†𝒱μ]



The solutions to the HEFT/SMEFT matching are summarized as follows:
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Then assuming the SMEFT, the following summary of relations are found among coe�cients:

�b = 4�a

c = �
8

3
�a = �

2

3
�b

�4 = 6�3 �
4

3
�a

2aHHWW = aHWW

2aHHBB = aHBB

2aHH0 = 5aH0

2aHH1 = aH1 (6.2)
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Solutions to matching HEFT/SMEFT in HH and HHH 
 with full bosonic EFT (scalar and gauge) 

Relations found in SMEFT 
(H is in a doublet)


 

In the Feynman-’t Hooft gauge we have 6 di�erent diagrams that contribute at tree-

level to the process W
+
W

�
! HH, and they are displayed in Fig. 3.1. As we can see,

there are 4 kinds of diagrams: one contact diagram, one s-channel, two t-channels and

two u-channels. The two diagrams of the latter 2 types correspond to the interchange of

a W boson and the corresponding GB.
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Figure 3.1: The 6 tree-level Feynman diagrams that contribute to the W
+
W

�
! HH

process in an arbitrary R� gauge.

The Feynman rules used to compute the scattering amplitudes for these diagrams

were derived from the chiral dimension 2 Lagrangian terms of the EChL (Eq. 2.12). As

previously remarked, the only di�erence with respect to a computation with the rules of

the SM is the appearance of the parameters a and b, which are present in the vertices with

either one or two Higgs bosons, respectively. Since we also have a triple Higgs coupling in

the s-channel, we could also study the e�ect of modifications of the parameter �3 in this

process, but we will set it to its SM value (which is 1) since it has been already studied

by other authors [Arganda˙2019, Gonzalez˙Lopez˙2021]. The parameter �4 involves a

four-Higgs boson interaction and therefore it is not accessible in this process at tree-level.

To access this �4 parameter some authors have considered the production of three Higgs

bosons [Gonzalez˙Lopez˙2021].

Thus, the respective amplitudes for each channel are:
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Figure 2: Feynman diagrams for WW ! HH scattering. The diagrams for ZZ ! HH are similar
but changing W by Z.

4 HEFT and SMEFT amplitudes for V V ! HH and V V ! HHH

introduce here the Feynman diagrams for the scattering amplitudes and present the analytical results

5 Matching HEFT and SMEFT amplitudes

6 Conclusions
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s c

t u

Figure 2: Feynman diagrams for WW ! HH scattering in the unitary gauge. The labels s, c, t and
u refer to s-channel, c-channel, t-channel and u-channel respectively. The diagrams for ZZ ! HH

are similar but changing W by Z.

4.1 WW ! HH

We use the following momenta assignments W
+(k1)W�(k2) ! H(k3)H(k4) with k1 and k2 ingoing

and k3 and k4 outgoing. The conservation of momentum is then, k1 + k2 = k3 + k4. To simplify we
also used here, ✏1 · k1 = 0, ✏2 · k2 = 0.

4.1.1 HEFT

The HEFT results for the scattering amplitude A(WW ! HH) contain two parts corresponding
to the contributions from L2 and L4 respectively. We present them here splitted by channels. The
diagrams for these channels are shown in Fig. 2. The part from L2 coincides with the SM result if
one sets a = b = 3 = 1. The part from L4 contains the ai’s HEFT coe�cients. For brevity, we keep
here just the subset of HEFT coe�cients that are needed to solve the forthcoming matching of the
HEFT and the SMEFT amplitudes. For this amplitude, these are a, b, 3, aHWW and aHHWW . We
find the following result for the HEFT amplitude:

A
HEFT = A

HEFT
c

+ A
HEFT
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+ A
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t

+ A
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u
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= 2 b v
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�

– 6 –

We match amplitudes in 
the unitary gauge 


 

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15

16 17 18 19

20 21 22 23

24 25
26

Figure 3: Feynman diagrams for WW ! HHH scattering in the unitary gauge. These diagrams
are numbered from 1 to 26. The diagrams for ZZ ! HHH are similar but changing W by Z.

– 10 –

OK with 
 pure scalar 

NEW

𝒜U−gauge = 𝒜Rξ−gauge

 checked in all cases 

both in HEFT and SMEFT
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Uncorrelated coeffs 

in HEFT (H is a singlet)


 independent a, b, c, κ3, κ4, a′￼is

a = 1 − Δa , b = 1 − Δb , κi = 1 − Δκi
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 Matching other HEFT coeffs requires dim 8 SMEFT 

 η

δ

Simmilarly to  in a4,5 WZ → WZ

a4 =
v4

16Λ4
c(2)

ϕ4

a5 =
v4

16Λ4
c(3)

ϕ4

That means, in practice, the following identification:

A(WW ! HH)HEFT = A(WW ! HH)SMEFT. (4.1)

If we split the amplitude in both sides separating explicitly the SM contribution (which cancels in
this equation), then this matching can be simply written as:

A
(2) + A

(4) = A
[6] + A

[8]. (4.2)

Notice that in this previous equation, we are keeping just the linear terms in all the coe�cients.
Notice also that A

(2) should be re-written after separating the SM part, and this can be done by
considering �a ⌘ 1 � a, �b ⌘ 1 � b and �3 ⌘ 1 � 3. These two features, then imply replacing,
in A

(2) of Eq. (2.16) (a3) by �(�a + �3), a2 by �2�a, and b by ��b, and in A
(4) of Eq. (2.16)

setting a = 3 = 1.
Finally, the equation of the matching of the amplitudes is solved in terms of the EFT coef-

ficients. This solving takes into account all kinematical structures, including the dependence in s
and cos ✓ with ✓ the scattering angle, the polarization vector products, and the mass dependencies.
We then arrive at the following matching equations among the EFT coe�cients:

a � 1 =
1

4

v2

⇤2
�a�D

b � 1 =
v2

⇤2
�a�D

3 � 1 =
5

4

v2

⇤2
�a�D

aHWW = �
v2

2m2
W

v2

⇤2
a�W

aHHWW = �
v2

4m2
W

v2

⇤2
a�W

addVV1 =
v4

4⇤4

h
c(1)
�4 + c(2)

�4

i

addVV2 =
v4

4⇤4
c(3)
�4 (4.3)

while aHVV , aHHVV , ad2, ad2 and aHdd have no counterpart in the SMEFT (given the reduced set
of operators under study). The results in the first two equations involving a�⇤ agree with those
obtained in Ref. [27] where the matching was performed at the Lagrangian level.

Some comments on the above relations are in order. Firstly, we see that the matching among
the coe�cients occurs across di↵erent orders of the two expansions, in chiral and canonical dimen-
sions respectively. While the HEFT coe�cients a, b and k3, of chiral dim 2, are related with the
coe�cient �a�D of canonical dim 6, the HEFT coe�cients aHWW and aHHWW , of chiral dim 4,
are related with a�W , also of canonical dim 6. On the other hand, the HEFT coe�cients addVV1

and addVV2 from chiral dimension 4 are related with a(1,2,3)
�4 from canonical dimension 8. Sec-

ondly, in these HEFT/SMEFT relations we detect some correlations. For instance, whereas in the
HEFT aHWW and aHHWW are independent parameters, they are correlated in the SMEFT by
aHWW = 2aHHWW . Similarly, a and b are independent parameters in the HEFT, whereas they are
correlated in the SMEFT by (b � 1) = 4(a � 1). These and other correlations reflect the fact that,
in some sense, the SMEFT is contained in the HEFT. On the other hand, we also see that some
NLO e↵ects of the SMEFT cannot be matched to the HEFT if one assumes a = b = 3 = 1. For
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Pheno implications for MultiHiggs production at colliders
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Main pheno implications of solutions found to the 
HEFT/SMEFT Matching

The relations found imply suppressed rates in the SMEFT compared to HEFT in multiple Higgs production from VBF

6 High energy behaviour of multiple Higgs production from VLVL

Finally, in this section we study the high energy behaviour of the scattering amplitudes for double
and tripe Higgs production in the particular case of longitudinally polarized EW gauge bosons. We
also consider the single Higgs production case for comparison. We focus here on the amplitudes
A(WLWL ! HH) and A(WLWL ! HHH). We wish to explore the high energy behaviour of these
amplitudes by means of an analytical expansion in powers of a small parameter written generically as
mEW/

p
s, where

p
s is the energy of the process and mEW refers to the EW masses involved and v.

In the case of WLWL fusion this implies
p

s � mW , mH , v. The interest of this study is twofold: on
the one hand, it serves us to test the prediction done in the literature using the Equivalence Theorem,
where these amplitudes are approximated by the corresponding amplitudes with external massless
GBs and where these later are computed within the pure scalar theory [20]. On the other hand, this
computation will also serve us to show the di↵erent energy behaviour that the HEFT and the SMEFT
amplitudes have. This being, in turn, very relevant for their respective tests at colliders.

For this exercise we start with our HEFT amplitudes in Section 4 and particularize them to
the case where the W

± polarization vectors, ✏1 and ✏2 are set to the longitudinal ones, ✏
L

1 and ✏
L

2

respectively. Since we search only for the leading contributions to the amplitudes found in Section 4
in this large s expansion, which turn out to be linear in s, i.e. of O(s), we use some starting
simplifying assumptions. First, we consider only the terms in the various diagrams that only involve
the LO-HEFT coe�cients. The other terms can be shown to be subleading i.e. of O(s0). We have
already mentioned explicitly those LO-terms in Section 4. Second, we approximate the longitudinal
polarization vectors respectively by ✏

L

1 ' k1/mW and ✏
L

2 ' k2/mW . Third, we consider all the Lorentz
invariant quantities involving products of two external quadrimomenta. Generically, products of two
di↵erent quadrimomenta are quantities of order s, i.e., ki.kj = O(s1), for i 6= j, whereas for two equal
quadrimomenta they are k

2
i

= m
2
i

= O(s0). Then, using the same notation as in Section 4, we get
the following results for the leading terms of all the diagrams involved in the high energy limit.

6.1 Case HH

In the double Higgs production case, for the first terms in this high energy expansion, we get:

A
HEFT
c

' 2 b v
�2

m
2
W

(✏1 · ✏2) = O(s1)

A
HEFT
s

'
6 a 3 v

�2
m

2
H

m
2
W

q
2
12 � m

2
H

(✏1 · ✏2) = O(s0)

A
HEFT
t

'
4 a

2
v
�2

m
2
W

k
2
13 � m

2
W

(�(✏1 · k13) (✏2 · k13)) = O(s1)

A
HEFT
u

'
4 a

2
v
�2

m
2
W

k
2
14 � m

2
W

(�(✏1 · k14) (✏2 · k14)) = O(s1) (6.1)

Therefore, by adding them and considering k1 + k2 = k3 + k4, we get from the sum of Ac, At and Au

the total result of O(s), where the angular dependence in At and Au cancels, leading to:

A
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v2
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� b)s (6.2)

Similarly one can conclude on the high energy behaviour result of single Higgs production from
WBF of two longitudinal W ’s. From the first equation in Section 5 we find, straightforwardly:

A
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v
as (6.3)

6.2 Case HHH

In the triple Higgs production case we get, for the 7 reference diagrams:
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The other diagrams can be obtained from the above reference ones by the proper changes of momenta,
as defined in Eq. (4.6). Then, by grouping the 26 diagrams by subsets, and using k1+k2 = k3+k4+k5,
we get:
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Finally, adding the leading subsets S2, S5 and S7 we get the resulting total amplitude of O(s):
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It is worth noticing that the above results in Eqs. (6.2) and (6.6) coincide with the approximate result
found in [20] where they used the Equivalence Theorem and computed with external massless GBs in
the pure scalar theory.

Finally, to end this section it is illustrative to show the particular high-energy results of these
longitudinal WBF amplitudes in two cases: 1) when comparing HEFT and SM , and 2) when com-
paring HEFT and SMEFT. With this purpose in mind, we first write the results in Eqs. 6.3, 6.2 ,
and 6.6 in terms of �a, �b and c. This leads to the generic BSM predictions at large energies within
the LO-HEFT:

A
HEFT(WLWL ! H) '

s

v
(1 � �a)

A
HEFT(WLWL ! HH) '

s

v2
(2�a � �b)

A
HEFT(WLWL ! HHH) '

s

v3
3(c � 2

8

3
�a +

4

3
�b) (6.7)

When setting the HEFT parameters to the SM values, i.e. for �a = 0, �b = 0 and c = 0, we get the
well known SM results:
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which shows that at high energies compared to the involved boson masses, the double and triple Higgs
production in the SM are suppressed respect to the BSM prediction since their amplitudes do not
grow with energy. We can also use the above generic HEFT results to get the SMEFT results. This is
done by the simple substitution of the previous values found for the �a, �b and c from the matching,
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i.e. by the values in Eqs. (5.4), (5.21) and (5.33) respectively. Then, we get for the SMEFT the
following results:
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The interesting results above show that triple Higgs production from WBF of two longitudinal W ’s
vanishes within the SMEFT-dim6 at O(s), as it happens in the SM case. This is in remarkable contrast
with the result of the LO-HEFT that grows linearly with s. This may have important implications
for the BSM Higgs searches at future colliders. For a recent discussion on some phenomenological
implications of these analytical results of the HEFT versus SMEFT within the context of multiple
Higgs production at both lepton a hadron colliders, see for instance Ref. [12] where the full bosonic
sector (scalar and gauge) is considered. This has also been explored in the simplified scenario of the
pure scalar theory in Ref. [20].

7 Conclusions

Matching SMEFT-dim6 to HEFT
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Table 1: Summary of the results found from the matching of HEFT/SMEFT amplitudes

In this paper we have explored the issue of matching HEFT and SMEFT by means of the
identification of scattering amplitudes in both theories. For this purpose we have chosen a set of 7
specific processes that have direct connection with experimental data. These selected processes are:
single, double and triple Higgs production from WBF, V V ! H, V V ! HH, V V ! HHH with
V V = WW, ZZ and the elastic scattering HH ! HH. For the solving of the matching equations we
have truncated the predictions of the HEFT at NLO, i.e, including e↵ective operators up to chiral
dimension 4, and the predictions of the SMEFT at NLO, i.e. including e↵ective operators up to
canonical dim 6. The solutions to the HEFT/SMEFT matching equations, when imposed all together
and for all the helicity amplitudes involved, lead to fix in total 14 HEFT coe�cients in terms of the 6
SMEFT coe�cients defining the SMEFT-dim6. The set of solutions found in this work are summarized
in Table 1. These contain the solutions for the 5 LO-HEFT coe�cients, �a, �b, c, �3 and �4

and for the 9 NLO-HEFT coe�cients: aH0, aHH0, aHHH0, aHWW , aHHWW , aHBB , aHHBB , aH1
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for the BSM Higgs searches at future colliders. For a recent discussion on some phenomenological
implications of these analytical results of the HEFT versus SMEFT within the context of multiple
Higgs production at both lepton a hadron colliders, see for instance Ref. [12] where the full bosonic
sector (scalar and gauge) is considered. This has also been explored in the simplified scenario of the
pure scalar theory in Ref. [20].
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Table 1: Summary of the results found from the matching of HEFT/SMEFT amplitudes

In this paper we have explored the issue of matching HEFT and SMEFT by means of the
identification of scattering amplitudes in both theories. For this purpose we have chosen a set of 7
specific processes that have direct connection with experimental data. These selected processes are:
single, double and triple Higgs production from WBF, V V ! H, V V ! HH, V V ! HHH with
V V = WW, ZZ and the elastic scattering HH ! HH. For the solving of the matching equations we
have truncated the predictions of the HEFT at NLO, i.e, including e↵ective operators up to chiral
dimension 4, and the predictions of the SMEFT at NLO, i.e. including e↵ective operators up to
canonical dim 6. The solutions to the HEFT/SMEFT matching equations, when imposed all together
and for all the helicity amplitudes involved, lead to fix in total 14 HEFT coe�cients in terms of the 6
SMEFT coe�cients defining the SMEFT-dim6. The set of solutions found in this work are summarized
in Table 1. These contain the solutions for the 5 LO-HEFT coe�cients, �a, �b, c, �3 and �4

and for the 9 NLO-HEFT coe�cients: aH0, aHH0, aHHH0, aHWW , aHHWW , aHBB , aHHBB , aH1
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LO-HEFT amplitudes grow with s Dim 6 -SMEFT amplitude suppressed by   (1/Λ2)

(a2 − b) ≠ 0

At  energies (where the masses can be neglected): 𝒪(TeV)

  
(c +
4
3

a(a2 − b)) ≠ 0

HH

HHH

HH ∼ (s/Λ2)

HHH ∼ 0 × (s/Λ2)
Enhanced rates 

with respect to SM 

No significant enhanced rates 

with respect to SM 

(to get  need to go to dim 8) ≠ 0

Constraints to HEFT coeffs can be derived from constraints to SMEFT coeffs (for instance, using global fits)

(see also  Delgado et al 2311.04280 and talk by Cillero)(Domenech et al 2506.2171)

1)

2)

(then,  amplitude even more suppressed) 

  from constraints to Δa, Δb, c cΦ□, cΦD

  from constraints to Δκ3, Δκ4 cΦ□, cΦD, cΦ

  from constraints to aHWW, aHHWW cΦW

  from constraints to aHBB, aHHBB cΦB

  from constraints to aH0, aHH0 cΦD

  from constraints to aH1, aHH1 cΦWB

∼ (1/Λ4)
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Appendices

A Diagrams contributing to e
+
e

�
! HH⌫⌫̄

Here we display the complete set of Feynman diagrams that contribute to e
+
e
�

! HH⌫⌫̄. We
are neglecting the electron mass in the generation of this full set of diagrams. These diagrams
are automatically generated by MadGraph and using the UFO file with our HEFT model. They
contain the diagrams with WBF configuration, diagrams 5, 6, 7 and 8, which are the ones where
the subprocess W

+
W

�
! HH takes place and the remaining diagrams, 1, 2, 3 and 4 , which are

mediated by intermediate Z bosons. Note that MadGraph works in the unitary gauge by default,
so it does not take into account the contribution from the GBs. The coloured dots in these diagrams
represent the e↵ective couplings of the Higgs boson with the electroweak gauge bosons, HV V and
HHV V (V = W,Z) within the HEFT. These are given respectively by a = V and b = 2V as
described in Sec. 2.
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Figure 13. Feynman diagrams for e
+
e
� ! HH⌫⌫̄ generated by MG5 in the unitary gauge. The coloured

dots represent the e↵ective couplings of the Higgs boson with the electroweak gauge bosons, HV V and HHV V

(V = W,Z) within the HEFT.
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  Predictions with HEFT at colliders: All diagrams must be included !!

e+e− → HHνν̄ q1q̄2 → HHq3q̄4

Our Bosonic-HEFT model file is implemented in MadGraph5. It allows gauge choice.

For instance:  HH requires including VBF and H(H) strahlung type diagrams 

BSM signals means deviations in  and in  respect the SM rates. We also explore correlations. σ dσ′￼s

In explore  e+e− HH

/ET . Events from tops production do not produce the same final state, since neutrinos from the top
decays will come together with charged leptons. Events from W

0
s production can also provide the

neutrinos of the final state, but again they will come together with charged leptons. Of course, some
additional backgrounds will appear when some particles in the final state escape detection. However,
these more realistic detector e↵ects are not considered here, and they are left for a future more refined
work once the detector characteristics of these projects have been fixed.

For a more quantitative check of the main backgrounds to (bb̄bb̄⌫⌫̄) events within the EW-SM, we
have computed with MG51 the three most important ones which are e

+
e
�

! XY ⌫⌫̄ ! bb̄bb̄⌫⌫̄ with
the intermediate states XY being HH, HZ and ZZ. The results of the corresponding cross sections
within the SM are summarized in table 1, where we have also included the reduction in the results
after some selected cuts are applied. First, we have checked that, for the case without cuts , the total
rates found for the final (bb̄bb̄⌫⌫̄) events, are approximately equal to the HH⌫⌫̄ rates multiplied by
the corresponding branching ratios of the Higgs boson and Z boson to bb̄ pairs, given by 58% and
15% respectively. Second, we have also checked that the last cut on the invariant mass of the bb̄

pair is very e�cient in eliminating practically the SM backgrounds from XY being HZ and ZZ. In
contrast, the event rates from XY = HH are not practically a↵ected by this cut on M

bb̄
, as expected.

Therefore, in our following study of the accessibility to V and 2V and to their potential correlations
in (bb̄bb̄⌫⌫̄) events, we will assume that XY = HH within the SM provides the main background to
our BSM signal from the HEFT with (a, b) 6= (1, 1).

In order to simplify the analysis of the (bb̄bb̄⌫⌫̄) events, we will then consider just some basic
requirements. In order to guarantee the detection of the final particles, we will implement some
minimal detection cuts to the b-jets and require a minimum in the missing energy. This is motivated
by the well known configuration of the radiated fermions in the processes that are mediated dominantly
by WBF. These are characterized by final fermions (neutrinos in the present case) that are produced
in the backward and forward directions respect to the beam with transverse momentum being related
to the mass of the vector boson participating in the WBF subprocess, i.e. the W mass here. The
specific values for the cuts assumed here are summarized in the following:

p
b

T
> 20GeV, |⌘

b
| < 2, �Rbb > 0.4, /ET > 20GeV, (5.2)

where pb
T
and ⌘

b are the transverse momentum and the pseudorapidity of the b-jets, /ET is the missing
transverse energy from the ⌫⌫̄ pairs and �Rbb =

p
(�⌘bb)2 + (��bb)2, where �⌘bb and ��bb are the

separations in pseudorapidity and azimuthal angle between the b-jets. The cuts that are used in this
work are based on the ones used in [24] and [48]. In addition, as we have said above, in order to take
into account in an approximate way the b-tagging e↵ects in our estimates of the rate events we have
introduced a reducing factor ✏

4
b
, where ✏b = 0.8 is our assumed b-tagging e�ciency factor for each

b-jet.

1When running MG5 we use the input parameter values: mZ = 91.19 GeV, �Z = 2.44 GeV, mH = 125 GeV,
�H = 4.07 ⇥ 10�3 GeV, ↵(mZ) = 1/128, mb = 4.7 GeV, ymb = 3.1

Cuts �(XY = HH)(pb) �(XY = HZ)(pb) �(XY = ZZ)(pb)

No cuts 2.6 ⇥ 10�4 7.7 ⇥ 10�4 1.1 ⇥ 10�3

Cuts in Eq. 5.2 6.0 ⇥ 10�5 2.4 ⇥ 10�4 3.7 ⇥ 10�4

120 < |M
bb̄
(GeV)| < 130 6.0 ⇥ 10�5 1.6 ⇥ 10�6 negligible

Table 1. Predictions for �(e+e� ! XY ⌫⌫̄ ! bb̄bb̄⌫⌫̄)(pb) within the SM for various intermediate states
XY = HH, HZ and ZZ and for various choices of cuts. In the first row there are no cuts applied. In the
second row the set of cuts in Eq. 5.2 is applied. In the last row, the cuts in Eq. 5.2 and the specified cut on
the invariant mass of each bottom antibottom pair of the final state are applied. The total energy is set here
to

p
s = 3TeV.
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to the mass of the vector boson participating in the WBF subprocess, i.e. the W mass here. The
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Table 1. Predictions for �(e+e� ! XY ⌫⌫̄ ! bb̄bb̄⌫⌫̄)(pb) within the SM for various intermediate states
XY = HH, HZ and ZZ and for various choices of cuts. In the first row there are no cuts applied. In the
second row the set of cuts in Eq. 5.2 is applied. In the last row, the cuts in Eq. 5.2 and the specified cut on
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Two forward jets in different  hemispheres at moderate transverse momentum 

with large invariant mass 

quark leg, the leading order result approximates the next-to-
leading order result very well, with scale uncertainties being
reduced to below 1% for typical WBF cuts

pT;j ≥ 20 GeV; mjj ≥ 500 GeV;

2 < jηjj < 5; ηj1 × ηj2 < 0; ð8Þ

for the two tagging jets of the WBF event at a 14 TeV LHC
(i.e., forward jets in different detector hemispheres at
moderate transverse momentum with large invariant mass).
We note that in both our generated events and numerical
predictions in the present work, and for all colliders con-
sidered, we have accounted for all relevant configurations
contributing to electroweak triple and double Higgs produc-
tion. This includes all contributing diagrams, not only those
mediated by WBF subprocesses. For instance, in double
Higgs production in pp collisions, we consider all diagrams
for q1q2 → HHq3q4 (with qi refereeing generically to both
quarks and antiquarks). These diagrams include those with
WBF topology, like q1q2 → W#W#q3q4 → HHq3q4 as
well as other topologies, like Higgs-strahlung diagrams,
q1q2 → H#Z# → HHq3q4, etc. We have also checked that,
as expected, after applying the optimized WBF cuts to the
final q-jets, we select quite efficiently the dominant WBF
events. Similar comments apply to the case of lepton colliders
where, again, all configurations contributing to lþl− →
HHνν̄ and lþl− → HHHνν̄ have been considered in our
work. In that case, the cuts for theWBF selection are applied
to the missing transverse energy carried by the final neutrino-
antineutrino pairs.
For the SM, a; b; κ3; κ4 ¼ 1; c ¼ 0, we find a (phenom-

enologically hardly relevant) WBF cross section at LHC
for μR ¼ μF ¼ Q4

σNLOðpp → HHHjjÞ ¼ 0.197 ab ð9Þ

with a K ¼ σNLO=σLO factor well below 1%. Hence, the
pp → HHHjj provides a clean window into studying
weak contact interactions unique to the H3 process. The
relevant differential distribution of the invariant triple Higgs
mass is also stable with a flat differential K factor, Fig. 3.
This behavior extends to non-SM coupling choices as well.

For a comparison of HHjj and HHHjj production at
the LHC (for

ffiffiffi
s

p
¼ 14 GeV), we show in Fig. 4 the HEFT

cross section predictions as a function of the parameters a
and b for κ3 ¼ κ4 ¼ 1; c ¼ 0 and the cuts specified in
Eq. (8); contours of the relevant parameters b; κ3 after
constraints on a ≃ 1 are taken into account are shown in
Fig. 5. The WBF topologies to both the HHjj and HHHjj
processes dominate the rates for WBF cuts [e.g., Eq. (8),
see also [50]], which we have checked against a compari-
son with MadGraph5_aMC@NLO. Based on the results of [60],
we also expect QCD-electroweak interference to be neg-
ligible in this phase space region. Note that the dependence
on a for both processes is heavily constrained by LHC
single Higgs observations (with amax ∼ 1.13). Nonetheless,
we observe a high sensitivity in both processes to b, for the
interval currently allowed by data. There is a clear
correlation between the HHjj and HHHjj rates, which
is manifest in Fig. 4(b) where the cross sections are
displayed in the vertical/horizontal axis for values in the
currently allowed interval b ≃ ½0; 2'. The high-energy
behavior of the amplitudes is given by

MðWþ
LW

−
L → HHÞ ∼ g2ðb − a2Þ s

4m2
W
;

MðWþ
LW

−
L → HHHÞ ∼ g3

2mW

"
c −

4

3
aðb − a2Þ

#
s

4m2
W
:

ð10Þ

for s ≫ m2
W; m

2
H and longitudinal polarizations (in this

region the effective W approximation is motivated [61]).
The high-energy limit for HHH production has been
provided in Ref. [16], relying on the Goldstone equivalence
theorem. Similar equations hold for ZZ due to the custodial
symmetric coupling structures. This shows that the a − b2

FIG. 3. Differential invariant triple Higgs mass, m ¼ mHHH , in
weak boson fusion for the SM coupling choice and scales choice
μR ¼ μF ¼ ½0.5; 2'Q. The central value of the leading order scale
improved calculation is included as a solid black line.

4The hadron collider calculations performed in this work are
available as an add-on to the recent VBFNLO3 release [56,57] as
part of this paper. The relevance of the WBF topologies compared
to negligible associated Higgs production processes for the
chosen cuts has been checked explicitly against MadGra-
ph5_aMC@NLO [58]. The inclusion and consideration of the
five-particles vertices in Fig. 1 in VBFNLO3 in the context of
scale-adapted QCD corrections is new. Users can simultaneously
modify any electroweak coupling detailed in this work and obtain
QCD-corrected differential cross sections straightforwardly. The
comparison against MadGraph5_aMC@NLO was facilitated using
FeynRules [59] and UFO [59].
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HH in colliders: the role of e+e− (a2 − b)

a
2 − b =

0

( )Δb ≠ 2Δa

2312.03877, EPJC 84 (2024)5, 503 ; 2011.13195, Davila, Domenech, Herrero, Morales

a2
= b

a2
= b

a2
= b

Figure 7. Predictions from the HEFT for the contourlines of cross section �(e+e� ! HH⌫⌫̄) (in pb) in the
(a, b) = (V ,2V ) plane, for the three planned energies at future e

+
e
� colliders of 500 GeV (upper left panel),

1 TeV (upper right panel) and 3 TeV (lower panel). The SM cross section predictions are also displayed at
the (a, b) = (1, 1) point marked here with a star. The dashed white line in each plot represents the correlation
between the HEFT parameters given by a

2 = b. All predictions shown here include a cut on the missing
transverse energy from the final ⌫⌫̄ of /ET > 20GeV.

process within the region of the (a, b) parameter space explored in this figure is in general larger
for the larger energy colliders, reaching sizeable values at CLIC(3000 GeV) of up to around 0.056
pb in the lower right corner of this plot near (a, b) = (1.5, 0.5). The corresponding cross section
values in this region for ILC(500 GeV) and ILC(1000 GeV) are 1.3 ⇥ 10�4 pb and 3.3 ⇥ 10�3 pb ,

– 13 –
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 HH:  Sensitivity  to  and correlations in (a, b) = (κV, κ2V) e+e−
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Accessibility to NLO-HEFT ( , )=  at η δ (addVV1, addV2) e+e−

Minimal detection cuts

 > 20 GeVpb
T  < 2|ηb |

 > 0.4ΔRbb  > 20 GeVET

b-tagging efficiency of 80% 

Signal with greater statistics: e+e− → HHνν̄ → bb̄bb̄νν̄
R =

NBSM − NSM

NSM

ILC CLIC

Greater accessibility in CLIC (3TeV)

Accesible region: R > 3

2208.05452, Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos 

Expected reach η, δ ∼ 𝒪(10−3)
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(Parton level simulations, no 
background, no detector sim.)

CLIC 3 TeV (is the best option)

4b jets + missing ET



Access to  and  in HHH production at lepton colliders  
  CLIC  3 TeV and 3 TeV are the best options 

b c
e+e− μ+μ−

37

Figure 26: Total cross section of e+e� ! HHH⌫e⌫̄e as a function of 4 (with 3 fixed to 1) for
di↵erent values of the CM energy

p
s. The plot on the right shows a zoom around the dip region.

Figure 27: Left: Contour levels for the total cross section of the e
+
e
�

! HHH⌫e⌫̄e process
represented in the (3,4) plane at a CM energy of 3000 GeV. Right: Corresponding contour levels
for the number of e+e� ! HHH⌫e⌫̄e events expected at the last stage of CLIC with Lint = 5 ab�1.

parameters at the same time. For reasons that we will motivate later, we will restrict ourselves
in this study to the particular case of

p
s = 3000 GeV. The results of the contour lines for

�(e+e� ! HHH⌫e⌫̄e) in the (3,4) plane are shown in the left plot in Fig. 27. These results
are consistent with the observations made in the previous plots, and confirm clearly that the
deviations in the cross section are much stronger in the 3 direction than in the 4 one. In
addition, the sensitivity to 4 is larger at the central region of the explored 3 interval, and
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σ(Δb = ± 0.25) ≃ 2 × 10−4pb σ(c = ± 0.25) ≃ 2 × 10−4pb

σ(Δκ3 = − 0.25) = 𝒪(10−6)pbσ(Δκ4 = − 0.25) = 𝒪(10−7)pb

A(WLWL → HHH) ≃
3s
v3 [c +

4
3

a (a2 − b)] + 𝒪(s0)

2407.20706, Phys. Rev. D 111, 055004 (2025), 

Anisha, Domenech, Englert, Herrero, Morales

sensitivity to  and  is poorκ3 κ4

Small  produces larger enhancements 
respect to SM rates, compared to 

Δb, c
Δκ3,4

Reference SM:  σSM(e+e− → HHHνν̄) = 3 × 10−7 pb

⇒ N6b
U = 51 (  if SM)  ∼ 0

sensitivity in the HEFT to  and  is largeb c

c +
4

3
a(

a
2 −

b)
=

0

b

c

A
ll

ow
ed

Allowed Allowed

SM
EF

T
HEFT

HEFT

Large enhacements in  σ(e+e− → HHHνν̄)HEFT
compared to SM if c +

4
3

a(a2 − b) ≠ 0

CLIC(3TeV)

Explained by: 



(EW) HHjj and HHHjj production at LHC 

Sensitivity to a, b, c  is maily  via  Vector Boson Fusion topology 

As remarked by Alonso and West in [41], the torus admits a
choice of coordinates that locally, but not globally, resembles
the Standard Model. A parameter choice a, b ¼ 1 is
consistent with

c ¼ −
2v
3f

ða; b ¼ 1Þ: ð7bÞ

In the parametrization of [41], this choice is a specific torus
ρðHÞ ¼ vþ f sinðH=fÞ; zðHÞ ¼ −f cosðH=fÞ. Expanding
out these coordinates as part of the Goldstone kinetic term
directly gives rise to the above relation. Equations (7a) and
(7b) show that these manifolds imply a highly HEFT-like
character. This can be qualitatively understood from the
analysis of [27], which shows that SMEFT-like dynamics
rely on a Oð4Þ invariant fix point of the manifold. The
fixed point can be identified with the north pole of a four-
sphere, which is the manifold of MCHM5, S4 ≃ SOð5Þ=
SOð4Þ; the SOð4Þ invariance is the rotation around this
symmetry axis. The torus, on the other hand, exhibits the
same SOð4Þ invariance around its symmetry axes, which is
not part of the manifold. Hence, the torus is intrinsically
HEFT-like.
For the deformations considered in [42], we find −0.2≲

c≲ 1 in the region of a, b compatible with current Higgs
(WBF pair) analyses. Both these choices can highlight
strong coupling as expressed by unitarity considerations of
the HEFT, which will be a focus of Sec. III.
The examples of the last paragraph show that searches

for a sizeable c within the currently allowed single and
double Higgs constraints are by no means theoretically
futile. They offer a deeper understanding of the geometry of
the electroweak vacuum. The expectation of c ≃ 0 in
standard (and experimentally challenged) BSM scenarios
is a strong motivation to work toward perturbatively
meaningful constraints of c ≠ 0 on WBF triple Higgs
production (see also [43,44]). This will be the focus of
the remainder of this work, which is organized as follows.
In Sec. II, we will discuss the LHC prospects for the
considered processes of triple and double Higgs production
from WBF. We then critically assess the expected cross
section enhancements at LHC from the perspective of
leading order unitarity (Sec. III). Finally, in Sec. IV and by
taking also into account the restrictions from unitarity, we
study the expected sensitivity to the electroweak triple
Higgs production within HEFT, considering HHVV and
HHHVV effective couplings, at both future hadron and
lepton colliders. Particularly, we present numerical pre-
dictions for LHC, FCC, CLIC and muon colliders. Our
conclusions are outlined in Sec. V.

II. LHC PREDICTIONS

Weak boson fusion and its phenomenological appeal
have been discussed in the existing literature [45,46] includ-
ing precision predictions [47–51]. The phenomenological

signature of weak boson fusion is highly distinct; the
production of a heavy QCD-singlet via the t-channel
exchange results in two energetic forward jets at moderate
transversemomentumwithweak decay products localized in
the central part of the detector. Jet vetoes [52] then act as
additional handles to remove irreducible contamination from
gluon-fusion contributions, which is not a desirable avenue
for multi-Higgs production that relies on the dominant decay
modes h → bb̄. Different methods have been discussed
[53,54], and are employed [3,4] to obtain high-purity
multi-Higgs WBF selections. However, it is clear that
gaining experimental sensitivity to the more elusive triple
Higgs WBF processes poses a formidable challenge along
these lines as well, and any successful strategy will neces-
sarily need to be based on a proliferation of multivariate and
machine learning techniques to optimally exploit correla-
tions when facing up overwhelming backgrounds.
While it is beyond the scope of this work to estimate the

experimental sensitivity (or lack thereof) that canbegained to
this final state at the fully showered and hadronized stage, we
can argue for the reward that such an analysis can hold. In
Fig. 2, we show the pp → HHHjj cross sections as a
function of c for a ¼ b ¼ κ3 ¼ κ4 ¼ 1 for a wide range of c.
As we will discuss below (and also see [39]) some of this
parameter region is constrained by electroweak unitarity
constraints, however, as for single and double Higgs pro-
duction [55], the QCD corrections to WBF triple Higgs
production are under excellent perturbative control. This is
further highlighted (for single and double Higgs production)
through the possibility of adapted scale choices that resum a
large share of the (relatively moderate) QCD corrections as
part of QCD-factorization. More concretely, when the
relevant factorization and renormalization scales are chosen
to be the t-channel momentum transfer of the corresponding

FIG. 2. Cross section of pp → HHHjj for μR ¼ μF ¼ Q, i.e.
the t-channel momentum transfer of the fermion legs. As can be
seen the NLO corrections are modest and well-approximated by
this scale choice, eventually rendering the QCD uncertainty
negligible. For further details, see the text.
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interplay probed in pp → HHjj also leaves a phenom-
enology-shaping imprint in the HHHjj; our cross section
contours (and exclusions) reflect the above unitarity rela-
tions even beyond the high-energy approximation that
underpins the equivalence theorem (see below).
In Figs. 5 and 6, we show cross section contours for the

different HEFT parameter choices that affect pp →
HHðHÞjj production. Di-Higgs WBF production serves
to set limits on a, b, and to a lesser extent κ3 as done by the
experiments already. Triple Higgs production opens up the
a priori possibility to probe c and κ4. The findings of gluon
fusion triple Higgs production regarding the relative
insensitivity to κ4 [9,35] are mirrored by WBF production.
Again the unitarity relations of Eq. (10) are probed in these
processes, which also explains ellipsoid-shaped cross
section contours of σða; cÞ Fig. 6(a), the linear dependence
of σðb; cÞ in Fig. 6(b) and the relative insensitivity to κ3;4.
As unitarity underpins the phenomenology of the potential

FIG. 4. Comparison ofHHjj andHHHjj production including NLO QCD corrections discussed in the text. We show a wide range of
a in (a) for illustration purposes. a is already constrained, e.g., [8] shown as the gray band. (b) shows the multi-Higgs WBF cross
sections correlation as function of b which is further discussed in Sec. III. A priori, large enhancements are possible in both HHjj and
HHHjjj production (c).

FIG. 5. Weak boson fusion di-Higgs production as a function of
b; κ3 for the cuts detailed in the text, including NLO QCD
corrections for a scale choice μR ¼ μF ¼ Q.
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quark leg, the leading order result approximates the next-to-
leading order result very well, with scale uncertainties being
reduced to below 1% for typical WBF cuts

pT;j ≥ 20 GeV; mjj ≥ 500 GeV;

2 < jηjj < 5; ηj1 × ηj2 < 0; ð8Þ

for the two tagging jets of the WBF event at a 14 TeV LHC
(i.e., forward jets in different detector hemispheres at
moderate transverse momentum with large invariant mass).
We note that in both our generated events and numerical
predictions in the present work, and for all colliders con-
sidered, we have accounted for all relevant configurations
contributing to electroweak triple and double Higgs produc-
tion. This includes all contributing diagrams, not only those
mediated by WBF subprocesses. For instance, in double
Higgs production in pp collisions, we consider all diagrams
for q1q2 → HHq3q4 (with qi refereeing generically to both
quarks and antiquarks). These diagrams include those with
WBF topology, like q1q2 → W#W#q3q4 → HHq3q4 as
well as other topologies, like Higgs-strahlung diagrams,
q1q2 → H#Z# → HHq3q4, etc. We have also checked that,
as expected, after applying the optimized WBF cuts to the
final q-jets, we select quite efficiently the dominant WBF
events. Similar comments apply to the case of lepton colliders
where, again, all configurations contributing to lþl− →
HHνν̄ and lþl− → HHHνν̄ have been considered in our
work. In that case, the cuts for theWBF selection are applied
to the missing transverse energy carried by the final neutrino-
antineutrino pairs.
For the SM, a; b; κ3; κ4 ¼ 1; c ¼ 0, we find a (phenom-

enologically hardly relevant) WBF cross section at LHC
for μR ¼ μF ¼ Q4

σNLOðpp → HHHjjÞ ¼ 0.197 ab ð9Þ

with a K ¼ σNLO=σLO factor well below 1%. Hence, the
pp → HHHjj provides a clean window into studying
weak contact interactions unique to the H3 process. The
relevant differential distribution of the invariant triple Higgs
mass is also stable with a flat differential K factor, Fig. 3.
This behavior extends to non-SM coupling choices as well.

For a comparison of HHjj and HHHjj production at
the LHC (for

ffiffiffi
s

p
¼ 14 GeV), we show in Fig. 4 the HEFT

cross section predictions as a function of the parameters a
and b for κ3 ¼ κ4 ¼ 1; c ¼ 0 and the cuts specified in
Eq. (8); contours of the relevant parameters b; κ3 after
constraints on a ≃ 1 are taken into account are shown in
Fig. 5. The WBF topologies to both the HHjj and HHHjj
processes dominate the rates for WBF cuts [e.g., Eq. (8),
see also [50]], which we have checked against a compari-
son with MadGraph5_aMC@NLO. Based on the results of [60],
we also expect QCD-electroweak interference to be neg-
ligible in this phase space region. Note that the dependence
on a for both processes is heavily constrained by LHC
single Higgs observations (with amax ∼ 1.13). Nonetheless,
we observe a high sensitivity in both processes to b, for the
interval currently allowed by data. There is a clear
correlation between the HHjj and HHHjj rates, which
is manifest in Fig. 4(b) where the cross sections are
displayed in the vertical/horizontal axis for values in the
currently allowed interval b ≃ ½0; 2'. The high-energy
behavior of the amplitudes is given by

MðWþ
LW

−
L → HHÞ ∼ g2ðb − a2Þ s

4m2
W
;

MðWþ
LW

−
L → HHHÞ ∼ g3

2mW

"
c −

4

3
aðb − a2Þ

#
s

4m2
W
:

ð10Þ

for s ≫ m2
W; m

2
H and longitudinal polarizations (in this

region the effective W approximation is motivated [61]).
The high-energy limit for HHH production has been
provided in Ref. [16], relying on the Goldstone equivalence
theorem. Similar equations hold for ZZ due to the custodial
symmetric coupling structures. This shows that the a − b2

FIG. 3. Differential invariant triple Higgs mass, m ¼ mHHH , in
weak boson fusion for the SM coupling choice and scales choice
μR ¼ μF ¼ ½0.5; 2'Q. The central value of the leading order scale
improved calculation is included as a solid black line.

4The hadron collider calculations performed in this work are
available as an add-on to the recent VBFNLO3 release [56,57] as
part of this paper. The relevance of the WBF topologies compared
to negligible associated Higgs production processes for the
chosen cuts has been checked explicitly against MadGra-
ph5_aMC@NLO [58]. The inclusion and consideration of the
five-particles vertices in Fig. 1 in VBFNLO3 in the context of
scale-adapted QCD corrections is new. Users can simultaneously
modify any electroweak coupling detailed in this work and obtain
QCD-corrected differential cross sections straightforwardly. The
comparison against MadGraph5_aMC@NLO was facilitated using
FeynRules [59] and UFO [59].
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b; κ3 for the cuts detailed in the text, including NLO QCD
corrections for a scale choice μR ¼ μF ¼ Q.
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and three Higgs bosons to electroweak gauge bosons,
respectively, in their approach they have six independent,
three for the couplings to W bosons, gW;a1;a2;a3, and three
for the couplings to Z bosons, gZ;a1;a2;a3. Reference [63]
presents a detailed study of unitarity constraints including
analytic restrictions on partial wave amplitudes. In Fig. 7,
we explore the unitarity constraints numerically as a
function of the subprocess energy. The most important
outcome from this comparison is that, for the energy values
of MHHH of order a few TeV, the electroweak triple Higgs
production at future colliders will be reduced by important
constraints on the size of the b and c effective couplings.
We have checked that our constraints from Fig. 7 are in
qualitative agreement with the constraints in Ref. [63].
The perturbative consistency constraints are only rel-

evant if these regions are statistically explored by the
collider experiments and used to derive limits. This is, in
particular, relevant for future colliders, which are envi-
sioned to target partonic collision energies in the range of
10 TeV. For the LHC, we show in Fig. 8 the predicted cross
section distributions with mHHH within the HEFT for two
BSM examples with c ¼ 1 and c ¼ 2. The solid lines refer
to the predictions in the unitarity-preserving region and the
dashed lines extend into the unitarity-violating phase space
region. The crossing points are at the above commented
values of mHHH ¼ 1.75 TeV and 1.4 TeV, respectively.
One can then estimate the restrictions imposed from
unitarity constraints on the LHC rates by computing a
reduction factor ϵU which is defined as the following ratio

ϵU ≡ rates preserving unitarity
total rates

; ð13Þ

an experimental analysis should rely on ϵU ∼ 1 as it will
most likely be based on a nondifferential cross section
exclusion. Not considering selection efficiencies or back-
grounds, we find for the LHC (

ffiffiffiffiffi
14

p
GeV): ϵU ¼ 0.46 for

c ¼ 1 and ϵU ¼ 0.35 for c ¼ 2 (a more comprehensive
overview is given in Table I). A region jcj < 0.5, if
experimentally accessible, would be perturbatively con-
trolled, while providing insights into the electroweak
vacuum as outlined in Sec. I.

FIG. 8. Unitarity constraints on the distributions with the triple
Higgs invariant mass mHHH for two examples with c ¼ 1 (in red)
and c ¼ 2 (in blue). Solid lines are predictions preserving
unitarity. Dashed lines are predictions that do not preserve
unitarity. The SM is included (scaled by 103) for comparison
as a black line. Here we use LO QCD given that the overall
corrections are small.

TABLE I. HEFT rates predicted with VBFNLO (and LO QCD)
for triple Higgs production at future pp colliders, HL-LHC
(14 TeV, 3 ab−1) (left subtable) and FCC-hh (100 TeV, 30 ab−1)
(right subtable) for some selected values of b and c. The
first row displays the SM rates. Here, σ ≡ σðpp → HHHjj),
ϵU ≡ rates preserving unitarity=total rates, and N6b

U ¼ σ × ϵ6b ×
ϵU × L with ϵ6b ≡ 0.583 × 0.86. The event selection details are
given in the main text. N6b

U displays the total number of events
preserving unitarity with 6b-jets, after the 3 Higgs boson decays.

HL-LHC (14 TeV, 3 ab−1) FCC-hh (100 TeV, 30 ab−1)

b c σ (fb) ϵU N6b
U σ (fb) ϵU N6b

U

1.0 0.0 1.94 × 10−4 1.00 0 1.27 × 10−2 1.00 19
1.0 0.1 1.28 × 10−2 9.96 × 10−1 2 1.25 × 101 1.57 × 10−1 3005
1.0 0.5 3.17 × 10−1 6.84 × 10−1 33 3.12 × 102 4.91 × 10−2 23,511
1.0 1.0 1.27 4.60 × 10−1 89 1.25 × 103 3.02 × 10−2 57,887
1.0 2.0 5.07 3.50 × 10−1 272 4.99 × 103 1.18 × 10−2 90,194
1.0 5.0 3.17 × 101 1.69 × 10−1 821 3.12 × 104 5.68 × 10−3 271,802
1.5 0.0 5.56 × 10−1 6.36 × 10−1 54 5.50 × 102 4.11 × 10−2 34,653
1.5 0.1 4.01 × 10−1 6.35 × 10−1 39 3.97 × 102 4.12 × 10−2 25,060
1.5 0.5 3.53 × 10−2 9.33 × 10−1 5 3.41 × 101 1.14 × 10−1 5959
1.5 1.0 1.48 × 10−1 7.77 × 10−1 18 1.42 × 102 6.91 × 10−2 15,074
1.5 2.0 2.27 4.75 × 10−1 166 2.23 × 103 2.49 × 10−2 85,013
1.5 5.0 2.39 × 101 1.70 × 10−1 623 2.35 × 104 5.83 × 10−3 209,782
1.2 0.0 8.90 × 10−2 8.37 × 10−1 11 8.79 × 101 8.05 × 10−2 10,867
1.2 0.1 3.46 × 10−2 9.36 × 10−1 5 3.42 × 101 1.14 × 10−1 5982
1.2 0.5 7.06 × 10−2 8.96 × 10−1 10 6.88 × 101 1.01 × 10−1 10,684
1.2 1.0 6.86 × 10−1 5.84 × 10−1 61 6.73 × 102 3.69 × 10−2 38,136
1.2 2.0 3.82 4.14 × 10−1 242 3.75 × 103 1.96 × 10−2 112,846
1.2 5.0 2.84 × 101 1.69 × 10−1 737 2.80 × 104 5.91 × 10−3 253,718
0.8 0.0 8.95 × 10−2 8.38 × 10−1 12 8.80 × 101 8.02 × 10−2 10,824
0.8 0.1 1.69 × 10−1 7.69 × 10−1 20 1.67 × 102 6.37 × 10−2 16,284
0.8 0.5 7.41 × 10−1 5.85 × 10−1 67 7.31 × 102 3.65 × 10−2 40,929
0.8 1.0 2.03 4.71 × 10−1 147 2.00 × 103 2.48 × 10−2 76,125
0.8 2.0 6.50 2.88 × 10−1 287 6.40 × 103 1.18 × 10−2 116,163
0.8 5.0 3.51 × 101 1.16 × 10−1 624 3.46 × 104 3.71 × 10−3 196,885
0.5 0.0 5.58 × 10−1 6.37 × 10−1 54 5.50 × 102 4.16 × 10−2 35,126
0.5 0.1 7.38 × 10−1 5.85 × 10−1 66 7.28 × 102 3.89 × 10−2 43,399
0.5 0.5 1.71 4.71 × 10−1 124 1.69 × 103 2.47 × 10−2 64,102
0.5 1.0 3.50 4.17 × 10−1 224 3.45 × 103 1.96 × 10−2 103,723
0.5 2.0 8.98 2.25 × 10−1 310 8.85 × 103 8.44 × 10−3 114,532
0.5 5.0 4.06 × 101 1.15 × 10−1 720 4.00 × 104 3.84 × 10−3 235,680
0.0 0.0 2.23 4.70 × 10−1 161 2.20 × 103 2.40 × 10−2 81140
0.0 0.1 2.58 4.10 × 10−1 162 2.54 × 103 1.86 × 10−2 72,706
0.0 0.5 4.22 2.86 × 10−1 185 4.17 × 103 1.13 × 10−2 72,099
0.0 1.0 6.85 2.85 × 10−1 300 6.76 × 103 1.12 × 10−2 116,597
0.0 2.0 1.40 × 101 2.25 × 10−1 484 1.38 × 104 8.29 × 10−3 175,548
0.0 5.0 5.07 × 101 1.15 × 10−1 892 4.99 × 104 3.84 × 10−3 293,866
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and three Higgs bosons to electroweak gauge bosons,
respectively, in their approach they have six independent,
three for the couplings to W bosons, gW;a1;a2;a3, and three
for the couplings to Z bosons, gZ;a1;a2;a3. Reference [63]
presents a detailed study of unitarity constraints including
analytic restrictions on partial wave amplitudes. In Fig. 7,
we explore the unitarity constraints numerically as a
function of the subprocess energy. The most important
outcome from this comparison is that, for the energy values
of MHHH of order a few TeV, the electroweak triple Higgs
production at future colliders will be reduced by important
constraints on the size of the b and c effective couplings.
We have checked that our constraints from Fig. 7 are in
qualitative agreement with the constraints in Ref. [63].
The perturbative consistency constraints are only rel-

evant if these regions are statistically explored by the
collider experiments and used to derive limits. This is, in
particular, relevant for future colliders, which are envi-
sioned to target partonic collision energies in the range of
10 TeV. For the LHC, we show in Fig. 8 the predicted cross
section distributions with mHHH within the HEFT for two
BSM examples with c ¼ 1 and c ¼ 2. The solid lines refer
to the predictions in the unitarity-preserving region and the
dashed lines extend into the unitarity-violating phase space
region. The crossing points are at the above commented
values of mHHH ¼ 1.75 TeV and 1.4 TeV, respectively.
One can then estimate the restrictions imposed from
unitarity constraints on the LHC rates by computing a
reduction factor ϵU which is defined as the following ratio

ϵU ≡ rates preserving unitarity
total rates

; ð13Þ

an experimental analysis should rely on ϵU ∼ 1 as it will
most likely be based on a nondifferential cross section
exclusion. Not considering selection efficiencies or back-
grounds, we find for the LHC (
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GeV): ϵU ¼ 0.46 for

c ¼ 1 and ϵU ¼ 0.35 for c ¼ 2 (a more comprehensive
overview is given in Table I). A region jcj < 0.5, if
experimentally accessible, would be perturbatively con-
trolled, while providing insights into the electroweak
vacuum as outlined in Sec. I.

FIG. 8. Unitarity constraints on the distributions with the triple
Higgs invariant mass mHHH for two examples with c ¼ 1 (in red)
and c ¼ 2 (in blue). Solid lines are predictions preserving
unitarity. Dashed lines are predictions that do not preserve
unitarity. The SM is included (scaled by 103) for comparison
as a black line. Here we use LO QCD given that the overall
corrections are small.

TABLE I. HEFT rates predicted with VBFNLO (and LO QCD)
for triple Higgs production at future pp colliders, HL-LHC
(14 TeV, 3 ab−1) (left subtable) and FCC-hh (100 TeV, 30 ab−1)
(right subtable) for some selected values of b and c. The
first row displays the SM rates. Here, σ ≡ σðpp → HHHjj),
ϵU ≡ rates preserving unitarity=total rates, and N6b

U ¼ σ × ϵ6b ×
ϵU × L with ϵ6b ≡ 0.583 × 0.86. The event selection details are
given in the main text. N6b

U displays the total number of events
preserving unitarity with 6b-jets, after the 3 Higgs boson decays.

HL-LHC (14 TeV, 3 ab−1) FCC-hh (100 TeV, 30 ab−1)

b c σ (fb) ϵU N6b
U σ (fb) ϵU N6b

U

1.0 0.0 1.94 × 10−4 1.00 0 1.27 × 10−2 1.00 19
1.0 0.1 1.28 × 10−2 9.96 × 10−1 2 1.25 × 101 1.57 × 10−1 3005
1.0 0.5 3.17 × 10−1 6.84 × 10−1 33 3.12 × 102 4.91 × 10−2 23,511
1.0 1.0 1.27 4.60 × 10−1 89 1.25 × 103 3.02 × 10−2 57,887
1.0 2.0 5.07 3.50 × 10−1 272 4.99 × 103 1.18 × 10−2 90,194
1.0 5.0 3.17 × 101 1.69 × 10−1 821 3.12 × 104 5.68 × 10−3 271,802
1.5 0.0 5.56 × 10−1 6.36 × 10−1 54 5.50 × 102 4.11 × 10−2 34,653
1.5 0.1 4.01 × 10−1 6.35 × 10−1 39 3.97 × 102 4.12 × 10−2 25,060
1.5 0.5 3.53 × 10−2 9.33 × 10−1 5 3.41 × 101 1.14 × 10−1 5959
1.5 1.0 1.48 × 10−1 7.77 × 10−1 18 1.42 × 102 6.91 × 10−2 15,074
1.5 2.0 2.27 4.75 × 10−1 166 2.23 × 103 2.49 × 10−2 85,013
1.5 5.0 2.39 × 101 1.70 × 10−1 623 2.35 × 104 5.83 × 10−3 209,782
1.2 0.0 8.90 × 10−2 8.37 × 10−1 11 8.79 × 101 8.05 × 10−2 10,867
1.2 0.1 3.46 × 10−2 9.36 × 10−1 5 3.42 × 101 1.14 × 10−1 5982
1.2 0.5 7.06 × 10−2 8.96 × 10−1 10 6.88 × 101 1.01 × 10−1 10,684
1.2 1.0 6.86 × 10−1 5.84 × 10−1 61 6.73 × 102 3.69 × 10−2 38,136
1.2 2.0 3.82 4.14 × 10−1 242 3.75 × 103 1.96 × 10−2 112,846
1.2 5.0 2.84 × 101 1.69 × 10−1 737 2.80 × 104 5.91 × 10−3 253,718
0.8 0.0 8.95 × 10−2 8.38 × 10−1 12 8.80 × 101 8.02 × 10−2 10,824
0.8 0.1 1.69 × 10−1 7.69 × 10−1 20 1.67 × 102 6.37 × 10−2 16,284
0.8 0.5 7.41 × 10−1 5.85 × 10−1 67 7.31 × 102 3.65 × 10−2 40,929
0.8 1.0 2.03 4.71 × 10−1 147 2.00 × 103 2.48 × 10−2 76,125
0.8 2.0 6.50 2.88 × 10−1 287 6.40 × 103 1.18 × 10−2 116,163
0.8 5.0 3.51 × 101 1.16 × 10−1 624 3.46 × 104 3.71 × 10−3 196,885
0.5 0.0 5.58 × 10−1 6.37 × 10−1 54 5.50 × 102 4.16 × 10−2 35,126
0.5 0.1 7.38 × 10−1 5.85 × 10−1 66 7.28 × 102 3.89 × 10−2 43,399
0.5 0.5 1.71 4.71 × 10−1 124 1.69 × 103 2.47 × 10−2 64,102
0.5 1.0 3.50 4.17 × 10−1 224 3.45 × 103 1.96 × 10−2 103,723
0.5 2.0 8.98 2.25 × 10−1 310 8.85 × 103 8.44 × 10−3 114,532
0.5 5.0 4.06 × 101 1.15 × 10−1 720 4.00 × 104 3.84 × 10−3 235,680
0.0 0.0 2.23 4.70 × 10−1 161 2.20 × 103 2.40 × 10−2 81140
0.0 0.1 2.58 4.10 × 10−1 162 2.54 × 103 1.86 × 10−2 72,706
0.0 0.5 4.22 2.86 × 10−1 185 4.17 × 103 1.13 × 10−2 72,099
0.0 1.0 6.85 2.85 × 10−1 300 6.76 × 103 1.12 × 10−2 116,597
0.0 2.0 1.40 × 101 2.25 × 10−1 484 1.38 × 104 8.29 × 10−3 175,548
0.0 5.0 5.07 × 101 1.15 × 10−1 892 4.99 × 104 3.84 × 10−3 293,866
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Sensitivity to the combination  in HHjj at HL-LHC(a2 − b)

On top of both distributions in Figure 4.4, the cross-section for the particular set of  values that

correspond to the SM is indicated with a starred mark. We can see in both distributions that the SM

prediction is quite close to the cross-section minimum. Thus, we expect a limited sensitivity in the

pp ! HHjj
0 process to the set of HEFT models with small departures from V = 1 and 2V = 1.

This sensitivity is slightly greater for the V distribution, as a result of the minimum having a bigger

curvature.

The previous graphs o↵er us an insight into the role that each  parameter has on the total cross-section

of the process. However, as we mentioned in the introduction, one of the main benefits of using the HEFT

formalism is the treatment of the a and b coe�cients as independent parameters, in contrast to other EFTs

such as the SMEFT. Figures 4.5 and 4.6 show the integrated cross-section of the pp ! HHjj
0 process

with respect to both V and 2V parameters together, as contour maps over the (2V , V ) parameter

space. Both maps are obtained from the same calculations, but Figure 4.5 shows the total cross-section

obtained from exact parton-level simulations whereas Figure 4.6 shows the approximate results from an

interpolated function with a 100 times increase in the resolution. This interpolation is performed via

the fitting of the set of cross-sections from each parton-level simulation to a polynomial in two variables,

namely V ⌘ a and 2V ⌘ b. The polynomial is formed as an expansion in powers of a and b up to a
4

and b
2 as follows:

�pp!HHjj0(a, b) = Ca4a
4 + Ca3a

3 + Ca2a
2 + Ca2ba

2
b + Cabab + Cb2b

2 (4.4)

Notice that other potential combinations of coe�cients have not been considered since they do not result

from any interference from the di↵erent diagrams discussed in the amplitude calculation of Section 3.

The resulting cross-section interpolated function is described by the following coe�cients:

Ca4 = 1.62 ⇥ 10�2
pb, Ca3 = �0.41 ⇥ 10�2

pb, Ca2 = 0.05 ⇥ 10�2
pb (4.5)

Figure 4.6. Interpolated two variable function for the integrated cross-section of the contour lines of �(pp !

HHjj0) in the (2V , V ) = (b, a) plane. The considered intervals are �1 < V < 1.5 and �1 < 2V < 2. The point

V = 2V = 1 is indicated with a star and corresponds to the standard model, whose cross-section is specified in

the legend. The dashed lines correspond to all points following 2

V � 2V = 0.00 [dark green], 2

V � 2V = 0.05

[light green], 2

V � 2V = 0.20 [red] and 2

V � 2V = 0.80 [violet] correlations.
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Figure 4.7. Interpolated two variable function of the contour lines of �(pp ! HHjj0) in the (V , 2

V � 2V ) =

(a, a2
� b) plane [left] or (2V , 2

V � 2V ) = (b, a2
� b) plane [right]. The considered intervals are �1 < V < 1.5,

�1 < 2V < 2 and �2 < 2

V � 2V < 3.25, respectively. The SM point is indicated with a star. The dashed lines

correspond to all points following 2

V � 2V = 0.00 [dark green], 2

V � 2V = 0.05 [light green], 2

V � 2V = 0.20

[red] and 2

V � 2V = 0.80 [violet] correlation parameters. The white region present in graph B corresponds to

values of 2

V � 2V and 2V for which V results imaginary.

4.3 HEFT di↵erential cross section, d�(pp ! HHjj
0)/d⌘H , versus (2

V
� 2V )

In this subsection, we explore the HEFT predictions for some di↵erential cross-sections that may enhance

the sensitivity to the combination (2
V

�2V ) of our interest here. In particular, we focus on the di↵erential

cross section with respect to the Higgs boson’s pseudo-rapidity ⌘H , which turns out to be an interesting

variable in this study, given the expected high transversality of the final Higgs bosons, as discussed in

section 3.

In order to study the angular phenomenology of our process with respect to the aforementioned

combination of V and 2V , we simulated a sample consisting of 20 signals obtained using HEFT models

with the particular combinations of the -parameters 
2
V

� 2V = 0.00, 0.05, 0.20 and 0.80.

Figure 4.8 shows the predicted di↵erential cross-section within HEFT of the pp ! HHjj
0 signals with

respect to the pseudo-rapidity ⌘H1 of the Higgs boson leading in PT . Each of the four lines included

within each graph are obtained using a HEFT model with a di↵erent value for the 
2
V

�2V combination.

Signals in dark green correspond to 
2
V

� 2V = 0.00, in light green to 
2
V

� 2V = 0.05, in red to


2
V

� 2V = 0.20, and in violet to 
2
V

� 2V = 0.80. The title of each graph also indicates explicitly the

value of the a or b parameter fixed for all four lines. Predictions obtained using the values a = b = 1

corresponding to the SM case are shown in black.

We put our focus first on the first plot (V = 1.00) and the fourth plot (2V = 1.00) since both plots

include the SM prediction and we can compare this reference case with the HEFT predictions. Using

HEFT models with increasing values for the combination parameter 
2
V

� 2V , the BSM signals deviate

from the SM twin-peak distribution to a central distribution with respect to the Higgs pseudo-rapidity.

These twin-peak distributions with maxima at |⌘H | ⇡ 2 characteristic of the SM are associated typically

with the VBF topology. Moreover, we see clearly that the height of the central peak around ⌘H = 0 in

the HEFT predictions grows with the value of (2
V

� 2V ), as expected from the commented behaviour

of the subprocess amplitude AL with this combination of HEFT parameters.
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rather than  and/or b separately
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(VBF cuts applied to jj)

Studied events are:

γγbb̄jj

Figure 6.2. Predicted sensitivity to 2

V � 2V using Strategy I, based on ⌘�� . The results for the Selections, A

(salmon) A+B (green), A+C (blue) and A+B+C (pink), are shown in di↵erent colors. The narrow colored bands

along each parabola are produced when moving separately V and 2V for each 2

V � 2V value.

.

Figure 6.3. Predicted sensitivity to 2

V � 2V using Strategy II, based on P T

�� . The results for the Selections,

A (salmon) A+B (green), A+C’ (blue) and A+B+C’ (pink), are shown in di↵erent colors. The narrow colored

bands along each parabola are produced when moving separately V and 2V for each 2

V � 2V value.

.

Conclusions

In this work, we have studied the e↵ective interactions HV V and HHV V within the HEFT context and

their potential correlations described by the combination parameter a
2
� b = 

2
V

�2V . We have selected

the process pp ! HHjj
0 at LHC, which is sensitive to this particular combination 

2
V

� 2V , in contrast
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Some comments on these distributions of Fig. 6.1 are in order. First, we see that in all the panels the

predictions for the dominant SM-QCD-EW (non-resonant) background (blue lines) are above the HEFT

signals (red, green and black lines), as already manifested for the total parton-level cross sections in

table 6.1. Second, the plots showing the largest di↵erences in the shapes between signal and background

are those for the variables of the pairs �� and bb. Specifically, these are the transverse momentum, the

pseudo-rapidity and the invariant mass, i.e., P
bb

T
, P

��

T
, ⌘�� , ⌘

bb
, M�� , M

bb
. Also the total invariant

mass M
bb��

shows some di↵erences in the large invariant mass region. The HEFT predictions for the

distributions in P
bb

T
, P

��

T
, ⌘�� and ⌘

bb
confirm the high transversality of these pairs, as expected from our

previous commments on the high transversality of the two Higgs bosons produced. In the ⌘ distributions

we see that central peaks at ⌘ = 0 in the red and green lines as opposed to the blue and black lines. In

the case of the PT distributions we see the long tails with small slopes at large transverse momentum.

Finally, The HEFT predictions for the distributions in M�� and M
bb

show clearly the peaks around mH ,

as expected, in contrast to the broad distribution for the background (non-resonant) prediction. Any of

these kinematic variables are therefore good candidates as signal/background discriminants. Accordingly,

in the following we design new selections to improve the HH final state isolation that are based on the

above behaviour found.

We define Selection B based on M�� and M
bb

as follows:

Selection B M�� & M
bb

:

SM Ei bb̄��jj BKG Ei

HH final state isolation
120 < M�� < 130 GeV 55% 6%
50 < M

bb̄
< 150 GeV 89% 45%

Total selection e�ciency (A+B) (⇧i
Ei) 18% 1%

We define Selection C based on ⌘�� as follows:

Selection C ⌘�� :

SM Ei bb̄��jj BKG Ei

HH final state isolation �2 < ⌘�� < 2 60% 59%

Total selection e�ciency (A+C) (⇧i
Ei) 22% 16%

Finally, we define Selection C’ based on PT

��
as follows:

Selection C’ P
T

��
:

SM Ei bb̄��jj BKG Ei

HH final state isolation Pt

��
> 200 GeV 8% 3%

Total selection e�ciency (A+C’) (⇧i
Ei) 3% 1%

Then we propose two strategies, I and II, optimized for ⌘�� and P
T

��
respectively.
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Some comments on these distributions of Fig. 6.1 are in order. First, we see that in all the panels the

predictions for the dominant SM-QCD-EW (non-resonant) background (blue lines) are above the HEFT

signals (red, green and black lines), as already manifested for the total parton-level cross sections in

table 6.1. Second, the plots showing the largest di↵erences in the shapes between signal and background

are those for the variables of the pairs �� and bb. Specifically, these are the transverse momentum, the

pseudo-rapidity and the invariant mass, i.e., P
bb

T
, P

��

T
, ⌘�� , ⌘

bb
, M�� , M

bb
. Also the total invariant

mass M
bb��

shows some di↵erences in the large invariant mass region. The HEFT predictions for the

distributions in P
bb

T
, P

��

T
, ⌘�� and ⌘

bb
confirm the high transversality of these pairs, as expected from our

previous commments on the high transversality of the two Higgs bosons produced. In the ⌘ distributions

we see that central peaks at ⌘ = 0 in the red and green lines as opposed to the blue and black lines. In

the case of the PT distributions we see the long tails with small slopes at large transverse momentum.

Finally, The HEFT predictions for the distributions in M�� and M
bb

show clearly the peaks around mH ,

as expected, in contrast to the broad distribution for the background (non-resonant) prediction. Any of

these kinematic variables are therefore good candidates as signal/background discriminants. Accordingly,

in the following we design new selections to improve the HH final state isolation that are based on the

above behaviour found.

We define Selection B based on M�� and M
bb

as follows:

Selection B M�� & M
bb

:

SM Ei bb̄��jj BKG Ei

HH final state isolation
120 < M�� < 130 GeV 55% 6%
50 < M

bb̄
< 150 GeV 89% 45%

Total selection e�ciency (A+B) (⇧i
Ei) 18% 1%

We define Selection C based on ⌘�� as follows:

Selection C ⌘�� :

SM Ei bb̄��jj BKG Ei

HH final state isolation �2 < ⌘�� < 2 60% 59%

Total selection e�ciency (A+C) (⇧i
Ei) 22% 16%

Finally, we define Selection C’ based on PT

��
as follows:

Selection C’ P
T

��
:

SM Ei bb̄��jj BKG Ei

HH final state isolation Pt

��
> 200 GeV 8% 3%

Total selection e�ciency (A+C’) (⇧i
Ei) 3% 1%

Then we propose two strategies, I and II, optimized for ⌘�� and P
T

��
respectively.
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Allowed

S ≃ 2 If   −0.6 < (a2 − b) < 0.6
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Figure 7. Cross section contours within the NLO HEFT for 13 TeV HHH production, relative to the
NLO reference expectation as defined in Eqs. (2.10) and (2.12). The contours are in the (adddd,3)
plane (upper left plot), the (aHddW ,3) plane (upper right plot) and the (aHHdd,3) plane (lower
plot).

relevant, in particular as we can expect a realistic reconstruction in a busy environment to be

experimentally challenging. That said, the HL-LHC is likely to test the 3 & �0.5; this is a

parameter region where a significant, order-of-magnitude departure of the HHH production

is possible provided that the Higgs potential reflects a sizeable amount of non-linearity. Such

enhancements could be probable at the HL-LHC and future colliders and might constitute a

strong motivation to pursue this final state in whilst closing in on the HL-LHC HH production

sensitivity target.

Looking towards the more distant future, in Fig. 8 we show representative distributions

of cross section modifications at a 100 TeV FCC-hh. Our findings here are qualitatively

similar to those for 13 TeV collisions, of course, at a significantly increased SM production

rate. In particular, the momentum dependencies are therefore probed with a higher expected

sensitivity. And as 100 TeV collisions probe the tails of HHH production much more e�-

ciently than the LHC, we see larger enhancements for parameter choices, that populate the
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⌫
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Table 1. Relevant HEFT operators Oi with ai being the corresponding HEFT coe�cients.

embedded U(1)Y ⇢ SU(2)R so that the model describes a nonlinear realisation of electroweak

symmetry breaking SU(2)L ⇥ U(1)Y ! U(1)em. The field strength tensors are defined as

Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ + i[Ŵµ, Ŵ⌫ ] ,

B̂µ⌫ = @µB̂⌫ � @⌫B̂µ , with

Ŵµ = gW
a
µ
⌧
a

2
, B̂µ = g

0
Bµ

⌧
3

2

(2.2)

with weak and hypercharge couplings g, g
0, respectively; ⌧

a are the Pauli matrices. Elec-

troweak gauging in Eq. (2.1) is achieved through the covariant derivative

DµU = @µU + iŴµU � iUB̂µ . (2.3)

Notice that gauge-fixing and Faddeev-Popov terms were omitted for simplicity in L2, in par-

ticular, we will implement the Feynman gauge in the numerical computations. Furthermore,

we are assuming that fermionic interactions are the same as in the SM. Hence, we consider the

new physics only in the bosonic sector. Concretely, in the chiral dimension two Lagrangian,

it is parametrized by the a, b, 3 and 4 HEFT coe�cients, and the chiral dimension four

operators are collected in Tab. 1.

Once the on-shell renormalisation conditions are imposed, the counterterms and all the

renormalized 1-PI vertex functions are written in terms of the renormalized parameters elec-

tric charge and physical masses mW = gv/2, mZ =
p
g2 + g02 v/2 and m

2
H = 2v2�. From this

Lagrangian, one can derive the interactions that are relevant for the calculation of the relevant

(sub)amplitudes. The tree level contribution comes from both L2 and L4, whereas the loop

contributions arise from the chiral dimension two Lagrangian only. The counterterms come

from the chiral dimension two Lagrangian, and also the ai coe�cients of the chiral dimension

four act as counterterms. The building blocks relevant for the gg ! HHH (gg ! HH follows

from similar decomposition as shown in Fig. 2) are the irreducible two, three, and four-point

– 4 –
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Figure 6. Cross section contours within the NLO HEFT for 13 TeV HH (left) and HHH (right)
production, relative to the NLO reference expectation as defined in Eqs. (2.10) and (2.12). The
contours are in the (add2,3) plane (first row) and the (aH22,3) plane (second row).

choice 3 = 4 = a = b = 1 (with top quarks taken SM-like) in Figs. 5, 6, and 7, where we

focus on cross sections expanded according to Eq. (2.9).4 More concretely, in the following,

we refer to

�
ref
NLO = �

HEFT
NLO (3,4, a, b = 1, ai = 0) for all remaining i in Eq. (2.1), (2.10)

as the reference value (see, e.g. [47] for a discussion on how this choice can be related to the

SM through field redefinitions). When scanning over the HEFT parameters we will always

retain a choice a = b = 1.

It should be noticed that this NLO reference cross section value in Eq. (2.10) is not far

numerically from the SM-LO prediction. For the LHC with 13 TeV collisions we observe

�
SM
LO (HH) = �

ref
LO(HH) = 17.40 fb ;�SM

LO (HHH) = �
ref
LO(HHH) = 0.041 fb (2.11)

4Cross sections are therefore not positive definite and negative cross sections are typically understood as

parameter choices giving rise to strong coupling as the S matrix remains unitary.
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HH HHH HHH

The largest BSM effects  in HHH are from operators with

 higher number of derivatives, like etc  adddd ≡ γ, . . .

For instance, for  and 


   !!!

(green point      in plot bellow)

adddd = − 0.040 κ3 = 1

σHEFT(HHH) ∼ 2 σSM(HHH) (100%)

Plots for other   in 2405.05385a′￼is

Anisha, D.Domenech,  C. Englert, M.J. Herrero, R.A.Morales , PRD110,095016(2024), 2405.05385

41María  Herrero,   HEFT 2024,  Bolonia , 13  June 2024

( s = 13 TeV)LHC
Reference SM (from gluon gluon fusion) 

σSM(pp → HH) = 1.8 × 10−2 pb σSM(pp → HHH) = 4 × 10−5 pb

in particular, generalizing the expectations of Standard
Model effective field theory (SMEFT). The triple-Higgs
final states are extremely rare in the SM at the LHC but have
been highlighted as a target of a future hadron machine or
BSM extensions [5–15]. Our analysis provides a theoreti-
cally robust interpretation framework to scrutinize large
enhancements of the current and future LHC multi-Higgs
program, with direct relevance to astrophysically relevant
observations [16].
This paper is organized as follows. In Sec. II A, we

briefly introduce Higgs effective field theory and provide
details of our (higher-order) calculation and implementa-
tion. In Sec. II B, we survey HHH and HH production in
HEFT beyond leading order. We summarize our findings
and provide an outlook in Sec. III. In the final Appendix,
we have included all the details of the 1PI Higgs functions
involved in the present computation.

II. HEFTYMULTI-HIGGS PRODUCTION BEYOND
LEADING ORDER

A. Elements of the calculation

In this work, we consider the two-loop factorizable
contributions to pp → HH;HHH, indicated in Figs. 1
and 2 for the two-Higgs production and the more complex
case of triple-Higgs production. While the gluon fusion

topologies for single-Higgs production have a long history
[17–21], the two- and three-Higgs contributions have been
considered in detail much later; in particular, the two-loop
QCD contribution to Higgs pair production in the finite top
mass limit has been made available only recently [22,23].
Electroweak corrections in the SM have been considered in
Ref. [24]. In this work, we will focus on the finite top limit,
at leading order, while focusing on the Higgs interactions
within HEFT beyond leading-order considerations. This is
a motivated approach as the next-to-leading-order (NLO)
QCD interactions are known to be relatively insensitive to
the electroweak details of the amplitude beyond the
relevance of the top mass threshold [25]. Therefore, by
reporting results in comparison with the SM expectation,
we can be confident that most QCD-relevant aspects will
generalize to the inclusion of the electroweak effects that
we consider in this work.
Throughout, following Refs. [26–28], we will use the on-

shell renormalization scheme for the physical states, the
electric charge is defined from the full eeγ on-shell three-
point function at vanishing momentum transfer (the
Thomson limit), and the HEFT coefficients are renormal-
ized in the MS scheme. The building blocks for, e.g., gg →
HHH are shown in Fig. 1 and for gg → HH in Fig. 2. More
precisely, we consider only factorizable two-loop contri-
butions in this work, which is a widely used approximation

FIG. 1. Representative Feynman diagram topologies contribution to gluon fusion triple-Higgs production: (a) triangle diagrams,
(b) box topologies, and (c) pentagon diagrams. The light-shaded regions refer to 1PI irreducible vertex functions [Eqs. (2.4), (2.6), and
(2.7)], whereas the dark-shaded ones refer to the connected reducible four-point scalar vertex function [Eq. (2.8)]. The fermion-Higgs
sector interactions and the fermion-gauge sector interactions are taken to be SM-like for the parameter choices of this work and also the
employed renormalization scheme. Hence, these fermionic diagrams are identical to the SM ones.

FIG. 2. Representative Feynman diagram topologies contribution to gluon fusion double-Higgs production similar to Fig. 1:
(a) triangle diagrams and (b) box topologies. The light-shaded regions again refer to 1PI irreducible vertex functions.
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Summary /Conclusions

HL-LHC (14 TeV) and CLIC (3TeV): best access to  HEFT coeffs. 

42

Our main goal is looking for BSM signals at colliders
The EChL (HEFT) provides the proper tool to compute BSM rates 

Gauge invariant, Renormalizable in , Improved Perturbative Unitarity  Rξ

both at tree and one-loop level.  

Studying specific combinations, like ( ) in HH,    in HHH

 will help to find BSM signals (i.e. enhancements with respect to SM)

a2 − b c +
4
3

a(a2 − b)

We have studied the most relevant ones for Multiple Higgs production      
with focus in  HH and HHH

Specially devoted  to describe low energy behavior of  non-
decoupling (strongly interacting) UV scenarios. (i.e. below resonances) 
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HH with NLO-HEFT:  ;  (Unitarity)η = addVV1 δ = addVV2

enhancement in  at large     enhancement in  at large invariant mass WW → HH s ⇒ e+e− → HHν̄eνe MHH

UV
UV

UV

UV

UV=  to the right of this point prediction enters in the Unitarity Violating region

 subprocess WW Example: VBF from  
(CLIC 3 TeV)

e+e−
2208.05452, Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos 

 Coefficient values ( ) for  and  run into (perturbative) unitarity violation  
consequences for colliders  Either restrict values or cut maximum 

∼ 10−2 η δ ⇒
⇒ mHH

Some authors study emergent resonances in   that appear when imposing unitarity  with the Inverse Amplitude Method (IAM)

See, for instance, review by  Dobado and Espriu.  Prog. Part. Nucl. Phys. 115, 103813 (2020).  

WW → HH



FIG. 6. Generic loop diagrams for the HHH and πWH Green’s functions in the EChL. The topologies for AHH and ZHH are the
same as for πWH.
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FIG. 6. Generic loop diagrams for the HHH and πWH Green’s functions in the EChL. The topologies for AHH and ZHH are the
same as for πWH.
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1PI HHH one-loop diagrams1PI HH one-loop diagrams

the pure gauge and ghost loops predictions) while the corresponding results di↵er for the diagrams
with scalars.

Figure 9. Generic loop diagrams for the self-energies in the EChL. Dashed lines represent the Higgs boson
and the GB bosons, wavy lines represent the EW gauge bosons, and dotted lines are the ghost fields. The
same notation is used in the loop diagrams of all the figures.
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1PI HHHH one-loop diagrams

Figure 9. 1PI bosonic loops. Here wavy lines denote generically gauge bosons, W and/or Z, and
dashed lines denote generically scalar bosons, H and/or GBs ⇡.

from di↵erent origins: 1) from the LO Lagrangian terms, which depend on the LO coe�cients

(3 in HHH and 4 in HHHH), 2) from the NLO Lagrangian terms, which depend on the

NLO coe�cients (generically called ai’s), 3) from the one-loop diagrams collected in Fig. 9

– 16 –

+ ….

All bosonic loops in : scalar (GB,H), gauge, and mixed scalar-gauge Rξ

3-point functions

4-point functions



Full operators list given in the literature (see, for instance, Brivio et al 1311.1823)   

corresponding cross section and identify which operators are the dominant for each polarization
state at TeV energy scale. In Section 3, we present a similar analysis in the SMEFT context. Then,
in Section 4, we compare the resulting amplitudes in both approaches and by matching them we
obtain the relation among the coe�cients in the HEFT and SMEFT. Finally, we move to the e+e�

collider scenario and study the sensitivity to the most relevant EFT coe�cients in Section 5. The
conclusions are given in Section 6.

2 WW ! HH in HEFT

In this section we present our study of WW ! HH within the HEFT context. For this study
we select the bosonic sector, containing the GBs, the Higgs field and the EW gauge bosons, and
use the EChL, which uses a non-linear parametrization of the GB fields and organizes the set of
e↵ective operators describing the new Higgs Physics in terms of their chiral dimension. We will
perform this study at the tree level approximation and will consider operators of both types, the
lowest order chiral dimension two, and of the next to leading order chiral dimension four. First we
present the relevant Lagrangian, then the relevant scattering amplitude, and then the numerical
predictions for the cross sections.

2.1 The relevant HEFT Lagrangian

The relevant HEFT Lagrangian for the present computation is the EChL. The bosonic fields and
building blocks of the EChL are as follows. The four EW gauge bosons, W a

µ (a = 1, 2, 3) and Bµ,
that are the interaction eigenstates associated to the SU(2)L and U(1)Y symmetries, respectively,
the three GBs wa (a = 1, 2, 3) associated to the spontaneous breaking SU(2)L ⇥ U(1)Y ! U(1)em,
and the Higgs boson H. The GBs are introduced in a non-linear representation, usually via the
exponential parametrization, by means of the unitary matrix U :

U(wa) = eiw
a
⌧

a
/v , (2.1)

where, ⌧a, a = 1, 2, 3, are the Pauli matrices and v = 246 GeV. Under an EW chiral transformation
of SU(2)L ⇥ SU(2)R, given by L 2 SU(2)L and R 2 SU(2)R, the field U transforms linearly
as LUR†, whereas the GBs wa transform non-linearly. This peculiarity implies multiple GBs
interactions in the HEFT, not just among themselves but also with the other fields, and it is the
main feature of this non-linear EFT. The H field is, in contrast to the GBs, a singlet of the EW
chiral symmetry and the EW gauge symmetry and, consequently, there are not limitations from
symmetry arguments on the implementation of this field and its interactions with itself and with
the other fields. Usually, in the EChL, the interactions of H are introduced via generic polynomials.

The EW gauge bosons are introduced in the EChL by means of the SU(2)L ⇥ U(1)Y gauge
prescription, namely, via the covariant derivative of the U matrix, and by the SU(2)L and U(1)Y

field strength tensors, given by:

DµU = @µU + iŴµU � iUB̂µ ,

Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ + i[Ŵµ, Ŵ⌫ ] , B̂µ⌫ = @µB̂⌫ � @⌫B̂µ , (2.2)

where Ŵµ = gW a
µ⌧a/2, and B̂µ = g0Bµ⌧3/2. For the construction of the EChL and in addition to

these basic building blocks, it is also customary to use the following objects:

Vµ = (DµU)U † , DµO = @µO + i[Ŵµ, O] . (2.3)

The physical gauge fields are then given, as usual, by:

W±
µ =

1
p

2
(W 1

µ ⌥ iW 2
µ) , Zµ = cW W 3

µ � sW Bµ , Aµ = sW W 3
µ + cW Bµ , (2.4)
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Then, one can rewrite the operators including the ⇤H or DµV
µ pieces in terms of other operators

in L4 by using the following equations, as in [10]:

⇤H = �
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i
@µF(H) , (2.9)

where

F(H) =

✓
1 + 2a

H

v
+ b

H2

v2

◆
. (2.10)

In particular, for the present scattering WW ! HH with external W± and H on-shell states,
one can use the following EOMs, where we have kept in Eq. (2.9) just the terms that provide a
maximum of two H or two W gauge bosons in the operator:

⇤H = �m2
HH �

3

2
3m
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i
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DµV
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i
= �Tr

h
⌧ j

V
µ

i2a

v
@µH . (2.11)

Thus, it is convenient to use the simplified Lagrangian that is obtained after the use of these
EOMs in Eq. (2.11) which is written in terms of a reduced set of couplings. In particular, the
operators of a11 and ad3 can be written in terms of the operator of addVV1; the operator of add⇤
in terms of the operators of addVV2 and aHdd; and the operators of a⇤VV , aH⇤VV , a⇤⇤, and aH⇤⇤
in terms of the operators of aHVV and aHHVV (and also with other operators which do no enter in
this observable). Thus, after the use of the EOMs there is just the reduced basis of operators with
the corresponding combinations of coe�cients which can be renamed again, to simplify, as in the
starting Lagrangian. For instance, the combination of coe�cients entering in the first operator of
Eq. (2.7) after the use of the EOMs is (�addVV1 � 4a2a11 + 2aad3) which we rename as (�addVV1),
and that for the second operator is (�addVV2 + (a/2)add⇤) which we rename as (�addVV2).

Finally, for the present computation of WW ! HH, this reduced version of L4 can be written
as follows:

L
+EOMs
4 = �addVV1
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In summary, our starting EChL contains the following relevant coe�cients for WW ! HH: 3
coe�cients in L2, a, b and 3 (4 does not enter in this process) and 9 coe�cients in L4, addVV1,
addVV2, ad2, aHd2, aHdd, aHWW , aHHWW , aHVV and aHHVV . Notice, that other scattering processes
di↵erent than WW ! HH would require a di↵erent set of reduced operators in L4. For a complete
list of e↵ective operators in the HEFT, see for instance [10]. Notice also that we have used here
a di↵erent notation than in that reference. The relation among the two sets of coe�cients can be
summarized by: addVV1 $ c8, addVV2 $ c20, a11 $ c9, aHWW $ aW , aHHWW $ bW , ad2 $ c5,
aHd2 $ a5, a⇤VV $ c7, aH⇤VV $ a7, ad3 $ c10, aHd3 $ a10, a⇤⇤ $ c⇤H , aH⇤⇤ $ a⇤H ,
add⇤ $ c�H , aHVV $ aC and aHHVV $ bC .
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Applying equations of motion

Reduce number of ai ’s using EOMs
2H = �m2
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⌫
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H @µH + . . .

Combinations appearing in on-shell scattering amplitudes

Ambitious renormalization program o↵-shell:
finite one-loop 1PI Green functions with arbitrary external momenta

Procedure by means of 1PI renormalized functions can be used for
several processes: vertex HWW in WW ! HH and WZ ! WZ

vertex HHH in WW ! HH and HH ! HH

more powerful than just renormalizing concrete scattering amplitudes
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e.o.m

ℒNLO
HEFT =

Then, one can rewrite the operators including the ⇤H or DµV
µ pieces in terms of other operators

in L4 by using the following equations, as in [10]:
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i
@µF(H) , (2.9)

where

F(H) =

✓
1 + 2a

H

v
+ b

H2

v2

◆
. (2.10)

In particular, for the present scattering WW ! HH with external W± and H on-shell states,
one can use the following EOMs, where we have kept in Eq. (2.9) just the terms that provide a
maximum of two H or two W gauge bosons in the operator:

⇤H = �m2
HH �
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⌧ j
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µ

i2a

v
@µH . (2.11)

Thus, it is convenient to use the simplified Lagrangian that is obtained after the use of these
EOMs in Eq. (2.11) which is written in terms of a reduced set of couplings. In particular, the
operators of a11 and ad3 can be written in terms of the operator of addVV1; the operator of add⇤
in terms of the operators of addVV2 and aHdd; and the operators of a⇤VV , aH⇤VV , a⇤⇤, and aH⇤⇤
in terms of the operators of aHVV and aHHVV (and also with other operators which do no enter in
this observable). Thus, after the use of the EOMs there is just the reduced basis of operators with
the corresponding combinations of coe�cients which can be renamed again, to simplify, as in the
starting Lagrangian. For instance, the combination of coe�cients entering in the first operator of
Eq. (2.7) after the use of the EOMs is (�addVV1 � 4a2a11 + 2aad3) which we rename as (�addVV1),
and that for the second operator is (�addVV2 + (a/2)add⇤) which we rename as (�addVV2).

Finally, for the present computation of WW ! HH, this reduced version of L4 can be written
as follows:

L
+EOMs
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H
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i
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In summary, our starting EChL contains the following relevant coe�cients for WW ! HH: 3
coe�cients in L2, a, b and 3 (4 does not enter in this process) and 9 coe�cients in L4, addVV1,
addVV2, ad2, aHd2, aHdd, aHWW , aHHWW , aHVV and aHHVV . Notice, that other scattering processes
di↵erent than WW ! HH would require a di↵erent set of reduced operators in L4. For a complete
list of e↵ective operators in the HEFT, see for instance [10]. Notice also that we have used here
a di↵erent notation than in that reference. The relation among the two sets of coe�cients can be
summarized by: addVV1 $ c8, addVV2 $ c20, a11 $ c9, aHWW $ aW , aHHWW $ bW , ad2 $ c5,
aHd2 $ a5, a⇤VV $ c7, aH⇤VV $ a7, ad3 $ c10, aHd3 $ a10, a⇤⇤ $ c⇤H , aH⇤⇤ $ a⇤H ,
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ℒNLO + e.o.m
HEFT =

where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle.
We consider here only the relevant e↵ective operators for the scattering of our interest,

WW ! HH, and restrict ourselves to the subset that is invariant under the custodial symme-
try, an approximation which is very reasonable for the study of this scattering process at TeV
energies. The operators selected in the EChL are organized as usual by their chiral dimension into
two terms: L2, with chiral dimension two and L4 with chiral dimension four. In momentum space,
a �dim=2 contribution means O(p2) whereas a �dim=4 contribution means O(p4). For this chiral
counting, we consider as usual that all involved masses count equally as momentum, namely, with
chiral dimension one. Consequently, @µ , mW , mZ , mH , gv , g0v , �v ⇠ O(p) . Thus, the relevant
EChL, that is SU(2)L ⇥U(1)Y gauge (and custodial) invariant, and that is valid for NLO tree level
calculations which include �dim=2 and �dim=4 operators, is summarized by:

LEChL = L2 + L4 (2.5)

where the relevant chiral dimension two Lagrangian for WW ! HH is

L2 =
v2

4

✓
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Tr
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i
+ LGF + LFP , (2.6)

and the relevant chiral dimension four Lagrangian for WW ! HH is
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m2
H
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v
@µH @µH (2.7)

In the Lagrangian with �dim= 2, in Eq. (2.6), LGF and LFP are the gauge-fixing Lagrangian and
Fadeev-Popov Lagrangian, respectively, and V (H) is the Higgs potential, which we take here as

V (H) =
1

2
m2

HH2 + 3�vH3 + 4
�

4
H4 , (2.8)

with m2
H

= 2�v2. Concretely, for the present computation of the WW ! HH scattering we will
set the Feynman-’t Hooft gauge with gauge fixing parameter ⇠ = 1. The specific formulas for LGF

and LFP in generic covariant R⇠ gauges, within the EChL context, can be found in [9].
The reference values for the coe�cients in the EChL to reach the SM predictions are: a = b =

3 = 4 = 1 in L2, and ai = 0 for all the coe�cients in L4. This means that the new physics BSM
is encoded in the chiral coe�cients a, b, 3 and 4 of L2 when they are di↵erent from one, and in
the non-vanishing values of the ai coe�cients of L4.

The previous Lagrangian with �dim=4 in Eq. (2.7) can be further reduced by the use of the
equations of motion (EOMs) if these operators are to be used in a tree level computation of a
scattering amplitude where the external legs are on-shell, like the one we are interested in here.
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Reduction  from 15 to 9   NLO coefficients entering into      a′￼is WW → HH

The most relevant 
are 

addVV1 ≡ η , addVV2 ≡ δ

 NLO-HEFT relevant operators for HH
2208.05900,  Phys. Rev. D 106(2022), 073008, Herrero, Morales (WW to HH)

ℒLO

ℒLO

These operators contain 4 derivatives !! 
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Figure 3. Cross sections within HEFT relative to the reference LO expectation, cf. Eq. (2.11). Here
we focus on sensitivities to 3 and 4 and set all NLO coe�cients to ai = 0. To highlight regions
of strong coupling, we also include the squared NLO contributions which are part of the NNLO
corrections. For details see text.

In the following, we will identify a = b = 1 as these couplings will be predominantly con-

strained by single Higgs measurements. Note also that as we are assuming the on-shell scheme

with HEFT parameters chosen to reproduce the SM for the Higgs interactions with W,Z

bosons (as well as SM-like fermions), the dominant decay phenomenology of the Higgs is SM-

like and our results therefore generalize to the exclusive decay channels H ! bb̄, ⌧⌧, ��,WW .

Having a more detailed look at Fig. 3, we gather a qualitative estimate of the size of the

radiative weak corrections within the approximation detailed above. As can be seen, close

to the SM-like choices 3 = 4 = 1, the radiative corrections are moderately small ⇠ 10%

for HH and ⇠ 30% for HHH production (the latter results from a larger sensitivity to 3

as the 4-dependence is probed highly o↵-shell). These numerical NLO HEFT results for

the cross sections are in concordance with the numerical results obtained in the appendix A

for the 1PI functions and indicate that the e↵ective momentum for the virtuality q value

of the propagating internal Higgs boson at the LHC is rather close to the threshold value,

i.e. q ' 2mH and q ' 3mH in HH and HHH production, respectively. The size of the

HEFT radiative corrections in HH and in HHH production are in any case larger than the

weak radiative corrections within the SM framework which, according to the results for the
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gg
→

H
H

gg
→

H
H

H

Corrections at LHC (13 TeV) cross sections 

κ3

κ3

κ4

κ4

Figure 6. Cross section contours within the NLO HEFT for 13 TeV HH (left) and HHH (right)
production, relative to the NLO reference expectation as defined in Eqs. (2.10) and (2.12). The
contours are in the (add2,3) plane (first row) and the (aH22,3) plane (second row).

choice 3 = 4 = a = b = 1 (with top quarks taken SM-like) in Figs. 5, 6, and 7, where we

focus on cross sections expanded according to Eq. (2.9).4 More concretely, in the following,

we refer to

�
ref
NLO = �

HEFT
NLO (3,4, a, b = 1, ai = 0) for all remaining i in Eq. (2.1), (2.10)

as the reference value (see, e.g. [47] for a discussion on how this choice can be related to the

SM through field redefinitions). When scanning over the HEFT parameters we will always

retain a choice a = b = 1.

It should be noticed that this NLO reference cross section value in Eq. (2.10) is not far

numerically from the SM-LO prediction. For the LHC with 13 TeV collisions we observe

�
SM
LO (HH) = �

ref
LO(HH) = 17.40 fb ;�SM

LO (HHH) = �
ref
LO(HHH) = 0.041 fb (2.11)

4Cross sections are therefore not positive definite and negative cross sections are typically understood as

parameter choices giving rise to strong coupling as the S matrix remains unitary.
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Size of the EW loops  in  and in  gg → HH gg → HHH

The most relevant change is in  

 For <0,  we find relevant 


enhancements in the NLO/LO prediction 

  of 


and in 

 of ( if )

κ3
κ3

σ(HH) ∼ 10 %

σ(HHH) ∼ 30 % ∼ 80 % NLO2

Anisha, D.Domenech,  C. Englert, M.J. Herrero, R.A.Morales , 2405.05385

Most important message: 

(EW) loop corrections within NLO-HEFT change 


the sensitivity to  and  in HH and HHH production at LHC   κ3 κ4

Also large changes in  

For >0,  we find relevant 


reductions in the NLO/LO prediction 

 of      

κ4
κ4

σ(HHH) ∼ 50 %
All simulations done with BVFNLO



Example of Global Fits in the SMEFT (dim6)
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Figure 2: Comparison of the limits on the Wilson coe�cients from a global fit purely

based on LO predictions (LO), with those including RGE e↵ects (LO+RGE) and including

partial NLO predictions (NLO+RGE). Note that some Wilson coe�cients have been scaled

by appropriate factors on the x axis and that the y axis is di↵erent between the two panels.

it significantly improves the bounds on C
(1)

qd
, C

(1)

qu , C
(1)

ud
and Cdd, which are only weakly

constrained at LO. To quantify this statement, we present the results of a principal com-

ponent analysis (PCA) in Appendix A. In the following, we discuss the main di↵erences

between the LO fit and RGE improved LO fit for di↵erent Wilson coe�cient categories.

Operators contributing to EWPO at LO The global limits on C
(1)

Hq
, CHu and CHd,

which contribute to modified Zqq̄(h) couplings, increase by factors 10.1, 4.5 and 5.9, re-

spectively. This is the result of significant correlations between the quark-gauge operators

and four-quark operators induced by the RG evolution. For C
(3)

Hq
, which also contributes

to modified Wqq̄
0(h) interactions, correlations with four-quark operators are milder as a

result of the additional constraints from W decay and Wh production. In the top left

panel of Fig. 3, we show the correlations of C
(1)

Hq
, CHu and CHd with selected four-quark

operators after including RGE e↵ects in the fit. As one can see, several correlations are

above the 50% level. To highlight how much of these correlations is due to the RGE
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R.Bartocci , A. Biekotter , T. Hurth,  2412.09674, JHEP 05 (2025) 203  

6 Bosonic



Example of Global Fits in the SMEFT (dim6) (cont)
Using our relations  found from HEFT/SMEFT matching…… 

|Δa |SMEFT < 0.1

The previous constraints on   (for ) from Global Fits,  imply constraints on the HEFT coeffs….
cSMEFT

i

Λ2
(TeV−2) Λ = 4 TeV

For instance, for  LO-HEFT coeffs. we get:

|Δb |SMEFT < 0.4 |c |SMEFT < 0.3

|Δκ3 |SMEFT < 9.5 |Δκ4 |SMEFT

And , for  NLO-HEFT coeffs. we get:

|aH0 |SMEFT < 0.1 |aHH0 |SMEFT < 0.24 |aHWW |SMEFT < 0.058 |aHHWW |SMEFT < 0.029

|aHBB |SMEFT < 0.058 |aHHBB |SMEFT < 0.029 |aH1 |SMEFT < 0.053 |aHH1 |SMEFT < 0.026

|aHHH0 |SMEFT < 0.2

practically unconstrained



Comparing the size of coeffs HEFT/ SMEFT at WW → HH

 In particular :    𝒪(∂4) addVV1 ≡ η , addVV2 ≡ δ versus  

Notice that the SM prediction is reached from the previous HEFT result by taking a = b = 3 = 1
(4 does not enter in this scattering amplitude) and all the remaining EChL coe�cients in L4

set to zero, ai = 0. We include the SM amplitude below for comparison, where we also use the
Feynman-’t Hooft gauge and m2

H
= 2�v2, m2

W
= g2v2/4,

A(WW ! HH)|SM =
g2

2
3

m2
H

S � m2
H

✏+ · ✏�

+g2 m2
W✏+ · ✏� + ✏+ · k1 ✏� · k2

T � m2
W

+g2 m2
W✏+ · ✏� + ✏+ · k2 ✏� · k1

U � m2
W

+
g2

2
✏+ · ✏� (2.17)

Some comments are in order about the previous analytical results for the scattering amplitude
A(WW ! HH)|HEFT. First of all, notice that it is written in terms of the polarization vectors
of the initial W+ and W�, given by ✏+(p+) and ✏�(p�), respectively. Therefore, the particular
physical helicity amplitudes for the polarized gauge bosons, longitudinal WL and transverse WT ,
can be obtained from these expressions above, just by replacing the corresponding polarization
vectors for these L and T modes. The expressions of A

(2) above have been found previously in the
literature, Ref. [3], and we have checked the agreement with those results. The expressions of A

(4)

above are new. Other previous computations in the literature, contain some simplifications. In [11]
this amplitude is computed using the Equivalence Theorem, therefore, it is computed with GBs
w in the external legs. The corresponding amplitude A

(4) of the GB scattering A(ww ! HH) is
given in terms of two coe�cients, called ⌘ and � in [11], that correspond to the two scalar operators
of �dim=4 that are the relevant ones in that case. Concretely,

L
scalar
4 = ⌘

@µH @⌫H

v2
Tr

h
@µU †@⌫U

i
+ �

@µH @µH

v2
Tr

h
@⌫U †@⌫U

i
+ . . . (2.18)

Notice that this scalar part is contained in our EChL Lagrangian. Concretely, this is inside the
first two terms of Eq. (2.12) which can be rewritten as,

L4 = addVV1
@µH @⌫H

v2
Tr

h
DµU †D⌫U

i
+ addVV2

@µH @µH

v2
Tr

h
D⌫U †D⌫U

i
+ . . . (2.19)

Thus, the relation of the two above Lagrangians in Eqs. (2.18)-(2.19) can be simply obtained by
replacing addVV1 by ⌘ and addVV2 by �.

The tree level analytical computation of A
(4) in [12] is performed with physical external gauge

bosons and with a reduced set of e↵ective operators in the EChL. Their analytical results for the
various channels in the WW ! HH scattering amplitude are given in the Landau gauge, i.e. with
massless GBs. The reduced set of e↵ective operators and �dim=4 coe�cients, named ⌘, � and �
that are involved in the results of this reference correspond to our addVV1, addVV2, ad2 and aHd2.
We have checked the agreement of the contributions to the amplitude for this subset of operators
with those results in [12] by doing the following replacement, addVV1 by ⌘, addVV2 by �, ad2 by
b1� and aHd2 by 2b2�. The other contributions in the amplitude from the remaining ai’s are not
included in [12].

In summary, in this section we have determined the scattering amplitude for all the generic
polarization channels, in A(WXWY ! HH)|HEFT with XY = LL, TT, LT, TL, in terms of 3
coe�cients of L2: a, b and 3 and of 9 coe�cients of L4: addVV1, addVV2, ad2, aHd2, aHdd, aHWW ,
aHHWW , aHVV and aHHVV . In the next section we will determine which coe�cients among these
ones are the most relevant coe�cients to describe the BSM Higgs physics at the TeV colliders.
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 HEFT

  chdim4 

 SMEFT 

     dim8

ℒ8 =
c(1)

ϕ4

Λ4
(Dμϕ†Dνϕ)(Dνϕ†Dμϕ) +

c(2)
ϕ4

Λ4
(Dμϕ†Dνϕ)(Dμϕ†Dνϕ) +

c(3)
ϕ4

Λ4
(Dμϕ†Dμϕ)(Dνϕ†Dνϕ) + . . .

c(1,2,3)
ϕ

2208.05452, Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos 

Matching : HEFT (SMEFT) ⇤ =1 TeV ⇤ =2 TeV ⇤ =3 TeV

addVV1

⇣
c(1)
�4 + c(2)

�4

⌘
±0.01 (±11) ±0.01 (±175) ±0.01 (±885)

±0.001 (±1.1) ±0.001 (±17.5) ±0.001 (±88.5)

addVV2

⇣
c(3)
�4

⌘
±0.0001 (±0.11) ±0.0001 (±1.75) ±0.0001 (±8.85)

Table 1. Numerical matching among the HEFT and SMEFT coe�cients for several choices of the ⇤
cut-o↵. We display here just the most relevant HEFT coe�cients for the forthcoming study at TeV e+e�

colliders which are addVV1 = ⌘ and addVV2 = �.

example, we see in Eq. (4.3) that it is not possible to match the e↵ect of a�⇤ alone with HEFT
coe�cients after imposing that a = b = 3 = 1.

Finally, to learn on the relative size of the coe�cients in the two theories, we present in Table 1
the numerical predictions of the matching relations in Eq. (4.3) for the most relevant NLO-HEFT
parameters, addVV1 and addVV2, and for three possible values of the SMEFT cut-o↵ of ⇤ = 1, 2, 3
TeV. In this table, we clearly see that, in order to get large departures with respect to the SM in

the SMEFT cross sections from the canonical dimension 8 coe�cients, a(1,2,3)
�4 , being comparable to

those in the HEFT from the chiral dimension 4 coe�cients, addVV1,2, one needs rather large SMEFT

coe�cients, as already said. For instance, a value of addVV2 ⇠ 0.001 requires a value of a(3)
�4 ⇠ 1.1

for ⇤ = 1 TeV and a(3)
�4 ⇠ 88 for ⇤ = 3 TeV. This is compatible with what we have learnt in the

previous section by studying numerically the departures, as a function of energy, of the SMEFT
cross section with respect to the SM one. Concretely, by fixing ⇤ = 3.5 TeV we found relevant
departures from the dim 8 operators, at the TeV energy domain, if the coe�cients are taken as
large as O(100), signaling a strongly underlying interacting UV theory. In the next section, we will
evaluate some phenomenological consequences from these dim 8 operators at e+e� colliders with
energies in the TeV domain.

5 Sensitivity to the EFT coe�cients at TeV e
+
e

�
colliders via HH⌫⌫̄ production

In this section we explore the sensitivity to the EFT BSM Higgs couplings at the future planned
TeV e+e� colliders. We first perform a numerical computation of the total cross section at these
colliders for the full di-Higgs production process �(e+e�

! HH⌫⌫̄) and later we analyze the
sensitivity to the EFT coe�cients by considering the particular events with four b-jets and missing
energy, coming from the dominant H decay into bb̄ pairs, namely, we analyze the total process
e+e�

! bb̄bb̄⌫⌫̄. For this analysis we focus on the two most relevant EFT coe�cients, � and ⌘ of
the NLO tree level scattering amplitude, which have been related in the previous sections with the
coe�cients in both EFTs, the HEFT and the SMEFT. The corresponding analysis of the LO tree
level HEFT coe�cients, a, b and 3 was done in Ref. [3], thus we do not repeat it here. For the
present analysis of the NLO coe�cients we set the LO ones to their SM values, i.e., in the HEFT
case, we set a = b = 3 = 1.

For the computation of the full cross section we use MadGraph5 (MG5) [28] which gen-
erates and accounts for all the Feynman diagrams contributing to the full scattering process,
e+e�

! HH⌫⌫̄. Therefore, all the participating diagrams are included, i.e., those with WW
fusion configuration and also the others that do not have this configuration, like those with inter-
mediate Z bosons which decay to ⌫⌫̄, i.e., e+e�

! HHZ ! HH⌫⌫̄. These latter configurations
are known to be highly subdominant as compared to the WW fusion ones, in the case of e+e�
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In SMEFT (dim 8)  the predictions for  also grow with energy but  produce smaller 
enhacements respect to SM (compared to HEFT) due to  suppression

σ(WW → HH)
1/Λ4

That means, in practice, the following identification:

A(WW ! HH)HEFT = A(WW ! HH)SMEFT. (4.1)

If we split the amplitude in both sides separating explicitly the SM contribution (which cancels in
this equation), then this matching can be simply written as:

A
(2) + A

(4) = A
[6] + A

[8]. (4.2)

Notice that in this previous equation, we are keeping just the linear terms in all the coe�cients.
Notice also that A

(2) should be re-written after separating the SM part, and this can be done by
considering �a ⌘ 1 � a, �b ⌘ 1 � b and �3 ⌘ 1 � 3. These two features, then imply replacing,
in A

(2) of Eq. (2.16) (a3) by �(�a + �3), a2 by �2�a, and b by ��b, and in A
(4) of Eq. (2.16)

setting a = 3 = 1.
Finally, the equation of the matching of the amplitudes is solved in terms of the EFT coef-

ficients. This solving takes into account all kinematical structures, including the dependence in s
and cos ✓ with ✓ the scattering angle, the polarization vector products, and the mass dependencies.
We then arrive at the following matching equations among the EFT coe�cients:

a � 1 =
1

4

v2

⇤2
�a�D

b � 1 =
v2

⇤2
�a�D

3 � 1 =
5

4

v2

⇤2
�a�D

aHWW = �
v2

2m2
W

v2

⇤2
a�W

aHHWW = �
v2

4m2
W

v2

⇤2
a�W

addVV1 =
v4

4⇤4

h
c(1)
�4 + c(2)

�4

i

addVV2 =
v4

4⇤4
c(3)
�4 (4.3)

while aHVV , aHHVV , ad2, ad2 and aHdd have no counterpart in the SMEFT (given the reduced set
of operators under study). The results in the first two equations involving a�⇤ agree with those
obtained in Ref. [27] where the matching was performed at the Lagrangian level.

Some comments on the above relations are in order. Firstly, we see that the matching among
the coe�cients occurs across di↵erent orders of the two expansions, in chiral and canonical dimen-
sions respectively. While the HEFT coe�cients a, b and k3, of chiral dim 2, are related with the
coe�cient �a�D of canonical dim 6, the HEFT coe�cients aHWW and aHHWW , of chiral dim 4,
are related with a�W , also of canonical dim 6. On the other hand, the HEFT coe�cients addVV1

and addVV2 from chiral dimension 4 are related with a(1,2,3)
�4 from canonical dimension 8. Sec-

ondly, in these HEFT/SMEFT relations we detect some correlations. For instance, whereas in the
HEFT aHWW and aHHWW are independent parameters, they are correlated in the SMEFT by
aHWW = 2aHHWW . Similarly, a and b are independent parameters in the HEFT, whereas they are
correlated in the SMEFT by (b � 1) = 4(a � 1). These and other correlations reflect the fact that,
in some sense, the SMEFT is contained in the HEFT. On the other hand, we also see that some
NLO e↵ects of the SMEFT cannot be matched to the HEFT if one assumes a = b = 3 = 1. For
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SMEFTdim8  HEFTchdim4  

Several notations for the SMEFT coeffs in the Warsaw Basis (1008.4884, Gradkowski et al)  
  ……….c(1)

ϕ4 = c(1)
ϕ4D4 = fS,2 , c(2)

ϕ4 = c(2)
ϕ4D4 = fS,0 , c(3)

ϕ4 = c(3)
ϕ4D4 = fS,1

(in Warsaw Basis)



On the transversality of the final H’s (and their decays) for (a2 − b) ≠ 0
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Figure 4.8. Parton level HEFT predictions for the di↵erential cross-section of the pp ! HHjj0 process with

respect to the pseudo-rapidity of the Higgs boson leading in PT , d�(pp ! HHjj0)/d⌘H1 , for di↵erent values of

a and b parameters. Each line’s color corresponds to a given value of the combination (a2
� b): (a2

� b) = 0.00

[dark green], (a2
� b) = 0.05 [light green], (a2

� b) = 0.20 [red] and (a2
� b) = 0.80 [violet]. The parameter fixed

for each graph, either a = V or b = 2V , is indicated in the title of each plot. Specifically, from top to bottom,

left to right, the choices are a = 1.00, a = 0.97, a = 0.9, b = 1.00, b = 1.50. Distributions in black correspond to

SM (a = b = 1) predictions.
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In Fig. 4.8, we also see that all HEFT predictions with a null value for the combination parameter


2
V

� 2V = 0.00 have the same exact twin-peak ⌘H1 shape as that of the SM. Therefore, the di↵erence

between HEFT models in the angular phenomenology of the Higgs bosons is mainly determined by this

combination parameter. The only visible di↵erence between HEFT predictions with the same value for

the combination parameter 
2
V

� 2V is the height of the distribution, originating exclusively from the

fact that cross-sections are di↵erent for each signal, as discussed in Subsection 4.2. Generally, higher
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Figure 5.2. HEFT detector-level predictions for the di↵erential cross-section of the pp ! HHjj0
! bb��jj0

process with respect to the photon pair pseudo-rapidity, d�(pp ! bb��jj0)/d⌘�� , for di↵erent values of a and b

parameters. Each line’s color corresponds to a given value of the combination (a2
� b): (a2

� b) = 0.00 [dark

green], (a2
� b) = 0.05 [light green], (a2

� b) = 0.20 [red] and (a2
� b) = 0.80 [violet]. The parameter fixed for

each graph, either a = V or b = 2V , is indicated in the title of each plot. Specifically, from top to bottom, left

to right, the choices are a = 1.00, a = 0.97, a = 0.9, b = 1.00, b = 1.50. Distributions in black correspond to SM

(a = b = 1) predictions.
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Figure 5.1. HEFT detector-level predictions for the di↵erential cross-section of the pp ! HHjj0
! bb��jj0

process with respect to the photon pair pseudo-rapidity, d�(pp ! bb��jj0)/d⌘�� , for di↵erent values of a and b

parameters. Each line’s color corresponds to a given value of the combination (a2
� b): (a2

� b) = 0.00 [dark

green], (a2
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� b) = 0.80 [violet]. The parameter fixed for

each graph, either a = V or b = 2V , is indicated in the title of each plot. Specifically, from top to bottom, left

to right, the choices are a = 1.00, a = 0.97, a = 0.9, b = 1.00, b = 1.50. Distributions in black correspond to SM

(a = b = 1) predictions.
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L2 Lagrangian at one-loop level, which are both of
Oðp4Þ. In the present work, since the computation
of the complete one-loop level amplitudes that enter
in að4Þ has not been performed yet due to the
difficulty of the task, we will evaluate this here in
an approximate way. Following the usual features in
ChPT, we take the imaginary part of this contribu-
tion to be jað2Þj2 so that the unitarity condition is
fulfilled perturbatively and neglect the real contri-
bution of the loops that are expected to provide a
very small contribution, not being relevant for the
present computation.
Once again, we find ourselves in the scenario in

which we have a prescription to unitarize each
helicity amplitude independently. However, we want
to take the whole coupled system of helicities in full
generality, as explained above. We construct once
more the 9 × 9 matrix α, this time splitting it into its
Oðp2Þ andOðp4Þ contributions, that contains the 81
helicity amplitudes, and we unitarize it using the
IAM in the following matricial manner:

α̂J;IAM ¼ αð2ÞJ · ½αð2ÞJ − αð4ÞJ%−1 · αð2ÞJ: ð3:9Þ

At this point, to obtain a fully unitary amplitude, we
use the same trick as in the K-matrix case; i.e., we
replace the unitarity-violating partial waves of the
total amplitude by their IAM-unitarized version,
following Eq. (3.7), with the only change of
K-matrix → IAM. It is pertinent to now make some
comments regarding important differences between
the IAM unitarization method and the rest we have
considered. The IAM does not provide just unitary
predictions but also succeeds in getting partial wave
amplitudes with the appropriate analytical structure
(for more details on this, see, for instance, Ref. [6]).
This implies that it is the only method, among the

ones studied in this work, that can accommodate
dynamically generated resonances, since these ap-
pear as complex poles in the second Riemann sheet
of the partial wave with the corresponding J quan-
tum number. This is in contrast to the unitarized
partial waves with the K-matrix method that do not
have such poles. These resonances are characteristic
of strongly interacting theories and appear naturally
at high energies, such as in the case of low-energy
QCD. Furthermore, it is worth commenting that,
according to Ref. [11], results similar to those
obtained with the IAM regarding the appearance
of dynamical resonances are also provided by other
alternative unitarization methods that lead to the
proper analytical structure. Example of such meth-
ods are the N/D or the improved K matrix, which for
brevity we have decided not to include here. Never-
theless, for the forthcoming study at the LHC, as we
have already said, we are interested in studying the
nonresonant case of the unitarized theory, so the
differences among the various unitarization methods
will come in terms of smooth deviations from the
SM continuum via WZ scattering rather than from
the appearance of peaks due to the emergence of
resonances. It is important, though, to keep in mind
that the IAM has some peculiarities regarding its
structure and physical motivation, which differen-
tiate it from the others.

We have already discussed briefly each of the unitariza-
tion procedures that we consider in this work and the
specific way in which we implement them. Now, what we
need is to study the different predictions they provide in
regard of VBS observables. To that purpose, we apply each
of them, in the manner explained above, to the WZ → WZ
scattering amplitudes for different values of a4 and a5. The
final results of this computation can be seen in Fig. 4, in
which we present the total, unpolarized cross section of the

FIG. 4. Predictions of the total cross section of the process WþZ → WþZ as a function of the center-of-mass energy for the different
unitarization procedures explained in the text: K matrix (purple), kink (yellow), FF (blue), and IAM (dashed black). Nonunitarized
EChL and SM are also displayed. Two benchmark a4, a5 values are displayed: a4 ¼ a5 ¼ 0.01 (left) and a4 ¼ −a5 ¼ 0.01 (right). In all
plots, a ¼ 1 (or, equivalently, Δa ¼ 0Þ.
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ffiffiffi
s

p
¼ 14 TeV, as it will be considered for the rest of the

work. Regarding the comparison shown in this figure, it is
manifest that the EWAworks remarkably well, especially at
high invariant masses. Not only is the total MG5 cross
section recovered within a factor 1.5 at worst in the SM
case and 1.15 in the EChL case, but also the invariant mass
distributions match considerably well.
Now that we have checked that our computations

obtained with the EWA employing the improved proba-
bility functions provide reliable predictions of pp →
WZ þ X observables, we move on to characterize the
behavior of the different unitarization methods at the

LHC. To that purpose, we have convoluted the subprocess
cross sections of each of the studied unitarization methods,
corresponding to the different curves in Fig. 4, with the
EW gauge bosons probability functions and with the CT10

set of PDFs [52], evaluated at Q2 ¼ M2
W .

The results are displayed in Fig. 7, in which we present
the invariant mass distributions of the differential cross
section of the process pp → WZ þ X computed with the
EChL for a4 ¼ a5 ¼ 0.01 (left) and a4 ¼ −a5 ¼ 0.01
(right) and unitarized with the diverse procedures we have
described in the previous section. The nonunitarized EChL
and the SM predictions are also shown, for comparison.
The unitarity-violation scale is marked with a dashed line
in each case. The final gauge bosons are required to have
jηV j < 2 and jpTV

j > 20 GeV, and the evaluation is per-
formed at

ffiffiffi
s

p
¼ 14 TeV. From these curves, we can see

that the translation of the subprocess results to the LHC is
direct, and the conclusions regarding the results are very
similar. The different predictions among the various uni-
tarization methods are still manifest, which clearly indi-
cates that the experimental constraints imposed on the
EChL parameters will strongly depend on the unitarization
method used to analyze the data. Besides, the same pattern
of the predictions concerning the relative sign of the chiral
parameters is encountered: in the EChL and the K-matrix
cases, same-sign a4 and a5 lead to larger predictions than in
the opposite-sign case. For the FF and the kink, the reverse
setup is recovered. This still points toward the fact that
same-sign values of a4 and a5 will be more constrained in
the EChL and the K-matrix case, opposite to the Form
Factor and the kink case. The IAM is not shown in these
plots since, as we mentioned, it is more suitable for the
resonant case. Besides, as we have seen before, in the
present nonresonant case, for the chosen particular channel
WZ → WZ, and with the simplified setup of just two

FIG. 6. Predictions of the differential unpolarized cross section
of the process pp → WZ þ X as a function of the invariant mass
of the final WZ computed with the EWA (Eqs. (2.18) and (2.28)
in Ref. [43]). SM values (green) and EChL values for a4 ¼ a5 ¼
0.01 (gray) are shown. The other chiral parameters are set to their
SM value. The MADGRAPH prediction of pp → WZjj events
with jpTj

j > 5 GeV is included as a solid line of each corre-
sponding color for reference. All predictions are computed
applying the cuts in Eq. (4.1) and at

ffiffiffi
s

p
¼ 14 TeV.

FIG. 7. Predictions of the differential cross section of the process pp → WZ þ X as a function of the invariant mass of the final WZ
pair computed with different unitarization methods using the EWA. Predictions of nonunitarized EChL (gray), K-matrix unitarization
(purple), kink (yellow), FF (blue), and the SM (green) are shown for two referential values of the relevant chiral parameters a4 ¼
a5 ¼ 0.01 (left) and a4 ¼ −a5 ¼ 0.01 (right). The other chiral parameters are set to their SM value. The unitarity-violation scale is also
displayed for each case. Predictions are given for jηV j < 2 and jpTV

j > 20 GeV and at
ffiffiffi
s

p
¼ 14 TeV.
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nonvanishing chiral coefficients, a4 and a5, the IAM
predictions are very close to the SM ones. Notice that it
will not be the case if other channels were considered (for
instance, we have checked this explicitly for WW → ZZ)
and other chiral coefficients [in particular, we have checked
this for a ¼ 0.9, and ja4j; ja5j ∼Oð10−3–10−4Þ] were also
nonvanishing. Regarding the cutoff, it is clear that integrat-
ing only up to the unitarity-violation scale to obtain the
total cross section will lead to much smaller predictions
than in the rest of the cases. Finally, it is worth commenting
that, as they should, again all predictions match the EChL
one at low invariant masses.
We have now characterized the different predictions of

the studied unitarization methods at the LHC. The next step
should be to translate these predictions into uncertainties in
the extracted constraints on the parameter space of the
EChL. To do that, we will base our approach upon
the ATLAS results for

ffiffiffi
s

p
¼ 8 TeV given in Ref. [16].

In the mentioned reference, a very sophisticated exper-
imental analysis is performed, especially regarding triggers,
background estimations, and event selection. Then, using
the K-matrix (or T-matrix) unitarization prescription pro-
posed in Refs. [5,7], the 95% C.L. exclusion regions in the
½a4; a5% (sometimes called ½α4; α5% in the literature) param-
eter space are obtained. It is beyond the scope of this work
to accurately reproduce the experimental analysis of the
ATLAS searches. However, there is a consistent way in
which we can use their results to obtain the experimental
constraints corresponding to other unitarization methods
apart from the K-matrix one.
Our approach is the following. First, we take the a4 and

a5 values lying on the contour of theWZ observed “ellipse”
provided by the ATLAS study. With those values, we
evaluate the total cross section following our K-matrix
unitarization procedure for the LHC case, which is, indeed,
constant over the mentioned values. This should be
equivalent to what ATLAS has performed, since we have
checked that for these values of the parameters our
prescription matches the one given by the Wizard group.
The cross section that we obtain represents the cross section
in our framework equivalent to the one that ATLAS has
measured experimentally. It is, so to say, a translation
between the experimental results and our naive results.
Now, what we do is find the values of a4 and a5 that lead to
the same cross section for the other unitarization methods
considered in the present work. In this way, we construct
the 95% exclusion regions in the ½a4; a5% plane for the
various unitarization schemes presented in the previous
section, to see how they differ in magnitude and shape. By
applying this procedure, we are assuming that the selection
cuts required to be fulfilled by the ATLAS search affect all
our predictions equivalently. This could not be the case, but
we expect the differences to be small, so our prescription
should be a good first approximation on the issue.
Furthermore, it is worth commenting that, regarding the

backgrounds, since they are the same for all of our signals,
it is well justified to proceed in this way.
The final results of the present work, i.e., the 95% C.L.

exclusion regions in the ½a4; a5% plane for different unitar-
ization scheme choices, are presented in Fig. 8. There, we
show the corresponding limits for the case in which no
unitarization is performed at all (EChL, in gray) for the
K-matrix unitarization, matching, of course, the ATLAS
results (purple); for the FF prediction (blue); and for the
kink (yellow). We also show the total exclusion region,
obtained by the overlap of the former ones.
Many interesting features can be extracted from this

figure. First of all, and most importantly, it is indeed very
clear that using one unitarization method at a time to
interpret experimental data does not consider the full EFT
picture. Since there are many unitarization prescriptions
that lead to very different constraints, one should take them
all into account in order to provide a reliable bound on the
EFT parameters. These different constraints can vary even
in an order of magnitude, as is manifest in Fig. 8. For
instance, the FF prescription leads to bounds on ½a4; a5% of
the order of [0.8, 0.4], roughly speaking, whereas the case
in which there is no unitarization performed leads to con-
straints of the order of [0.04, 0.08]. Notice that these latter
bounds, i.e., those obtained from the raw, nonunitarized

FIG. 8. Predictions of the 95% confidence level exclusion
regions in the ½a4; a5% plane for theWZ final state at the LHC withffiffiffi
s

p
¼ 8 TeV and for the nonunitarized EChL (gray) and the

different unitarization methods described in the text: K matrix
(purple, corresponding to the solid cyan line in Fig. 2), kink
(yellow), and FF (blue). The total overall exclusion region is the
one outside the boundary denoted with a dashed black line. The
SM point is marked with a red cross. To obtain this figure, we
used the WZ results in Fig. 2 as reference.
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LHC(14 TeV)pp → WZjj

The constraints derived from data on the HEFT coefficients depend on the way chosen to solve the unitarity problem 
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WZ → WZ a4 , a5


