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Abstract In this work we explore the phenomenological
implications at future e+e− colliders of assuming anoma-
lous couplings of the Higgs boson to gauge bosons HVV
and HHVV (V = W, Z) given by the κ-modifiers with
respect to the Standard Model couplings, κV and κ2V , respec-
tively. For this study we use the Higgs Effective Field Theory
(HEFT) where these two κ parameters are identified with the
two most relevant effective couplings at leading order, con-
cretely a = κV and b = κ2V . Our focus is put on these two
couplings and their potential correlations which we believe
carry interesting information on the underlying ultraviolet
theory. The particular studied process is e+e− → HHνν̄,

where the vector boson scattering subprocess WW → HH
plays a central role, specially at the largest planned energy
colliders. Our detailed study of this process as a function
of the energy and the angular variables indicates that the
produced Higgs bosons in the BSM scenarios will have in
general a high transversality as compared to the SM case if
κ2
V �= κ2V . In order to enhance the sensitivity to these HEFT

parameters κV and κ2V and their potential correlations we
propose here some selected differential cross sections for the
e+e− → HHνν̄ process, where different kinematic prop-
erties of the BSM case with respect to the SM are mani-
fested. Finally, we will focus on the dominant Higgs decays
to bb̄ pairs leading to final events with 4 b-jets and miss-
ing transverse energy from the undetected neutrinos and will
provide the expected accessibility to the (κV , κ2V ) effective
couplings and their potential correlations. In our study we
will consider the three projected energies for e+e− colliders
of 500 GeV, 1000 GeV and 3000 GeV.

a e-mail: juanm.davila@estudiante.uam.es
b e-mail: daniel.domenech@uam.es
c e-mail: maria.herrero@uam.es
d e-mail: roberto.morales@fisica.unlp.edu.ar (corresponding author)

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . .
2 Effective Higgs couplings to gauge bosons within HEFT
3 The role of (κ2

V − κ2V ) in HH production via WBF .
4 Exploring correlations between κV and κ2V in total

and differential cross sections for e+e− → HHνν̄ . .
5 Accessibility to correlations between κV and κ2V at

future e+e− colliders . . . . . . . . . . . . . . . . . .
6 Conclusions . . . . . . . . . . . . . . . . . . . . . .
Appendices . . . . . . . . . . . . . . . . . . . . . . . .
A Diagrams contributing to e+e− → HHνν̄ . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . .

1 Introduction

After the Higgs particle discovery [1,2] with a mass of
125 GeV a big effort has been done in exploring its properties
at colliders within the context of both the Standard Model
of Particle Physics (SM) and also in scenarios beyond the
Standard Model (BSM). One of the most interesting avenues
to test possible signals of BSM Higgs physics at colliders
is pursued via the so-called anomalous Higgs couplings to
SM particles which are usually defined with respect to the
SM Higgs couplings by means of the so-called κ modifiers
(for a review, see [3]). We will focus here in the anomalous
couplings belonging to the bosonic sector, and more specifi-
cally in those describing the effective interactions of the
Higgs particle to the electroweak (EW) gauge bosons, HVV
and HHVV (with V = W, Z) which are given by the κ

modifiers, κV and κ2V respectively. The κ parameters have
been explored by the Large Hadron Collider (LHC) collabo-
rations, ATLAS and CMS, and several constraints on their
values have been set by means of the various Higgs produc-
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tion and decay channels. Whereas κV is mostly constrained
by single Higgs production at the LHC [3], κ2V is mostly
constrained by double Higgs production at the LHC [4–10].
The HH production via the WW vector boson fusion (WBF)
mechanism is indeed the most sensitive test of both parame-
ters κV and κ2V together since they both appear in the same
relevant subprocess taking place which is the WW → HH
scattering where the two W gauge bosons are radiated from
the initial quarks which are inside the protons. The present
best experimental constraints, at 95% CL, on these two κ

parameters can be summarized as, κV ∈ (0.97, 1.13) [11]
and κ2V ∈ (0.0, 2.1) [9].

From the theoretical side, the most proper approach to
explore these anomalous couplings and their phenomenolog-
ical consequences at colliders is provided by the tool of Effec-
tive Field Theories. The two most popular ones to study the
Higgs effective couplings are the Standard Model Effective
Field Theory (SMEFT) and the Higgs Effective Field Theory
(HEFT) (for reviews, see for instance, [12,13]). We choose
here the second one because the Higgs effective couplings
of our interest, HVV and HHVV, are given in the HEFT
by the leading order (LO) effective Lagrangian parameters
a and b (also called Wilson coefficients) which are indepen-
dent parameters and directly identifiable with the previously
commented κ’s, specifically by a = κV and b = κ2V . With
this LO-HEFT Lagrangian one can also recover the SM pre-
dictions by simply setting a = b = 1 (in addition to also
setting the triple and quartic Higgs self-couplings modifiers
to κ3 = κ4 = 1). The LO-HEFT then provides the proper
description of the BSM Higgs anomalous couplings to EW
gauge bosons for a �= 1 and b �= 1, and these are usually
parametrized with respect to their SM values by a = 1−�a
and b = 1 − �b, with the deviations given by �a �= 0 and
�b �= 0. Another important and distinctive feature of the
HEFT is that the SU (2)L × U (1)Y gauge invariant effec-
tive operators containing the HVV and HHVV effective
interactions are directly written in terms of the Higgs field
H, which is a singlet. Then the corresponding low-energy
parameters a and b in front of the effective operators in this
HEFT framework appear generically as uncorrelated param-
eters, in contrast to the SMEFT case where the HVV and
HHVV effective interactions appear correlated due to the
fact that the Higgs field in the SMEFT is not a singlet but
a component of the usual scalar doublet �. Thus we choose
here the HEFT that provides the most general gauge invariant
framework where there are not a priori correlations between
κV and κ2V , therefore allowing us to treat them as indepen-
dent parameters for the present study. It is also important to
mention that we will work exclusively within the bosonic
sector of the HEFT. Correspondingly, we will assume here
that the new physics is in the bosonic-HEFT and all the inter-
actions in the fermionic sector are the same as in the SM.

The search of potential correlations between κV and κ2V

is by itself an interesting subject, both from the theory and the
experimental sides. On the one hand, from the EFT point of
view, one expects that once a particular underlying ultraviolet
(UV) theory is assumed to be the generator of such a low-
energy theory, the corresponding Wilson coefficients in front
of the effective operators defining this EFT can be derived by
some matching procedure at low energies between the EFT
and the underlying UV theory after the BSM heavy modes
have been integrated out. This matching not only provides
the values of the coefficients in terms of the fundamental
parameters of the UV theory, but also could lead to corre-
lations among these coefficients which are even more inter-
esting. For instance, assuming Minimal Composite Higgs
Models [14,15], or in the Strongly Interacting Light Higgs
Model [16], or in the SMEFT [17], where the Higgs field is a
component inside a SU (2) doublet, one finds the following
common correlation between the deviations of the a and b
parameters 4�a = �b. In contrast, assuming dilaton models
[18] or in models with iso-singlet mixing [19,20] (see also
references therein), one finds another correlation given by
2�a = �b which is the consequence of having the particu-
lar relation between a and b given by a2 = b in those models.
Recently, the case of 2HDM has been studied in [21,22] and a
new correlation has been obtained. In that case the observed
Higgs particle is identified with the lightest 2HDM boson
and the other four Higgs bosons of the 2HDM are consid-
ered very heavy and integrated out. The correlation found in
this matching of the 2HDM to the HEFT [21] is given by
2�a = −�b, in the region close to the alignment condi-
tion defined by cos(α −β) � 1. On the other hand, from the
experimental side, the colliders will be able to provide a direct
test of which of those correlations are better favoured or dis-
favoured by data, providing an even more efficient test when
these two parameters participate in the same process. This
is clearly the case of HH production via WBF at colliders
where, as we have said, the two κV and κ2V participate in the
same subprocess WW → HH. Thus, one hopes that explor-
ing specific observables where this subprocess is involved in
a relevant way, like, for instance, some particular differen-
tial cross sections, one could find an efficient way to access
with the highest sensitivity to these anomalous couplings in
the (κV , κ2V ) = (a, b) plane. One clear example capturing a
good sensitivity to the combination (κ2

V −κ2V ) = (a2 −b) is
the differential cross section with respect to the HH invari-
ant mass, which has been discussed at both colliders, e+e−
[23,24] and pp [25]. Here we will re-analyze this differen-
tial cross section for e+e− colliders and will propose other
differential cross sections with respect to other kinematical
variables which we have found to be even more efficient
to improve the sensitivity to BSM departures in terms of
the mentioned combination (κ2

V − κ2V ). The particular pro-
cess of our interest here is e+e− → HHνν̄, which contains
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WW → HH as the most relevant subprocess. Other com-
peting subprocesses, like those mediated by Z gauge bosons,
are subdominant in the case of collider energies in the TeV
range. Therefore, the combination (κ2

V − κ2V ) being present
in WW → HH is expected to be accessible singularly by
means of e+e− → HHνν̄, which will be our main focus in
this work.

The accessibility to a = κV and b = κ2V within the
HEFT via the total cross section of double Higgs production
from WBF has been studied previously in the literature for
both types of colliders, future e+e− colliders [17,20,23,24]
like the International Linear Collider (ILC) and the Compact
Linear Collider (CLIC) and also at pp colliders like the LHC
and its future upgrades in luminosity and energy [20,25,26].
The reason to choose e+e− future planned colliders in the
present paper is that these colliders are well known to offer a
cleaner environment (i.e. with less background) to study the
phenomenological implications of BSM couplings as com-
pared to hadronic colliders like LHC. In particular, study-
ing the role of correlations among κV and κ2V at colliders,
which is our main purpose in this work, seems to be easier at
e+e− than at LHC. We will consider here two cases of future
e+e− colliders: (1) ILC [27] with two options for total energy
and integrated luminosity (

√
s,L) of (500 GeV, 4 ab−1) and

(1000 GeV, 8 ab−1), and (2) CLIC [28] with the highest
expected energy and luminosity of (3000 GeV, 5 ab−1). We
will devote our study mainly to the accessibility to test the
potential correlations between the effective parameters a and
b in the (κV , κ2V ) plane, computing both the total and the
differential cross sections. We also wish to explore and deter-
mine here which kind of differential cross sections and spe-
cific final states will provide the highest sensitivity to the
different hypotheses for these correlations at e+e− colliders.

The paper is organized as follows: in Sect. 2 we review the
relevant effective Higgs couplings HVV and HHVV within
the HEFT in terms of the low-energy parameters a and b and
explain their relation with the κV and κ2V parameters, i.e. we
derive a = κV and b = κ2V . In Sect. 3 we review and discuss
the main features of the relevant subprocess WW → HH,

differentiating the two cases of our interest: κ2
V �= κ2V and

κ2
V = κ2V . Our findings of the high transversality of the final
H ’s for κ2

V �= κ2V are first pointed out in this section. In
Sect. 4 we explore the consequences of assuming different
correlations between κV and κ2V both in total and differential
cross sections for the e+e− → HHνν̄ process. In particular,
we propose three differential cross sections that are sensitive
to these correlations. In Sect. 5 we consider the full pro-
cess e+e− → HHνν̄ → bb̄bb̄νν̄ where the Higgs particles
decay into bb̄ pairs and study the accessibility to κV and κ2V

and their possible correlations by analyzing the final events
with 4 b-jets and missing transverse energy. In Sect. 6 we
finally summarize our conclusions.

2 Effective Higgs couplings to gauge bosons within
HEFT

As we have said in the Introduction, the HEFT is the proper
EFT to describe the effective interactions of our interest here,
given by the anomalous couplings of one Higgs boson to two
W gauge bosons, HWW, and of two Higgs bosons to two W
gauge bosons, HHWW. For the present work, we only need
to specify the EW bosonic part of the HEFT. The bosonic
Lagrangian of the HEFT is written in terms of effective oper-
ators which are built with the relevant bosonic fields, namely,
the Higgs field H ; the SU (2)L ×U (1)Y EW gauge bosons,
Wi , B; and the would-be-Goldstone bosons wi which are
introduced in a non-linear representation of the EW symme-
try group. The principle guide to build this Lagrangian is, as
usual, the requirement of SU (2)L ×U (1)Y gauge invariance.
The series of operators contributing in the HEFT are orga-
nized in terms of the chiral dimension (counting derivatives
and masses) instead of the other more usual counting in terms
of canonical dimension. Thus, the leading order (LO) corre-
sponds to chiral dimension 2, the next to leading order (NLO)
corresponds to chiral dimension 4, and so on. The complete
set of effective operators up to NLO can be found in [29–32].
The HEFT is a renormalizable quantum field theory in the
EFT sense, meaning that all the divergences generated to one
loop by the LO-HEFT Lagrangian can be absorbed by redefi-
nitions of the LO and NLO HEFT parameters and fields. The
full renormalization program for the bosonic sector of the
HEFT to one-loop has been achieved in a general covariant
Rξ gauge in Refs. [33–35], where the explicit running equa-
tions for all the effective couplings involved in the bosonic
sector, LO and NLO, can also be found, including the ones
related to the parameters κV and κ2V whose phenomenologi-
cal consequences we are interested in here. Other alternative
renormalization programs within the HEFT have also been
considered in the literature, see for instance [36–41].

The relevant effective bosonic operators for the present
work are contained in the LO-HEFT Lagrangian. There-
fore, here we restrict ourselves to this LO-HEFT Lagrangian,
which for an arbitrary covariant Rξ gauge is given by:

LHEFT
LO = v2

4

(
1 + 2a

H

v
+ b

H2

v2 + · · ·
)

Tr[DμU
†DμU ]

+1

2
∂μH∂μH − V (H) − 1

2g2 Tr[ŴμνŴ
μν]

− 1

2g′2 Tr[B̂μν B̂
μν] + LGF + LFP . (2.1)

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
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U = exp
(
i
ωiτi

v

)
, (2.2)

that contains the three GB fields ωi (i = 1, 2, 3) in a non-
linear representation of the SU (2) symmetry group and the
three Pauli matrices τi . The EW covariant derivative of this
U field is defined as:

DμU = ∂μU + i ŴμU − iU B̂μ, (2.3)

that contains the EW gauge fields, Ŵμ = g
2W

i
μτ i and

B̂μ = g′
2 Bμτ 3 and the EW gauge couplings g and g′. The

corresponding EW field strength tensors are given by:

Ŵμν = ∂μŴν − ∂νŴμ + i[Ŵμ, Ŵν],
B̂μν = ∂μ B̂ν − ∂ν B̂μ. (2.4)

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

W±
μ = 1√

2
(W 1

μ ∓ iW 2
μ), Zμ = cWW 3

μ − sW Bμ,

Aμ = sWW 3
μ + cW Bμ, (2.5)

where we use the short notation sW = sin θW and cW =
cos θW , with θW 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
m2

H H2 + κ3λvH3 + κ4
λ

4
H4. (2.6)

It should be noticed that the previous bosonic HEFT
Lagrangian is built, by definition, on top of the asym-
metric EW vacuum, following the same spirit as the chi-
ral Lagrangian and ChPT of QCD being built on top of
the SU (2)L × SU (2)R asymmetric vacuum of low energy
QCD. The chiral counting dimensions in the bosonic HEFT
then follows closely the usual chiral dimension counting of
ChPT. Both chiral Lagrangians are written as the sum of
two contributions: L2 (LO Lagrangian), with chiral dimen-
sion 2, and L4 (NLO Lagrangian) with chiral dimension 4.
In ChPT both the pion mass and the derivatives of the U
field (which includes the pions in a non-linear representa-
tion) count as O(p) in the momentum expansion. In the case
of the bosonic HEFT, both the boson masses mH , mW , mZ

and the derivatives of the U field (which includes the EW
GBs in a non-linear representation) count as O(p) in the
momentum expansion. This counting is fixed in the HEFT
at the very beginning, without any reference to the particular
UV theory, which should be the final responsible for gener-
ating the low energy effective Lagrangian. Similarly to the
case of ChPT, the integration out of the heavy modes from
the particular UV theory in the EW case will provide a par-
ticular prediction for the values of low energy couplings (a,

b, etc.) that are present in the HEFT. However this will not
change the chiral counting nor the ordering of the LO and
NLO effective operators that define the HEFT Lagrangian

terms L2 (≡ LHEFT
LO in Eq. 2.1) and L4 (not given explicitly

here), respectively.
Notice also that the terms in V (H) do not contain deriva-

tives but they also belong to the LO Lagrangian with chiral
dimension 2 because they can be written with squared masses
in front. In particular, in the EW bosonic sector, the relevant
masses of the low energy modes are the Higgs boson mass
mh, the W boson mass mW and the Z boson mass mZ and all
of them are input parameters within the HEFT. At LO, these
input masses can be written in terms of the SM couplings
and the vacuum expectation value v = 246 GeV as usual,
i.e.m2

h = 2λv2,mW = gv/2 andmZ = mW /cw. For the rest
of this work, the Higgs self-couplings within the HEFT will
be set to their SM values, i.e. we will assume here κ3 = 1
and κ4 = 1. Finally, LGF and LFP are the gauge fixing
and Faddeev–Popov LFP terms, respectively, whose explicit
expressions in the general Rξ covariant gauges can be found
in [33–35], together with more definitions and specifications
within the HEFT. Last, but not least, regarding the counting
rules for the ordering of the effective operators in the HEFT,
it is fair to say that there has been some debate in the liter-
ature where the counting by chiral dimensions, the counting
by inverse powers of the UV cut-off � and the counting by
the loop suppression factor 1/(4πv) have been compared
and discussed (see, for instance [12,42,43]). Indeed, some
authors have questioned the counting by chiral dimensions
[43]. Since our study here is with the LO Bosonic-HEFT and
it will be devoted exclusively to the computation of tree level
scattering amplitudes, these counting rules issues are not rel-
evant here and do not affect the phenomenological study of
the present work.

For the forthcoming computation we first need to identify
in the LO-HEFT Lagrangian of Eq. 2.1 the relevant effec-
tive interactions of one Higgs boson to two W bosons and
of two Higgs bosons to two W bosons. These are contained
in the effective operators with two covariant derivatives that
go with the low-energy coefficients a and b respectively. The
corresponding Feynman rules for these effective interaction
vertices are given in Fig. 1, which are just like in the SM but
with modifying factors a and b in front. Therefore, one can
immediately identify them with the corresponding κ modi-
fiers:

a = κV , b = κ2V . (2.7)

In the following we will then refer to these two sets of parame-
ters, (a, b) and (κV , κ2V ) equally. We will discuss our results
in terms of these parameters and also in terms of their devia-
tions respect to the SM value, i.e. in terms of the correspond-
ing �’s, defined as:

a = 1 − �a, b = 1 − �b. (2.8)
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Fig. 1 Feynman rules of the WWH and WWHH effective interac-
tions within HEFT. The corresponding Feynman rules for the Z ZH
and Z ZHH effective interactions within HEFT (not displayed here)
are VZZH = iag2v/(2c2

W )gμν and VZZHH = ibg2/(2c2
W )gμν

Notice that when assuming a given correlation between a
and b it implies trivially a correlation between �a and �b.
For instance, assuming a2 = b implies (in the linear approx-
imation for the deviations) 2�a = �b, etc. In the following
sections we will explore some interesting phenomenological
consequences for colliders by assuming different correlations
between the HEFT parameters a and b.

3 The role of (κ2
V − κ2V ) in HH production via WBF

In this section, we review the main aspects of the relevant
subprocess of our interest WW → HH where both low-
energy effective parameters a and b participate. The scatter-
ing amplitude for this process is a gauge invariant quantity
and therefore it can be computed in different gauges leading
to the same result. Within the HEFT it has been computed
both in the Rξ covariant gauges, including the GB fields in
the internal lines of the diagrams; and in the unitary gauge,
which does not include the GB’s. Both results obviously coin-
cide (an explicit demonstration of the gauge invariance of this
HEFT amplitude can be found in [35]). In this section we use
the unitary gauge, where the contributing diagrams within the
LO-HEFT are summarized in Fig. 2.

At the tree level within the HEFT there are just four dia-
grams contributing in the unitary gauge, corresponding to
the contact c-channel, the s-channel, the t-channel and the u-
channel. The total scattering amplitude is obtained by adding
these four contributions:

A = Ac + As + At + Au, (3.1)

Fig. 2 Feynman diagrams within HEFT contributing to WW → HH
in the unitary gauge: s-channel (upper left), c-channel (upper right),
t-channel (lower left), u-channel (lower right). The coloured dots rep-
resent the effective interactions depicted in Fig. 1

where each contribution is given respectively by:

Ac = g2b

2
ε+ · ε−,

As = 3g2a

2

m2
H

s − m2
H

ε+ · ε−,

At = g2a2 m
2
W (ε+ · ε−) + (ε+ · k1)(ε− · k2)

t − m2
W

,

Au = g2a2 m
2
W (ε+ · ε−) + (ε+ · k2)(ε− · k1)

u − m2
W

. (3.2)

Here, s, t and u are the Mandelstam variables of this subpro-
cess, ε+ and ε− are the polarizations of the incoming W+
and W− bosons, with momenta p+ and p− respectively, k1

and k2 are the momenta of the outgoing Higgs bosons and g
is the weak coupling. Notice that the SM prediction is recov-
ered for a = b = 1, as expected. In the center of mass frame
(CM), the momenta of the Higgs bosons can be written as:

k1,2=
(√

s/2,± sin θ

√
s−4m2

H/2, 0,± cos θ

√
s−4m2

H/2
)
,

(3.3)

where θ is the angle between the momentum p+ of the incom-
ing W+ boson and k1. The values of the polarization vectors,
ε±, are different for the longitudinal WL (with helicity 0) and
the transverse WT (with helicities ±1). They can be written
as:

εL± =
(√

s − 4m2
W /(2mW ), 0, 0,±√

s/(2mW )
)
,

ε
T+± =

(
0, 1/

√
2,±i/

√
2, 0

)
,

ε
T−± =

(
0, 1/

√
2,∓i/

√
2, 0

)
. (3.4)
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As can be seen in the Eq. 3.2, the parameter a enters
quadratically in the t and u channels, and linearly in the
s-channel. In contrast, the parameter b enters only in the c
channel. This may seem a trivial statement, however, this
dependence turns out to be crucial in the final behaviour of
the amplitude at high energies. For instance, in the SM case
with a = b = 1, there is a well known strong cancellation of
the fast growing behaviour with

√
s of the separate contribu-

tions from the various channels, and more concretely among
the t, u and c channels, that leads to a flat behaviour with√
s at large energy values. This can be understood in very

simple terms by analysing the dominant polarization chan-
nel which is the one with longitudinally polarized W gauge
bosons in the high energy region. By using the polarization
vector for longitudinal W ’s in Eq. 3.4 and making an expan-
sion of the amplitude AL = A(W+

L W−
L → HH) in powers

of the total energy (AL 
 O(s) + O(s0) + O(s−1) + · · · )
that is valid at high energies,

√
s � mH ,mW , we get the

following results for the dominant terms in this expansion
for the various channels:

AL
c = b

g2

4m2
W

s + O(s0),

AL
s = 0 + O(s0),

AL
t = a2 g2

8m2
W

(cos θ − 1)s + O(s0),

AL
u = −a2 g2

8m2
W

(cos θ + 1)s + O(s0). (3.5)

Thus, the total amplitude for longitudinally polarized W ’s in
the high energy region is given by:

AL = −(a2 − b)
g2

4m2
W

s + O(s0). (3.6)

From this expression, we learn several important features.
First, as expected, we get the same result for the physical
amplitudes as using the Equivalence Theorem (ET) [44–46]
where one replaces the external W±

L by the corresponding
GB ω±. Compare, for instance, our results above with the
results in [36] where they use the ET. Second, the growing
with the subprocess squared energy s of the separate contri-
butions from the c, t and u channels cancel in the SM case
when they are summed. We also see that for the BSM pre-
diction this cancellation does no happen for generic a and
b values with b �= a2. It is only when the particular corre-
lation given by a2 = b is assumed that the cancellation of
the dominant O(s) contribution happens. We also learn from
this analytical result that this dominant contribution propor-
tional to (a2 − b) does not depend on the angular variable
θ and this has important phenomenological implications for
the BSM signals at colliders as we will see in the next sec-
tions. For a complete analysis of the scattering amplitude

in all the polarization channels A(W+
X W−

Y → HH) with
XY = LL , T T, LT, T L including also the next to leading
order effective operators within the HEFT we address the
reader to [17]. In this reference a similar large energy expan-
sion in powers of s has been done for all channels and the
role of the combination (a2 −b) in the dominant LL channel
has been confirmed.

The important role of the value for (a2 − b) in the above
commented cancellation at high energies was already noticed
previously in the literature, and also its implications for col-
lider physics have been explored. For instance, this was
explored in [25] within the context of LHC and in [24] within
the context of e+e− colliders. One of the most relevant impli-
cations of assuming (a2 − b) �= 0 is the potential violation
of perturbative unitarity in the cross section predictions. This
can be seen in Fig. 3 where the dominant partial wave ampli-
tude a0 (corresponding to angular momentum J = 0) is
shown for this WLWL → HH scattering as a function of
the CM energy of the subprocess,

√
s = MHH , for vari-

ous values of a and b. Then, the simple perturbative unitarity
condition given by |a0| < 1 sets constraints on the maximum
allowed size for a and b.

In the left plot of Fig. 3, we see that for (a2 − b) �= 0 the
prediction for |a0| grows rapidly with the energy and enters
into the perturbative unitarity violation region at the O(TeV)

energy scales. Concretely, in this b �= a2 case and for the par-
ticular parameter values chosen in Fig. 3, this crossing into
the perturbative unitarity violation region lays approximately
in the interval (1800, 3000) GeV. Therefore, for the parame-
ter values that will be studied in the following sections with
a ∈ (0.5, 1.5) and b ∈ (0.5, 1.5) the perturbative unitarity is
preserved for the e+e− colliders with CM energies of 500 and
1000 GeV. For the e+e− collider case with the highest energy
of 3000 GeV, there are yet some coefficient values that lead
to crossing the unitarity line at subprocess energies MHH

below 3000 GeV. For instance, for the choices (a, b) = (1, 0)

and (a, b) = (1, 2) which correspond to the experimentally
allowed extreme κ2V values, the unitarity line is crossed at the
invariant mass of the Higgs pair around MHH = 2500 GeV.
So in these two cases, with b = 0 and b = 2, the collider pre-
dictions corresponding to the high MHH region in the inter-
val MHH ∈ (2500, 3000) GeV could in principle violate
perturbative unitarity. However, in practical computations,
these problematic large MHH regions turn out not to have
any impact on the final predicted rates at colliders, because
at those large values the contribution to the cross section is
already very small and can be safely neglected. Other choices
of a and b in the range 0.5–1.5, that will be the ones explored
in the following sections devoted to e+e− colliders, lead also
to this same conclusion. For instance, for (a, b) = (1.4, 0.8)

the crossing point is at 2200 GeV and we have found that for
CLIC(3000 GeV) just a 1% of the total cross section comes
from the problematic interval MHH ∈ (2200, 3000) GeV.
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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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Fig. 4 Predictions from the HEFT for the differential cross section of
the process W+W− → HH with respect to cos θ, at center-of-mass
energies of 500 GeV (upper left plot), 1 TeV (upper right plot) and 3 TeV

(lower plot). Several values of a and b are explored. The corresponding
�a and �b are assumed here to be correlated by �b = 1

2 �a

In relation to cos θ, there exist other interesting variables
like the pseudorapidity and the transverse momentum of the
final particles, for the search of BSM effects in the process
W+W− → HH. We explore here the pseudorapidity of the
final Higgs bosons ηH , which is related to the angle θ by:

ηH = − log (tan(θ/2)) . (3.8)

The differential cross sections are therefore also related,

dσ

dηH
= (sin2 θ)

dσ

d cos θ
. (3.9)

Figure 5 shows the plots for the differential cross section of
the process W+W− → HH with respect to the pseudora-
pidity of one of the Higgs bosons, ηH1, again for the three
energy cases, 500 GeV (upper left), 1000 GeV (upper right)
and 3000 GeV (lower).

We explore various values of a and b and set again the
correlation �b = 1

2�a as an example. First we see that
small departures in a and b produce a noticeable change of
behaviour with respect to the SM prediction (lines in black)
at high energies. Whereas the case with 500 GeV displays the
same shape as in the SM, with a minimum at the central value
ηH1 = 0 (which corresponds to θ = π

2 ), the two other cases
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Fig. 5 Predictions from the HEFT for the differential cross section of
the process W+W− → HH with respect to ηH1, at center-of-mass
energies of 500 GeV (upper left plot), 1 TeV (upper right plot) and

3 TeV (lower plot). Several values of a and b are explored. The corre-
sponding �a and �b are assumed here to be correlated by �b = 1

2 �a

with higher energies display the appearance of a new local
maximum at this central value. In particular, at the 3 TeV plot
this maximum is more clear and it can be converted into a
global maximum for some a and b values. Indeed, this maxi-
mum gets higher as we stray from the SM with deviations in
a and b whenever a2 �= b. The interpretation of this feature
is as follows: the existence of this maximum at ηH1 = 0
implies that, whenever b �= a2, the Higgs bosons of the final
state tend to travel in a perpendicular direction to the incom-
ing W bosons, meaning that they have a high-transversality
behaviour. These are truly BSM features which are worth to

further explore. In particular, they will have interesting phe-
nomenological BSM implications for colliders, which we
will present in the next sections, where we will analyse the
process e+e− → HHνν̄.

Finally, in order to illustrate clearly the role played by the
particular combination of parameters (a2−b) in the transver-
sality of the Higgs bosons produced via this W+W− → HH
subprocess, we show in Fig. 6 the differential cross-section
with respect to ηH1, for several values of the combina-
tion (a2 − b) and for several settings of the separate val-
ues of a and b. Specifically, we explore here the values
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Fig. 6 Predictions from the HEFT for the differential cross section of
the process W+W− → HH with respect to ηH1, for several values of
the combination a2 − b. The separate a and b values have been set to:

a = 1 (upper left plot), a = 0.9 (upper right plot), b = 1 (lower left
plot) and b = 1.5 (lower right plot). The center-of-mass energy is set
in all plots to 3000 GeV

a2 − b = 0, 0.05, 0.2, 0.8 together with the separate set-
tings for a and b given by: a = 1 (upper left plot), a = 0.9
(upper right plot), b = 1 (lower left plot), and b = 1.5
(lower right plot). The appearance of a maximum in all plots
at ηH1 = 0 and the height of this maximum is clearly corre-
lated with the size of (a2 − b), as expected. The larger the
value of (a2 − b) �= 0 is, the higher is the maximum in this
differential cross section. And this is true for all the separate
values of a and b explored. This behaviour with (a2 −b) is a
key point for the posterior analysis of the full process in the
following sections.

4 Exploring correlations between κV and κ2V in total
and differential cross sections for e+e− → HHνν̄

In this section we explore the phenomenological conse-
quences of assuming different correlations between a and
b both in the total and some selected differential cross sec-
tions for the e+e− colliders. Specifically we study the most
relevant process, where a pair of Higgs bosons and a pair of
neutrino-antineutrino are produced: e+e− → HHνν̄. For
this computation we use MadGraph5 (MG5) [47] which

generates and accounts for all the Feynman diagrams con-
tributing to the full scattering process, e+e− → HHνν̄.

All the participating diagrams are taken into account and,
for completeness, are displayed in the Appendix A. These
include diagrams with WW fusion configuration (diags. 5,
6, 7, and 8) and diagrams with an intermediate Z boson that
decays to νν̄ (diags. 1, 2, 3 and 4). Just the first configuration
allows to explore both κV and κ2V simultaneously at tree
level in the colliders. In addition, the latter configuration is
known to be highly subdominant as compared to the WW
fusion ones, in the case of e+e− colliders with TeV energies.
For a comparison of these two contributions in the SM case,
see for instance Ref. [24].

Our predictions of the contourlines for the total cross
section σ(e+e− → HHνν̄) in the (a, b) plane and for
the three selected energies

√
s = 500 GeV (upper left),

1000 GeV (upper right) and 3000 GeV (lower) are shown
in Fig. 7. In these plots we have also included the line that
defines the correlation a2 − b = 0 (dashed white line)
and the explicit prediction for the SM cross section at the
(a, b) = (1, 1) point. Regarding these three contour plots
we first notice the good agreement found in the numerical
results with Ref. [24]. As expected, the size of the cross
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Fig. 7 Predictions from the HEFT for the contourlines of cross section
σ(e+e− → HHνν̄) (in pb) in the (a, b) = (κV , κ2V ) 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 a2 = b. All
predictions shown here include a cut on the missing transverse energy
from the final νν̄ of /ET > 20 GeV
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section for this e+e− → HHνν̄ process within the region
of the (a, b) parameter space explored in this figure is in
general larger for the larger energy colliders, reaching size-
able 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, respectively. These BSM cross sections should
be compared with the corresponding SM predictions which
are 1.2 × 10−5 pb, 7.4 × 10−5 pb and 7.7 × 10−4 pb
for ILC(500 GeV), ILC(1000 GeV) and CLIC(3000 GeV)
respectively. It is clear that CLIC with the highest energy of
3000 GeV will offer the best sensitivity to the κV and κ2V

parameters, improving it respect to the present sensitivity at
the LHC.

Second, the appearance of a minimum located in the dark
blue area is clearly manifested in the lower left quadrant
of these three plots, showing small cross section values of
around 2.9 × 10−6 pb, 1.1 × 10−5 pb, and 1.2 × 10−4 for
500 GeV, 1 TeV and 3 TeV collider energies, respectively.
Third, the line with a2 = b tends to be more parallel to
the contourlines when the energy is increased from 500 to
3000 GeV, and this line enters in the region of minimum cross
section at the lower left quadrant. This confirms our expec-
tations from the analysis of the subprocess in Sect. 3. At the
higher energies, the WBF diagrams dominate, and the cross
section behaviour of the full process with (a2−b) reproduces
approximately the corresponding behaviour of the subpro-
cess. In particular, the subprocess is dominated by the LL
amplitude where we have seen that the largest contribution
of O(s) vanishes for (a2 − b) = 0. Consequently, for the
highest energy of 3000 GeV, we find the dashed line almost
parallel and close to the contourlines of lower cross section.
This does not happen in the 500 GeV case because the WBF
diagrams do not dominate and the Z mediated diagrams are
instead the most relevant ones. The case of 1000 GeV is in
between the two other cases, but yet the WBF dominate at
these energies and we can see the dashed line better aligned
with the contourlines than in the 500 GeV case.

We next wish to contrast the previous results of the cross
section in the (a, b) plane with other specific correlations
different than (a2 − b) = 0. For this comparison we define
the correlations in terms of the coefficient deviations, i.e.
in terms of �a and �b which are assumed here to be lin-
early related by �b = C�a where C is a given correlator
factor. The results of this comparison are shown in Fig. 8
where the various coloured straight lines crossing at the SM
point (a, b) = (1, 1) define our various choices for the cor-
relator factor C. Concretely, we explore here 14 different
correlations given by C = ± 1

4 ,± 1
3 ,± 1

2 ,±1,±2,±3,±4
that correspond to the 14 coloured lines in Fig. 8. We recall
that �b = 2�a is the linearized version of a2 = b. There-
fore this particular line in Fig. 8 approaches the dashed line

of the previous Fig. 7. We also recall that this �b = 2�a
case has been found in some models like dilaton models, and
in models with iso-singlet mixing. The case �b = −2�a
has been found in the 2HDM. And the case �b = 4�a has
been found in SMEFT, in MCHM, and in SILH. The most
important conclusion from this figure is the following: in
BSM scenarios where the departures from the SM predic-
tion at (a, b) = (1, 1) are obtained by moving through the
(a, b) plane in these different directions given by the straight
coloured lines, we find that the reach to a given contourline
with fixed cross section is done with different sensitivities
for each correlation. For instance, in the upper left quadrant
of the 3 TeV plot, the contourline of σ = 1.2 × 10−3 pb,
which is about two times the SM value, is reached first (i.e.
with the shortest distance) by the �b = − 1

2�a line, and
then by others, in the order �b = − 1

3�a, �b = − 1
4�a,

�b = −�a, �b = −2�a, �b = −3�a and �b = −4�a.

In general, the more perpendicular lines to the main axis
of these parabolic curves the easier is to test such corre-
lation hypotheses. Then, in this upper left quadrant of the
CLIC plot the correlation �b = − 1

2�a is expected to be the
easiest to be tested. In the lower left quadrant, the correla-
tion that is the easiest to test is �b = 1

4�a, then in order
�b = 1

3�a, �b = 1
2�a and �b = �a. Other correlations

like �b = 2�a, �b = 3�a and �b = 4� seem very diffi-
cult to be tested because the corresponding lines lay close to
the contourlines with the lowest cross section. We will dis-
cuss in more detail the accessibility to those correlations in
the next section, once we determine the realistic final state
particles, i.e. after the decays of the final HH pairs.

In the final part of this section we explore the implications
of these correlations in some selected differential cross sec-
tions of the process e+e− → HHνν̄. This selection is moti-
vated by our findings at the subprocess level, WW → HH
in Sect. 3 where the subprocess energy and the angular vari-
ables of the final state play an important role in enhancing
the sensitivity to κV , κ2V and their possible correlations. We
choose here to explore the differential cross sections with
respect to the following variables: (1) the invariant mass of
the HH pair, (2) the pseudorapidity of one of the final H,

and (3) the transverse momentum of one of the final H. We
set for this study the case with the highest energy, i.e. we
take

√
s = 3 TeV. Our predictions for dσ/dMHH , dσ/dηH ,

and dσ/dpTH are displayed in Figs. 9, 10 and 11 respec-
tively. In each plot we set one of the 12 correlations assumed
here for �b = C�a, with C = ± 1

3 , ± 1
2 , ±1, ±2, ±3,

and ±4, and include the predictions for four selected (a, b)
points fulfilling that particular correlation. These predictions
are represented by the four colored lines in each plot. The
SM predictions are also included in all plots for comparison
(black lines).
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Fig. 8 Comparison of the predictions from the HEFT for con-
tourlines of cross section σ(e+e− → HHνν̄) (in pb), in the
(a, b) = (κV , κ2V ) plane, with the different correlation hypothe-
ses between the HEFT parameters given by �b = C�a with
C = ± 1

4 ,± 1
3 ,± 1

2 ,±1,±2,±3,±4 (coloured straight lines crossing at

(a, b) = (1, 1)). The three e+e− collider cases are displayed: 500 GeV
(upper left panel), 1 TeV (upper right panel) and 3 TeV (lower panel).
The SM cross section predictions are also displayed. All predictions
shown here include a cut on the missing transverse energy from the
final νν̄ of /ET > 20 GeV

We start commenting first our results for dσ/dMHH in
Fig. 9. As a common feature in these plots, we see that
the BSM predictions (coloured lines) depart from the SM
predictions (black lines) in many cases quite significantly.
The largest departures are produced for the largest �a and
�b values whenever a2 �= b. If we focus on the large

MHH > 800 GeV region of these plots we see that there
are big enhancements in the BSM predictions in all the plots
of the first three rows of this figure, whose lines are always
above the SM line. The departures are less evident in the
cases �b = 2�a, �b = 3�a and �b = 4�a which are
drawn in the last row of this figure. In fact, for �b = 2�a
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Fig. 9 Predictions for the behaviour of the e+e− → HHνν̄ cross sec-
tion distribution with respect to the Higgs pair invariant mass, MHH , in
the HEFT and assuming a correlation between the HEFT-LO parameters
parameterized by the equation �b = C�a, for the casesC = ± 1

3 , ± 1
2 ,

±1, ±2, ±3 and ±4. The BSM predictions are given by the coloured
lines. The SM predictions are also included for comparison (black lines).
The center-of-mass energy is set at 3 TeV
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Fig. 10 Predictions for the behaviour of the e+e− → HHνν̄ cross
section distribution with respect to the pseudorapidity of one of the
Higgs bosons, ηH1, in the HEFT and assuming a correlation between
the HEFT-LO parameters parameterized by the equation �b = C�a,

for the cases C = ± 1
3 , ± 1

2 , ±1, ±2, ±3 and ±4. The SM prediction
is shown in black for comparison. The center-of-mass energy is set at
3 TeV
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Fig. 11 Predictions for the behaviour of the e+e− → HHνν̄ cross
section distribution with respect to the transverse momentum of one of
the Higgs bosons, pH1

T , in the HEFT and assuming a correlation between
the HEFT-LO parameters parameterized by the equation �b = C�a,

for the cases C = ± 1
3 , ± 1

2 , ±1, ±2, ±3 and ±4. The SM prediction
is shown in black for comparison. The center-of-mass energy is set at
3 TeV

123



Eur. Phys. J. C           (2024) 84:503 Page 17 of 23   503 

we see that the profiles of these lines are quite similar to each
other and to the SM one. Indeed it is just in this case where
some of the coloured lines are below the SM line, providing
a very difficult to disentangle BSM signal. This is clearly
related to the previous observation that the cross section of
the subprocess has a minimum close to the a2 − b = 0 line,
which as we have said is in correspondence with �b = 2�a.

Next, we comment on our results for dσ/dηH in Fig. 10.
Again, all plots in the first three rows show large deviations
of the BSM predictions (coloured lines) with respect to the
SM ones (black lines). Whereas the SM lines have the typical
shape of the WBF configuration with two maxima at about
ηH1 = ±2 and a minimum at ηH1 = ±0, the BSM lines
show in contrast a unique maximum at ηH1 = ±0, which
is very prominent in some cases. This peculiar behaviour of
the BSM signal was already anticipated in our study of the
subprocess in Sect. 3 that indicated the high transversality of
the final Higgs bosons. The highest and narrowest picks of
these distributions are found in the cases with C < 0 and in
particular in the plots with C = −1/2 and C = −1/3 where
the distance in pb between the height of the pick in the BSM
lines and the minimum in the SM can be as large as two orders
of magnitude. It is clear that these particular correlations will
give rise to clear BSM signals with high transversality of the
final Higgs bosons (and their decays products) with respect
to the beam. Therefore, they will be easier to test at future
colliders. In contrast, the lines in the plots of the last row in
this figure do not differentiate much from the SM line. The
shape of the coloured lines in the case �b = 2�a is like
in the SM, with two maxima at about ηH1 = ±2 and one
minimum at ηH1 = 0, and the case �b = 3�a is nearly
indistinguishable from the SM. Then these two correlations
do not provide much transversality in the produced H ’s.

Finally, we comment on our results for dσ/dpTH in Fig. 11.
This figure confirms the main features found in the previous
figure regarding the high transversality of the final Higgs
bosons in the BSM and provides the most clear outcome.
All the BSM lines in all the plots of this figure present a
departure at high pT with respect to the SM line, and they all
have a shape where the falling of the tails at large transverse
momentum is smoother than in the SM case. This common
feature indicates again the high transversality of the final
Higgs bosons in the BSM signals. The only exception to this
behaviour occurs in the lower left plot that corresponds to
the correlation �b = 2�a, where a similar shape respect
to the SM in this distribution is found. We also learn from
this figure that this differential cross section dσ/dpTH will
be a good discriminator for the sensitivity to (κV , κ2V ) and
their possible correlations. In particular, we find the largest
departures with respect to the SM at pTH > 200 GeV for
the case �b = −1/2�a, in concordance with our previous
findings.

In summary, from our study of the correlations in the
three differential cross sections in this section we have learnt
that quite distinctive BSM signals appear in the three cases
dσ/dMHH ,dσ/dηH anddσ/dpTH , characterizing the depar-
tures from the SM prediction by significant enhancements
mainly: (1) in the large MHH > 500 GeV region, (2) in
the central rapidity region around ηH1 = 0 and (3) at large
transverse momentum pTH > 200 GeV. These enhancements
appear in all cases of correlations studied except for those
cases close to the particular assumption a2 = b (like �b =
2�a) where the distributions are closer to the SM ones and
therefore these will be the most difficult to test experimen-
tally. In contrast, the particular correlation �b = −1/2�a
appears like the easiest one to be tested since it provides the
largest deviations with respect to the SM predictions.

5 Accessibility to correlations between κV and κ2V at
future e+e− colliders

In this section we finally explore the accessibility to the effec-
tive couplings κV and κ2V and their correlations at future
e+e− colliders in a more realistic scenario, where the final
Higgs bosons decay to bb̄ pairs which is their dominant decay
channel. Therefore, we study here the full process

e+e− → HHνν̄ → bb̄bb̄νν̄, (5.1)

and perform a more realistic analysis of the BSM departures
with respect to the SM by looking at events with 4 b-jets
and missing transverse energy /ET from the final neutrinos
which are not detected at colliders. For this study of the (4
b-jets + /ET ) events we use again MadGraph5 (MG5) [47].

To simplify our study, the b-jets from the final state will be
defined at the parton level, i.e. we will not consider here any
showering effects. Instead, and in order to take into account in
an approximate way the b-tagging effects in our estimates of
the event rates later we have introduced a reducing factor ε4

b ,

where εb = 0.8 is our assumed b-tagging efficiency factor for
each b-jet which is the usually assumed value in the literature
(see for instance, [23]). Regarding the background estimates,
we have checked here that the dominant background is given
by the same process e+e− → HHνν̄ → bb̄bb̄νν̄ as pre-
dicted within the SM. We have also checked with MG5 that
these SM background rates correspond to the HEFT predic-
tions for e+e− → HHνν̄ → bb̄bb̄νν̄ with a = b = 1.

Other potential SM backgrounds to (bb̄bb̄νν̄) events are
expected to be either small or easily treatable. In particular,
events from mixed EW-QCD with virtual gluons producing
the bb̄ final pairs and Z bosons producing the νν̄ pairs can
be easily reduced by applying cuts on the final Mbb̄ invari-
ant mass and final missing transverse energy /ET . Events
from tops production do not produce the same final state,
since neutrinos from the top decays will come together with
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charged leptons. Events from W ′s production can also pro-
vide 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 detec-
tor effects 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
(bb̄bb̄νν̄) events within the EW-SM, we have computed with
MG51 the three most important ones which are e+e− →
XYνν̄ → bb̄bb̄νν̄ with the intermediate states XY being
HH, HZ and Z Z . 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 (bb̄bb̄νν̄)

events, are approximately equal to the HHνν̄ rates multi-
plied by the corresponding branching ratios of the Higgs
boson and Z boson tobb̄ pairs, given by 58% and 15% respec-
tively. Second, we have also checked that the last cut on the
invariant mass of the bb̄ pair is very efficient in eliminat-
ing practically the SM backgrounds from XY being HZ and
Z Z . In contrast, the event rates from XY = HH are not
practically affected by this cut on Mbb̄, as expected. There-
fore, in our following study of the accessibility to κV and
κ2V and to their potential correlations in (bb̄bb̄νν̄) events,
we will assume that XY = HH within the SM provides the
main background to our BSM signal from the HEFT with
(a, b) �= (1, 1).

In order to simplify the analysis of the (bb̄bb̄νν̄) events,
we will then consider just some basic requirements. In order
to guarantee the detection of the final particles, we will imple-
ment 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 character-
ized 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 subpro-
cess, i.e. the W mass here. The specific values for the cuts
assumed here are summarized in the following:

pbT > 20 GeV, |ηb| < 2, �Rbb > 0.4, /ET > 20 GeV,

(5.2)

where pbT and ηb are the transverse momentum and the pseu-
dorapidity of the b-jets, /ET is the missing transverse energy
from the νν̄ pairs and �Rbb = √

(�ηbb)2 + (�φbb)2, where

1 When 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, α(mZ ) = 1/128, mb = 4.7 GeV, ymb = 3.1.

�ηbb and �φbb 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 [24,48]. In addi-
tion, as we have said above, in order to take into account in
an approximate way the b-tagging effects in our estimates
of the rate events we have introduced a reducing factor ε4

b ,

where εb = 0.8 is our assumed b-tagging efficiency factor
for each b-jet.

Finally, in order to quantify the sensitivity to the BSM
coefficients κV , κ2V and their possible correlations we have
defined the ratio R in terms of the number of (4 b-jets + /ET )

events as:

R = NBSM − NSM√
NSM

. (5.3)

Here, NBSM is the events rate from the BSM signal as com-
puted from the HEFT for the given κV = a and κ2V = b
parameters, and NSM is the events rate from the SM (which,
as said above, corresponds to the HEFT prediction for a =
b = 1). By requiring R to be above some threshold in
order to differentiate the BSM signal from the SM predic-
tion, we can set an approximate criterion for the accessibility
to these κV , and κ2V coefficients. In Fig. 12 we show the con-
tourline for R = 3 (solid line), 5 (dashed line) and 10 (dotted
line), for the three cases, ILC(500 GeV, 4 ab−1) (upper left
plot), ILC (1000 GeV, 8 ab−1) (upper right plot), and CLIC
(3000 GeV, 5 ab−1) (lower plot). We have also coloured in
purple the region for R > 3, which corresponds to the largest
accessible region of the parameter space.

From these plots, we learn several features. First, we see
again that CLIC with the highest planned energy will provide
the highest sensitivity to these a = κV , and b = κ2V param-
eters and it will definitely improve the present sensitivity at
the LHC. For instance, at CLIC(3000 GeV), for the simple
setting of a = 1, the accessible values (i.e. those with R > 3)

will be b > 1.2 and b < 0.95, and for the simple setting of
b = 1, the accessible values will be a < 0.89 and a > 1.01.

The corresponding values for the other collider options are
worse. At ILC(500 GeV), for a = 1 the reach in b will be
outside the explored interval in this plot, and for b = 1 the
reach in a will be a > 1.19. At ILC(1000 GeV), for a = 1
the accessibility region will be b > 1.5 and b < 0.91, and
for b = 1 we find the accessibility at a < 0.75 and a > 1.03.

Regarding our study of the correlations, in Fig. 12 we have
included several lines for multiple correlation hypotheses that
can be compared with the previously commented accessible
regions in the (a, b) plane. One can see that by starting from
the SM point and moving through the (a, b) plane in order
to explore the different BSM hypotheses by following the
marked correlation lines one reaches the given sensitivity
lines (i.e. the parabolas for a fixed value of R) sooner in
some cases than in others of those considered in this figure.
The shorter the distance to reach a given sensitivity line is,
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Table 1 Predictions for σ(e+e− → XYνν̄ → bb̄bb̄νν̄)(pb) within
the SM for various intermediate states XY = HH, HZ and Z Z 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

√
s = 3 TeV

Cuts σ(XY = HH)(pb) σ (XY = HZ)(pb) σ (XY = Z Z)(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 < |Mbb̄(GeV)| < 130 6.0 × 10−5 1.6 × 10−6 Negligible

Fig. 12 Predictions from the
HEFT for contourlines of the
parameter R defined in Eq. 5.3,
which serves as an estimate of
the potentially accessible
regions in the (a, b) plane, at the
future e+e− colliders: ILC
(500 GeV, 4 ab−1) (upper left
plot), ILC (1000 GeV, 8 ab−1)

(upper right plot), and CLIC
(3000 GeV, 5 ab−1) (lower
plot). The shaded areas in purple
represent the accessible region
defined by R > 3. The coloured
straight lines represent the
different correlation hypotheses
for �b = C�a with C =
±1/4,±1/3,±1/2,±1,±2,±3,±4

the easier will be to probe the given correlation hypotheses.
For instance, if we focus on the a < 1, b > 1 region, we
see that the shortest path to reach the R = 3 parabola is
provided by following the green line which corresponds to
the correlation �b = − 1

2�a, and the longest path occurs
for the light-blue line corresponding to the correlation �b =
−4�a. If instead we focus on the a < 1, b < 1 region the
shortest path is for �b = 4�a and the longest one is for

�b = 2�a (which in fact does not even enter the accessible
region for the studied range of the parameter space). Looking
at the region with a > 1 and b > 1, the shortest path is
for �b = 1

4�a, and the longest one is for �b = 4�a.

Finally, at the region with a > 1 and b < 1, there are no
remarkable differences in the corresponding distances. All
these findings for the comparative sensitivities of the various
correlation hypotheses agree qualitatively with our previous
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results for the differential cross section distributions with
MHH , ηH1 and pH1

T presented in the previous section. A
further more refined analysis of those distributions could in
any case improve the viability to test in a more quantitative
and precise way the various different correlation hypotheses
for the HEFT parameters. But this is left for a future work.

6 Conclusions

In this work, our goal has been focused on the study of the
phenomenological consequences in double Higgs production
at e+e− future colliders coming from the most relevant lead-
ing order HEFT a and b coefficients. These parametrize the
BSM interactions/couplings of the Higgs particle with the V
(W and Z) EW gauge bosons, HVV and HHVV respec-
tively, and they are identified with the usual κ-modifiers as
a = κV and b = κ2V . For our study of the expected sensiti-
vity to κV and κ2V via Di-Higgs production at e+e− collid-
ers we have considered both the total cross section and some
selected differential cross sections. Our proposal of consi-
dering these selected differential cross-sections is motivated
by our final goal of exploring the sensitivity not only to the
parameters themselves but also to their particular correlations
that can appear in different scenarios for the UV physics.
Finding experimental tests of these potential correlations is
undoubtedly of great interest in the high energy physics com-
munity. The main reason is that not only the values of these
effective couplings but also their correlations carry relevant
information on the particular underlying UV theory which is
the final responsible for generating such low energy effec-
tive couplings. The different correlations predicted for those
parameters a and b (and more concretely for their devia-
tions respect to their SM values given by �a = 1 − a and
�b = 1 − b) in various examples explored in the literature
(like 2HDM, SMEFT, MHCM, dilaton models and others)
suggest the interest of these kind of tests, like the ones pro-
posed in this work.

We have first explored the relevance of the particular com-
bination (κ2

V −κ2V ) at the subprocess level. Our investigation
of the most relevant subprocess, given by the WW → HH
scattering, indicates that the total cross section has a mini-
mum in the (κV , κ2V ) plane close to the correlation hypothe-
ses given by the line κ2

V = κ2V which contains the SM point
(κV , κ2V ) = (1, 1). Our study of the subprocess also indi-
cates that departures from this line, i.e. for κ2

V �= κ2V , are
good indicators of BSM not only in the total cross section but
also in the particular distributions with respect to the angu-
lar variables of the final state. We find that these are also
good candidates for tests of the different possible correla-
tions among the κV = a and κ2V = b parameters. Secondly,
we have explored the sensitivity to the BSM effective cou-
plings a and b in the e+e− → HHνν̄ process. In order to

do so, we have performed a scan of the cross section in the
(a, b) parameter space which have been shown in the form
of contourline plots. We have checked that for the particular
choice of a2 = b the contourlines approach a valley region
with very small values for the cross section, signaling the
existence of a close minimum. Close to that region a and b
will be therefore very difficult to be tested. The more dis-
tant a and b are from this a2 = b direction the better will
be the access to test these parameters at e+e− colliders by
means of double Higgs production. Furthermore, thanks to
these plots, we have been able to show that the cross section
of the process is not only sensible to the absolute value of �a
and �b, but also to their relative size and sign. This means
that the direction in which we choose to depart from the
SM configuration is relevant to the behaviour of the process.
The summary of the predictions for the total cross section
in the (κV , κ2V ) plane and their comparison with the dif-
ferent correlation hypotheses defined by �b = C�a, with
C = ± 1

4 ,± 1
3 ,± 1

2 ,±1,±2,±3,±4, are collected in Fig. 8.
From these plots we can conclude that a given correlation
hypotheses for �a versus �b that points in a ‘perpendicu-
lar’ direction to such a2 = b line will be more easily tested
experimentally, in the sense that it will reach higher sensi-
tivities for small deviations respect to the SM values than
other directions. For instance, the cases with C = 2, 3, 4
seem very difficult to be tested because the corresponding
lines lay close to the contourlines with the lowest cross sec-
tion. In contrast, the cases with C = −1/2,−1/3 seem to be
the easiest ones to be tested. We have shown in these plots
that the behaviour of the contourlines is also sensible to the
center-of-mass energy of the process, being the highest ener-
gies the most sensitive ones to departures respect to the SM.
CLIC with 3000 GeV will then offer the best option.

Regarding our analysis of the correlations by means of
the differential cross sections, we conclude that our three pro-
posed ones, dσ/dMHH , dσ/dηH , and dσ/dpTH will provide
very good options to disentangle the deviations from BSM
predictions with respect to the SM. Furthermore, the corre-
sponding results for CLIC, summarized in Figs. 9, 10 and 11
respectively, also demonstrate that the most characteristic
departures from the SM predictions are given as enhance-
ments at high MHH , at the central rapidity region close to
ηH = 0 and high transverse momentum pTH , indicating the
high transversality of the Higgs bosons (and consequently
of their decay products) in the BSM signals. These differ-
ential cross section results also confirm our findings in the
total cross sections of the comparative results for the various
correlation hypotheses, showing that C = 2, 3, 4 will be dif-
ficult to be tested whereas C = −1/2,−1/3 will be easy to
be tested.

Finally, in order to quantify the sensitivity to BSM depar-
tures from the SM, we consider the specific Higgs decays into
bb̄ pairs that lead to the complete process of our interest given
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Fig. 13 Feynman diagrams for e+e− → HHνν̄ generated by MG5 in the unitary gauge. The coloured dots represent the effective couplings of
the Higgs boson with the electroweak gauge bosons, HVV and HHVV (V = W, Z) within the HEFT

by e+e− → HHνν̄ → bb̄bb̄νν̄. Accordingly, we explore
the final events containing the 4 b-jets from the two Higgs
decays and the missing transverse energy from the νν̄ pairs.
For this exploration we compute the ratio R given in Eq. 5.3
in the (κV , κ2V ) plane for the three projected e+e− colliders:
ILC(500 GeV, 4 ab−1), ILC (1000 GeV, 8 ab−1), and CLIC
(3000 GeV, 5 ab−1). The larger the value for R is, the better
the sensibility to κV and κ2V is reached. We have defined the
accessibility region in Fig. 12 as R > 3. We find the highest
accessibility to (κV , κ2V ) at CLIC(3000 GeV) that will def-
initely improve the present sensitivity at the LHC. Thus, for
the simple setting of a = 1, the accessible values are found
for b > 1.2 andb < 0.95, and for the simple setting of b = 1,

the accessible values found are a < 0.89 and a > 1.01. The
corresponding values for the other collider options are worse.
At ILC(500 GeV), for a = 1 the reach in b will be outside
the explored interval in this plot, and for b = 1 the reach in a
will be a > 1.19. At ILC(1000 GeV), for a = 1 the accessi-
bility region will be b > 1.5 and b < 0.91, and for b = 1 we
find the accessibility at a < 0.75 and a > 1.03. Regarding
the accessibility to reach the different correlations we also
find that CLIC will provide the best option. We have finally
determined, in each quadrant of the studied (κV , κ2V ) plane,
which ones of the various correlation C factors assumed in
the correlation equation �b = C�a will be easier and which
ones will be more difficult to be tested at CLIC. In the upper
left quadrant (a < 1, b > 1) we find that the shortest path to
reach the R = 3 parabola is provided by C = −1/2 and the
longest path occurs for C = −4. In the lower left quadrant
(a < 1, b < 1) the shortest path is for �b = 4�a and the
longest is for �b = 2�a (which in fact does not even enter
the accessible region for the studied range of the parameter
space). In the upper right quadrant (a > 1, b > 1) the short-
est path is for C = 1/4, and the longest one is for C = 4.

Finally, in the lower right quadrant (a > 1, b < 1), there are
no remarkable differences in the corresponding distances.

In summary, the general conclusion that can be drawn from
this work is that different values for the LO-HEFT param-
eters a and b and their different possible correlations, spe-
cially if they are not correlated by a2 = b, can lead to very
different kinematical properties in the final events from Di-
Higgs production, as compared to the SM case, that could
be exploited in future e+e− colliders in the search for BSM
Higgs physics. This could help us to have a higher under-
standing of the nature of the scalar sector of the SM, and
maybe take a step towards discriminating among the various
options for the underlying high energy (UV) theory.
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Appendices

A Diagrams contributing to e+e− → HHνν̄

We display in Fig. 13 the complete set of Feynman diagrams
that contribute to e+e− → HHνν̄. 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 Mad-
Graph 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 effective cou-
plings of the Higgs boson with the electroweak gauge bosons,
HVV and HHVV (V = W, Z) within the HEFT. These are
given respectively by a = κV and b = κ2V as described in
Sect. 2.
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