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1. Introduction

At the energy frontier, one of the most important aspect of physics being clarified right now
is the nature of the mechanism of Electroweak Symmetry Breaking (EWSB): whether it occurs
as described in the Standard Model, or whether new particles or interactions influence the global
𝑆𝑈 (2) × 𝑆𝑈 (2) → 𝑆𝑈 (2) breaking pattern (e.g., [1, 2]), which is central to the electroweak
interactions. In the context of new physics lying well above the energy frontier, the language of
Effective Field Theories (EFTs) is standard (although new possibilities are being put forward [3]).
Two EFTs have been proposed to parametrize this new physics: the Standard Model EFT (SMEFT)
and the Higgs EFT (HEFT), with a more reduced number of assumptions and a further generality
on the nature of the EWSB in the latter [4].

At the TeV scale, where the energies of the scattered particles are much higher than their masses
𝑚ℎ ≪ 𝐸 ∼ 𝜕, the much discussed Higgs potential𝑉 (ℎ) contribution actually provides a suppressed
correction to the amplitude and does not play the pivotal role it enjoys in the SM. The relevant
leading order (LO) Lagrangian which parametrizes new physics in this regime takes the form [5],

LHEFT =
1
2
(𝜕𝜇ℎ)2 + 1

2
F (ℎ) 𝜕𝜇𝜔𝑎𝜕𝜇𝜔𝑎 + O(𝜔4) , (1)

where the flare function,

F (ℎ) = 1 + 𝑎1
ℎ

𝑣
+ 𝑎2

(
ℎ

𝑣

)2
+ 𝑎3

(
ℎ

𝑣

)3
+ 𝑎4

(
ℎ

𝑣

)4
+ . . . , (2)

plays the main role in distinguishing between the SMEFT and HEFT scenarios [6]. It couples an
arbitrary number of Higgs bosons, ℎ, and a pair of pseudo-Goldstone Bosons, 𝜔.

Moreover, the 𝜔 scattering approximates the corresponding 𝑊𝐿 amplitudes at the TeV scale by
virtue of the Equivalence Theorem [7] (EqTh).

In these proceedings we present the HEFT field redefinition in [5] that eliminates at will one of
the ℎ𝑛𝜔𝜔 derivative vertex stemming from F (ℎ). In particular, the removal of the ℎ𝜔𝜔 derivative
vertex is the choice that most efficiently reduces the number of diagrams for a generic process.

2. HEFT simplifications through field redefinitions: understanding 𝜔𝜔 → 𝑛 × ℎ

In [5], we found that, at LO, for 2ℎ and 3ℎ production from 𝜔𝜔 fusion, amplitudes are pure
𝑠-waves, and crossed-channel Goldstone exchanges give place to purely polynomial amplitudes,
simplifying to contact interactions. For 4ℎ final states, strong cancellations also occur (see Fig. 1),
resulting in a contact 𝜔𝜔 → 4ℎ interaction with one Goldstone exchange from crossed channels.
We here aim to explain the origin of these cancellations. To do so, we consider field redefinitions
in the form,

𝜔𝑎 → 𝜔𝑎 + 𝑔(ℎ) 𝜔𝑎 , ℎ → ℎ + N (1 + 𝑔(ℎ)) 𝜔𝑎𝜔𝑎/𝑣 , (3)

with a free dimensionless real constant N , and an O(ℎ) function 𝑔(ℎ). In order to produce a
Lagragian with the structure of (1), the latter is chosen to fulfill the relation 𝑔′(ℎ) = −2N/[𝑣 F (ℎ)],
determined by the flare function F (ℎ) and the normalization constant N . This yields

𝑔(ℎ) = − 2N
𝑣

∫ ℎ

0

𝑑𝑠

F (𝑠) = N
(
−2

ℎ

𝑣
+2𝑎

ℎ2

𝑣2 +
2
3
(𝑏−4𝑎2) ℎ

3

𝑣3 +
1
2
(𝑎3−4𝑎𝑏+8𝑎3) ℎ

4

𝑣4 +O(ℎ5)
)
, (4)
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Figure 1: a) Only diagram contributing to the process𝜔𝜔 → 2ℎ. b) Only diagram contributing to the process
𝜔𝜔 → 3ℎ. c-d) Only two diagrams contributing to the process 𝜔𝜔 → 4ℎ. We have used the simplified
Lagrangian (7) to generate these amplitudes, so every 𝜔𝜔ℎ𝑛 vertex carries an �̂�𝑛 effective coupling. Note
that, in addition, one needs to consider all possible permutations for the assignment of the external particles.

with the usual HEFT notation 𝑎 ≡ 𝑎1/2, 𝑏 ≡ 𝑎2. The application of the transformation in eq. (4)
to the Lagrangian (1) leads to a new Lagrangian with exactly the same structure, but with a new
function F̂ (ℎ) determined by:

F̂ (ℎ) = F (ℎ)
(
1 + 𝑔(ℎ)

)2
. (5)

In particular, to eliminate the linear term in F̂ (ℎ) which provide the ℎ𝜔𝜔 vertex, we take:

N =
𝑎

2
, 𝑔(ℎ) = −𝑎 ℎ

𝑣
+ 𝑎2 ℎ

2

𝑣2 + 1
3
𝑎(𝑏 − 4𝑎2) ℎ

3

𝑣3 + 1
4
𝑎(𝑎3 − 4𝑎𝑏 + 8𝑎3) ℎ

4

𝑣4 + O(ℎ5) . (6)

This choice of the scalar manifold coordinates transforms the original Lagrangian (1) into

L̂HEFT =
1
2
𝜕𝜇ℎ𝜕

𝜇ℎ + 1
2
F̂ (ℎ) 𝜕𝜇𝜔𝑎𝜕𝜇𝜔𝑎 + O(𝜔4) , (7)

with the new function,

F̂ (ℎ) = 1 + �̂�2
ℎ2

𝑣2 + �̂�3
ℎ3

𝑣3 + �̂�4
ℎ4

𝑣4 + O(ℎ5) , (8)

has coefficients provided by the ones of F (ℎ) through the combinations

�̂�2 = 𝑎2 −
𝑎2

1
4

= 𝑏 − 𝑎2 , �̂�3 = 𝑎3 −
2
3
𝑎1

(
𝑎2 − 𝑎2

1/4
)
= 𝑎3 −

4𝑎
3

(
𝑏 − 𝑎2

)
,

�̂�4 = 𝑎4 −
3
4
𝑎1𝑎3 +

5
12

𝑎2
1

(
𝑎2 − 𝑎2

1/4
)
= 𝑎4 −

3
2
𝑎 𝑎3 +

5
3
𝑎2

(
𝑏 − 𝑎2

)
. (9)

Observe that the first significant contribution of F̂ (ℎ) occurs at O(ℎ2), in contrast to F (ℎ), where
the initial significant term emerges at O(ℎ). Since the generating functional of the quantum field
theory is invariant under field redefinitions, both Lagrangians (1) and (7) lead to the same on-shell
scattering amplitudes [8, 9]. The critical gain from this field redefinition is that the number of
diagram topologies is greatly reduced (see Fig. 1): there is only 1 diagram for 𝜔𝜔 → 2ℎ and
𝜔𝜔 → 3ℎ, and it is reduced to 2 diagram topologies for 𝜔𝜔 → 4ℎ process (up to permutations in
the labeling of the outgoing Higgs particles in the diagrams).

The same procedure as explained above allows us to extract the relevant combination of the
flare function coefficients, 𝑎 𝑗 , for a generic amplitude 𝜔𝜔 → 𝑛 × ℎ:
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1. Compute 𝑔(ℎ) up to O(ℎ𝑛) by plugging F (ℎ) in (4) up to that order with N = 𝑎1/4 (this
choice will remove ℎ𝜔𝜔 derivative interactions).

2. Expand F̂ (ℎ) = F (ℎ) (1 + 𝑔(ℎ))2 up to ℎ𝑛. The corresponding coefficients �̂� 𝑗 will be
the relevant combinations for that process. Thus, following the steps above, we can
easily extract the next �̂� 𝑗 coefficients: �̂�5 = 𝑎5 − 1

120𝑎1
(
15𝑎1�̂�3 − 16�̂�2

2 + 96�̂�4
)
, �̂�6 =

𝑎6 + 1
180𝑎1

(
7𝑎1�̂�

2
2 − 27𝑎1�̂�4 + 45�̂�2�̂�3 − 150�̂�5

)
, etc.

Data analyses that overlook this redundancy and directly fit the 𝑎 𝑗 instead of the �̂� 𝑗 is effectively
introducing avoidable correlations, complicating the analysis significantly (see Fig. 2 in [10]).

In general, one can also conveniently choose the normalization N to remove a higher order
term, 𝑎𝑛ℎ𝑛, from F (ℎ) instead of the first one. For instance, provided 𝑎2 < 𝑎2

1/4, the choice

N =

[
𝑎1 ±

√︃
𝑎2

1 − 4𝑎2

]
/4 removes the 𝑎2ℎ

2 term in F (ℎ), passing this information to the terms of

order ℎ1 and ℎ3, ℎ4, etc. Another example is provided by the normalization N = 3
8

𝑎3
𝑎2−𝑎2

1/4
, which

removes the ℎ3 term in F (ℎ) and encodes its information in the factors �̂� 𝑗 now multiplying ℎ1, ℎ2

and ℎ4, ℎ5, etc. This detail can be important for a proper interpretation of𝑊𝑊 → 3ℎ computations:
at high energies, in the EqTh, it is possible to describe the 𝜔𝜔 → 3ℎ scattering without an 𝜔𝜔ℎ3

vertex (�̂�3 = 0) [11], understanding that the 𝜔𝜔ℎ2 and 𝜔𝜔ℎ couplings are not the original ones (𝑎2

and 𝑎1) but some effective ones (�̂�2 and �̂�1).
It is interesting to note that in the dilatonic model [12, 13], represented by F (ℎ) = (1 + 𝑎ℎ/𝑣)2,

a significant result arises. Specifically, applying the transformation above leads to 1 + 𝑔(ℎ) =

(1 + 𝑎ℎ/𝑣)−2, resulting in F̂ (ℎ) = 1. This intriguingly leads to all �̂� 𝑗 couplings being zero, causing
all 𝜔𝜔 → 𝑛 × ℎ amplitudes to vanish at the tree level (in the context of the EqTh). This same
conclusion also applies to the Standard Model, where 𝑎 = 1.

The main drawback of this approach is that the 𝑆𝑈 (2)𝐿×𝑆𝑈 (2)𝑅 chiral invariance of the action
is no longer explicit [4]. The symmetry transformations become more complex in this context. For
this reason, the correlations between the 𝑎1 and 𝑎2 couplings in F (ℎ) one finds for SMEFT-type
theories with dimension 𝐷 = 6 contributions (this is, 𝑎2 = 2𝑎1 − 3, found in [6, 14]) are no longer
applicable for F̂ (ℎ) (SMEFT with 𝐷 = 6 contributions does not fulfill �̂�2 = 2�̂�1 − 3 nor �̂�1 = 0).
The reason is that the chiral operator structures considered in [6, 14] are deformed here for the
terms of order 𝜔4 and higher, so the conclusions therein are no longer applicable for the present
simplified Lagrangian with F̂ (ℎ).

In summary, these simplifications can be beneficial when computing electroweak processes
involving Higgs and Goldstone bosons using the equivalence theorem, both at tree-level and loop-
level calculations.
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