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While gluon fusion dominates Higgs pair production at the LHC, vector boson fusion (VBF) offers a
unique window into beyond the Standard Model (BSM) physics through its distinctive kinematic features
and direct sensitivity to Higgs-vector boson interactions. We perform a comprehensive analysis of double
Higgs production via VBF in the Standard Model effective field theory (SMEFT), systematically
investigating how dimension-6 and dimension-8 bosonic operators—particularly those involving field
derivatives—can enhance the production rate. We identify the most relevant Wilson coefficients (WCs)
affecting the trilinear Higgs coupling (hhh) and Higgs-vector boson interactions (hVV, hhVV). Using
constraints from global fits and interpolating fit results for unconstrained WCs with naive dimensional
analysis, we assess their effects on the VV → hh (V ¼ W;Z) scattering amplitudes and cross sections. Our
analysis includes a study of EFT convergence and validity in models with scalar extensions of the SM.
Numerical simulations for the planned High-Luminosity LHC experiment (HL-LHC) in general reveal
only a modest and challenging to detect enhancement of the VBF di-Higgs production rate over the
SM prediction. However, we show that in optimistic scenarios, such a process could be observed at the
HL-LHC. In certain cases, when the enhancement is dominated by the dimension-6 or dimension-8
operators containing field derivatives (and thus leading to stronger energy-dependent effects), this channel
becomes competitive with di-Higgs production via gluon fusion. This work highlights the role of VBF
di-Higgs production as a complementary channel for probing anomalous Higgs couplings and their impact
on BSM physics.
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I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron
Collider (LHC) in 2012 [1,2] marked a pivotal moment in
particle physics, confirming the mechanism of electroweak
symmetry breaking (EWSB) as described by the Standard
Model (SM) [3–5]. However, there are couplings present in
the SM have not yet been measured experimentally. Among
them, the trilinear Higgs self-coupling is perhaps one of the
most important, as it is vital for determining the exact shape
of the Higgs potential and for assessing the stability of the
Universe. This coupling can be probed at the LHC through
nonresonant Higgs boson pair production (commonly
termed as di-Higgs production), which is one of the most

promising directions in the search for the physics beyond
the Standard Model (BSM). Existing observed and
expected 95% CL experimental upper limits for inclusive
gluon fusion (ggF) and vector boson fusion (VBF) double
Higgs production modes read (with significant progress
expected with the High-Luminosity LHC upgrade) [6,7]

σðpp→ hhÞggFþVBF
ObsðExpÞ ¼ 2.9ð2.4Þ×σSMðpp→ hhÞ;

ATLAS ;

σðpp→ hhÞggFþVBF
ObsðExpÞ ¼ 3.5ð2.5Þ×σSMðpp→ hhÞ;

CMS : ð1:1Þ

These numbers indicate significant potential for newphysics
to affect this process by enhancing its cross section relative
to the SM prediction, leading lately to growing interest in
studying the process of double Higgs boson production.
The two main production channels for Higgs boson pair

production in the SM are gluon fusion and vector boson
fusion processes [8–11]. While gluon fusion ðgg → hhÞ
[12–45] dominates in the SM, vector boson fusion ðqq →
qqVV → qqhhÞ [46–58] constitutes a complementary
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channel with distinct experimental signatures, including
presence of forward jets and low hadronic activity in the
central region. Moreover, although VBF di-Higgs produc-
tion is suppressed by an order of magnitude relative to ggF
channel, it is highly sensitive to anomalous Higgs cou-
plings—namely, the trilinear coupling hhh and Higgs-
gauge boson couplings hVV and hhVV (where “V” stands
for either a W-boson or a Z-boson). Such couplings
commonly arise in various BSM theories. For reference,
the leading-order tree-level diagrams contributing to di-
Higgs VBF production at LHC are shown in Fig. 1, with
anomalous couplings marked by red blobs.
The Standard Model effective field theory (SMEFT)

[59–63] provides a model-independent framework to para-
metrize BSM effects through higher-dimensional operators,
suppressed by a cutoff scale Λ. These operators modify
Higgs and gauge boson interactions, leading to deviations
in cross sections and kinematic distributions. In the context
of double Higgs VBF production, dimension-6 and dimen-
sion-8 operators can, in principle, significantly alter the
scattering amplitudes, offering a window into new physics
entering the trilinear Higgs coupling that may be inacces-
sible in single-Higgs processes.
Over the years, numerous studies have investigated double

Higgs production in the context of various BSM scenarios
[64–71]. A number of recent analyses have employed
EFT approach, including both SMEFT and Higgs effective
field theory (HEFT) [72–76], to study single, double, and
multi Higgs production. Some focused on the ggF channel
[77–85], while others examined modifications to the
trilinear Higgs coupling [86–92], or concentrated on the
VBF channel [93–100].
In this work, we investigate double Higgs production via

VBF in the SMEFT framework, examining the impact of
higher-dimensional operators on the production rate and
differential distributions, including terms ∝ 1

Λ2 (LO in the
EFT expansion) and ∝ 1

Λ4 (NLO in the EFT expansion). We
identify the most sensitive operators and assess the pros-
pects for detecting BSM effects at current (LHC) and future
(HL-LHC) collider experiments. Our analysis highlights
the importance of VBF di-Higgs production as a unique
probe of Higgs interactions and the Higgs sector, and

underlines the potential of SMEFT as a tool for uncovering
indirect signs of new physics. Finally, utilizing SMEFTas a
tool should be treated with care, as we also illustrate in
this study.
The paper is organized as follows. Section II identifies the

dimension-6 and dimension-8 SMEFToperators relevant for
this analysis, and outlines our assumptions leading to
bounds on maximal values of their Wilson coefficients used
further in numerical analysis. In Sec. III we discuss the EFT
convergence and accuracy, illustrating it with examples of
the three BSM models involving heavy scalar singlets and
triplets, by comparing the amplitudes calculated in renor-
malizable UV-theories with the corresponding ones
obtained in the decoupling limit. Analytical formulas for
VV → hh helicity amplitudes and cross sections are pre-
sented in Sec. IV and Appendices A and B. Finally, Sec. V
contains the results of our numerical simulations, directly
addressing the question of maximal potential enhancement
of VBF di-Higgs production in SMEFT for LHC and
HL-LHC experiments. Section VI concludes the paper. In
the Appendices, we present the helicity amplitudes for the
WW → HH and ZZ → HH processes, including SMEFT
contributions from the dimension-6 and dimension-8 oper-
ators collected in Table II. For each amplitude, we display
only the leading order terms in the high energy limit
(M2

V=s → 0), including interference terms between different
Wilson coefficients. We start with the WW → HH process
in Appendix A and present the StandardModel contribution
in Eq. (A1), the dimension-6 and dimension-62 contribu-
tions in Eq. (A2), and the dimension-8 contributions in
Eqs. (A3) and (A4). Similarly, in Appendix B, for the ZZ →
HH process, we present the SMcontribution in Eq. (B1), the
dimension-6 and dimension-62 contributions in Eq. (B2),
and the dimension-8 contributions in Eqs. (B3) and (B4).

II. CONTRIBUTING OPERATORS
AND BOUNDS ON WILSON COEFFICIENTS

A. Relevant operators

To affect the process of double Higgs production via
VBF, the SMEFT operators can be inserted into three types
of vertices: hhh, hVV, and hhVV (red dots on diagrams in

FIG. 1. Diagrams contributing to the double Higgs production via vector boson fusion at tree-level and in unitary gauge (the u-channel
is not shown).
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Fig. 1, h indicates the Higgs and V indicates the gauge
boson). The relevant classes of the SMEFT operators that
can impact this process are all summarized in Table I.
Table II presents the specific operators that may affect

one or both of the two VBF processes of interest: WW →
hh and ZZ → hh. All these operators have been included in
the corresponding matrix elements presented in Sec. IVand
analytical results are given in Appendices A and B.
Some important comments are in place here. As we are

interested in the most general features of the VBF part of the
process, we neglect the impact of the SMEFT operators on
the external quark lines and on further decays of the Higgs
boson pair into the final states. At the dimension-6 level, the
primary potential contributions may originate from the
dipole operators Q11

uW;Q
11
dW that are chirality-flipping, as

well as the chiral operatorsQ11
φud and ½Qð3Þ

φq �11. Especially the
latter could amplify the longitudinal W-boson scattering,
and as it was shown in ref. [101] forWW → WW scattering,
these operators result in distinct kinematic distributions,
possibly leading to the same effects inWW → hh. However,
they are strongly constrained by the Z-pole precision

observables, e.g., for ½Qð3Þ
φq �11, a recent electroweak analysis

[102] shows a tight bound on its corresponding WC, of less
than 0.02 1

TeV2. Despite that, the concern about such fer-
mionic operators affecting studied process remains, espe-
cially at the dimension-8 level. Effects of a subset of such
operators have been recently studied in Ref. [85] in the case
of single Higgs production. Additionally, we neglect allCP-
violating operators.We also do not consider the effects of the
renormalization group equation (RGE) running of theWCs.
Although it has been shown in the literature (see, e.g.,
[80,103–106]) that RGE effects are often non-negligible, we
have verified that, in our case, they can change the values of
the dimension-6 WCs by about Oð20%Þ. This may slightly
modify our results, butwith no significant impact on the final
conclusions.

B. Bounds on Wilson coefficients

To estimate the possible impact of SMEFT operators on
double Higgs production via VBF, one must assign
numerical values to the Wilson coefficients. For dimen-
sion-6 WCs, one can assume the maximum values that

current fits to experimental data allow, as detailed in
Refs. [107–109]. These values are displayed in Table III.
The maximum allowed values for Cφ (not shown in

Table III) can be obtained from the current allowed
95% confidence level intervals for the trilinear Higgs
coupling modifier κλ3 ¼ λ3=λSM3 . Bounds on κλ3 derived
from combined single- and double Higgs production
searches read (with other couplings set to their SM
predictions) [110,111]1

κλ3 ∈ ½−0.4; 6.3�;ATLAS ;
κλ3 ∈ ½−1.2; 7.5�;CMS : ð2:1Þ

TABLE I. Classes of SMEFT dimension-6 and dimension-8
operators affecting vertices relevant for double Higgs boson
production via VBF.

Operator class
Vertex Dimension-6 Dimension-8

hhh φ6, φ4D2 φ8, φ6D2

hVV φ4D2, X2φ2 φ6D2, X2φ4, Xφ4D2

hhVV φ4D2, X2φ2 φ4D4, φ6D2, X2φ4, X2φ2D2

TABLE II. Chosen bosonic SMEFT dimension-6 and dimen-
sion-8 operators affecting the VV → hh process, and conse-
quently, double Higgs boson production via VBF. Operators have
been categorized based on their field structure: X denotes the field
strength tensor, D the covariant derivative and φ the Higgs
doublet.

Dimension-6 Dimension-8

φ6 φ8

Qφ ðφ†φÞ3 Qφ8 ðφ†φÞ4

φ4D2 φ4D4

Qφ□ ðφ†φÞ□ðφ†φÞ Qð1Þ
φ4D4

ðDμφ
†DνφÞðDνφ†DμφÞ

QφD ðφ†DμφÞ�ðφ†DμφÞ Qð2Þ
φ4D4

ðDμφ
†DνφÞðDνφ†DμφÞ

Qð3Þ
φ4D4

ðDμφ
†DμφÞðDνφ

†DνφÞ
φ6D2

Qφ6D2 ðφ†φÞðφ†DμφÞ�ðφ†DμφÞ
Qφ6

□ ðφ†φÞ2□ðφ†φÞ
X2φ2 X2φ4

QφW φ†φWI
μνWIμν

Qð1Þ
W2φ4

ðφ†φÞ2WI
μνWIμν

QφB φ†φBμνBμν
Qð1Þ

B2φ4
ðφ†φÞ2BμνBμν

QφWB φ†τIφWI
μνBμν X2φ2D2

Qð1Þ
W2φ2D2

ðDμφ†DνφÞWI
μρW

Iρ
ν

Qð2Þ
W2φ2D2

ðDμφ†τIDνφÞWI
μρW

ρ
ν

Qð1Þ
B2φ2D2

ðDμφ†DνφÞBμρB
ρ
ν

Qð2Þ
B2φ2D2

ðDμφ†DμφÞBνρBνρ

Xφ4D2

Qð1Þ
Wφ4D2

ðφ†φÞðDμφ†τIDνφÞWI
μν

Qð1Þ
Bφ4D2

ðφ†φÞðDμφ†DνφÞBμν

1There is also new CMS measurement constraining κλ3 to
similar range, κλ3 ∈ ½−1.39; 7.02�, based on di-Higgs production
only [7].
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However, within linear field redefinitions in SMEFT, the
trilinear Higgs coupling hhh is a momentum-dependent
quantity through the WCs CφD and Cφ□ and related WCs
associatedwith dimension-8 operators. Under the assumption
that all other WCs are negligibly small compared to Cφ

and Cφ8 , this limit can be translated into a bound on the
following combination in the fGF;mW;mZg-input parameter
scheme [84,112],

κλ3 ¼ 1 −
Cφ

ðGFm2
hÞðGFΛ2Þ −

ffiffiffi
2

p
Cφ8

ðGFm2
hÞðGFΛ2Þ2 ; ð2:2Þ

where λSM3 ¼ ffiffiffi
2

p
GFm2

h.AssumingCφ8 ¼ 0 andΛ ¼ 1 TeV,
one can translate the boundon κλ3 fromEq. (2.1) into the direct
bound on Cφ. Using the less stringent constraints from CMS
one gets,

−
13.8
TeV2

≲ Cφ ≲ 4.7
TeV2

: ð2:3Þ

While our study adopts conservative bounds on Cφ, we note
that recent trilinear coupling analysis [113,114] suggests that
somewhat stronger constraints may apply.
In the case of dimension-8 Wilson coefficients, there

have been some attempts to impose constraints based on
available experimental data and theoretical considerations,
such as unitarity bounds [71,115]. However, these con-
straints are significantly weaker than the values adopted in
this work following assumptions, which we list below.
Consequently, we do not include them in our analysis.
Instead, one can roughly estimate their maximal values
using the approach of [116], based on the study of the
validity of the EFT expansion, which leads to a particular
power-counting of WCs, also known as naive dimensional
analysis (NDA),

Ci

ΛD−4 ¼
gni−2� × ci
ΛD−4 ; ð2:4Þ

where D is the dimension of SMEFT operator, ni is the
number of fields involved, g� ≤ 4π is a generic UV
coupling, and ci is an additional suppression factor related,
e.g., to additional symmetries such as shift symmetry or

custodial symmetry. As a result, we get,

Cφ8 ¼ g6�cφ8 ; Cφ6
□ ¼ g4�cφ6

□;

Cφ6D2 ¼ g4�cφ6D2 ; CðiÞ
φ4D4 ¼ g2�c

ðiÞ
φ4D4 ;

CðiÞ
V2φ4 ¼ g4�c

ð1Þ
V2φ4 ; CðiÞ

V2φ2D2 ¼ g2�c
ð1Þ
V2φ2D2 ;

CðiÞ
Vφ4D2 ¼ g3�c

ð1Þ
Vφ4D2 ; ð2:5Þ

with V ¼ W or B.
Further assumption of the maximal possible value of

g� ¼ 4π and no additional suppression factors (ci ¼ 1) is in
principle allowed in strongly coupledUV scenarios, butmay
lead to problems with EFT expansion convergence. Let us
consider as an example the Higgs bosonmass in SMEFT. At
the tree level, it receives contributions from all higher order
operators of the formQφnðφ†φÞnþ3. After EWSB, assuming
the NDA form of (2.4) for Cφn, one has [117],

m2
h ¼

1

Z2
h

�
λv2−g2�v2

X∞
n¼0

ðnþ2Þðnþ3Þcφn

�
g2�v2

2Λ2

�
nþ1

�
;

ð2:6Þ

where the constant Zh is required to ensure canonical
normalization of the Higgs field in the kinetic terms, and
is dependent onWCs of the formφ4þ2nD2; n ¼ 0; 1; 2;… in
Table II. Assuming that all cφn are of orderOð1Þ (or at least
not growing faster thann to some fixed power), such a power
series converges if,

g2�v2

2Λ2
< 1: ð2:7Þ

Incidentally, Eq. (2.6) displays a certain fine-tuning for
keeping m2

h ≪ Λ2, when the upper bound of (2.7) is nearly
saturated. Similar constraints on WCs containing Higgs
field derivatives follow from the requirements of consis-
tency of the SMEFT Lagrangian. E.g., Zh factor at dimen-
sion-6 level has the form [118],

Zh ¼ 1þ 1

4
CφD

v2

M2
− Cφ□

v2

M2
: ð2:8Þ

TABLE III. The 95% CL bounds on the EFT coefficients from linear, OðΛ−2Þ, and quadratic, OðΛ−4Þ EFT fits
taken from [109]. Λ ¼ 1 TeV is assumed. Results from individual and marginalized fits are presented separately.

WC
95% CL bounds, OðΛ−2Þ 95% CI bounds, OðΛ−4Þ

Individual Marginalized Individual Marginalized

CφB [−0.005; 0.062] [−0.310; 0.573] ½−0.005; 0.002� ∪ ½0.085; 0.092� [-0.103, 0.152]
CφW [−0.018; 0.006] [−0.273; 0.707] ½−0.017; 0.006� ∪ ½0.282; 0.305� [−0.067; 0.338]
CφWB [0.007, 0.003] [−0.525; 0.504] [−0.007; 0.003] [−0.190; 0.263]
Cφ□ [0.416, 1.193] [−1.715; 1.879] [−0.429; 1.141] [−1.856; 1.199]
CφD [−0.027;−0.003] [−1.063; 1.149] [−0.027;−0.003] [−0.513; 0.483]
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This has to be greater than zero (otherwise a Higgs tachyon
in SMEFT appears), leading to the condition,

j4Cφ□ − CφDjv2
Λ2

<
ffiffiffi
2

p
; ð2:9Þ

or equivalently, using NDA for WCs through Eq. (2.5), to a
bound,

g2�v2

Λ2
≲Oð1Þ: ð2:10Þ

Consequently, in the context of NDA estimates for the upper
bounds on the magnitudes of Wilson coefficient, the
assumption g� ∼ 4π is generally invalid when the scale Λ
is below approximately 3.1 TeV, where to ensure the
convergence of the EFT series, the effective coupling g�
should satisfy a tighter constraint g� ≲ Λ

v.
Additionally, assuming the NDA scaling of Eq. (2.4), the

bounds on dimension-6 Wilson coefficients obtained from
fits to the experimental dataset a natural limit on UV
coupling g�. The most stringent limit arises from con-
straints on Cφ in Eq. (2.3), leading to,

g� ≲min

�
jCmax

φ j1=4
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Λ

1 TeV

r
; 4π

�
; ð2:11Þ

where, to be conservative, we use a maximal allowed value
of Cmax

φ ¼ 13.8 derived from Eq. (2.3). Likewise, applying
the NDA estimation to the Wilson coefficient Cφ□ yields
the following bound,

g� ≲min

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
jCmax

φ□ j
q Λ

1 TeV
; 4π

�
; ð2:12Þ

with jCmax
φ□ j ≈ 2 following from Table III. For our estimates

of possible enhancements to double Higgs production via
the VBF channel in the SMEFT, we use the g� limits
displayed above as the maximal NDA value for WCs that
currently have no experimental constraints. As operators
with and without derivatives may arise from distinct
underlying physics processes, we have chosen to employ
different bounding schemes for each category, using the
constraint (2.11) for Cφ8 and (2.12) for the remaining WCs
not yet included in fits to experimental data.
Indeed, the above-mentioned “educated-NDA” pro-

cedure works quite well for keeping the EFT convergence
under control. To illustrate this point, if we take the scaling
of Cφ8 from Eq. (2.5) and impose the bound from
Eq. (2.11), we arrive at (Λ expressed in TeV)

Cφ8

Λ4
∼

g6�
Λ4

∼
103=2

Λ
: ð2:13Þ

This demonstrates that
C
φ8

Λ4 decreases as Λ grows and
remains bounded. Critically, assuming a large coupling
g� ¼ 4π even at a relatively high scale like Λ ¼ 10 TeV

would lead to a drastically different result,
Cφ8

Λ4 ¼ 125π,
which is orders of magnitude larger and likely inconsistent
with Eq. (2.2) and the convergence of EFT expansion.
In summary, to check the role of VBF processes in di-

Higgs production, we employ the following bounds. For
WCs corresponding to a nonderivative operator Qφ8, we
use the experimental CMS bound [111] on κλ3 and the
resulting limits on Cφ in Eq. (2.3) together with the NDA
scaling of (2.4) for cφ8 ¼ 1. We then obtain,

−min

�
1.8

ffiffiffiffiffiffiffiffiffiffiffiffi
Λ

1 TeV

r
;4π

�
≲g0�≲min

�
1.4

ffiffiffiffiffiffiffiffiffiffiffiffi
Λ

1 TeV

r
;4π

�
;

−
31.6
TeV4

≲Cφ8

Λ4
≲ 7.4
TeV4

: ð2:14Þ

However, as can be seen from the analytical expressions of
the helicity amplitudes VV → hh given in Appendices A
and B, the dominant contribution to di-Higgs production
both in WW or ZZ scattering is proportional to the same
combination of Cφ and Cφ8 as the one entering κλ3 in
Eq. (2.2). For this reason, individual estimates of both WCs
do not significantly affect numerical results and remain
bounded primarily by already known experimental limits
on κλ3 , as we discuss further in Sec. V.
For derivative operators, again being conservative, we

assume maximal values slightly larger than those derived
from global fits for marginalized and linear case presented
in Table III,

jCφ□j≲ 2

TeV2
; jCφDj≲ 1.5

TeV2
; jCφðW;B;WBÞj≲ 1

TeV2
;

ð2:15Þ

which, after making use of (2.12) result in bounds,

g� ≲max

� ffiffiffi
2

p Λ
1 TeV

; 4π

�
;

jCφ6D2 j
Λ4

¼ jCV2φ4 j
Λ4

¼ g4�
Λ4

≲ 4

ð1 TeVÞ4 ;

jCφ4D4 j
Λ4

¼ jCV2φ2D2 j
Λ4

¼ g2�
Λ4

≲ 2

ð1 TeVÞ2
1

Λ2
;

jCWφ4D2 j
Λ4

¼ jCVφ4D2 j
Λ4

¼ g3�
Λ4

≲ 2
ffiffiffi
2

p

ð1 TeVÞ3
1

Λ
: ð2:16Þ

The bounds from Eqs. (2.14) and (2.16) will serve as the
primary input values for the subsequent analysis.
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III. WILSON COEFFICIENTS AND
EFT CONVERGENCE IN SCALAR

EXTENSIONS OF THE SM

Several questions arise when discussing the maximal
enhancement of the double Higgs boson production within
SMEFT. First, are the NDA estimates realistic, i.e., can one
explicitly construct UV models which after decoupling of
heavy particles lead to large values of WCs? Second, if
WCs are large, can they affect the convergence of the EFT
expansion in inverse powers of heavy mass scale? Third,
how reliable is the SMEFT approximation for the growing
energy of the process?
We address these questions by considering examples of a

few simple extensions of the SM. These UV-completions
are models with a heavy real scalar singlet field S or two
types of heavy scalar triplets T1, T2. They provide us with a
useful theoretical laboratory for studying and testing the
VBF di-Higgs production in the SMEFT.

A. Real scalar model

The matching onto the SMEFT of a heavy scalar singlet
model has been worked out in several studies, with
dimension-6 operators at tree-level [119,120] and one-loop
[121,122] as well as dimension-8 operators [123]. By
incorporating all renormalizable interactions between the
heavy singlet S and the SM fields, we have

LS ¼ LSM þ 1

2
ð∂μSÞ2 −

1

2
M2S2 − αMSφ†φ

−
1

2
κjφj2S2 − 1

3!
βMS3 −

1

4!
λSS4; ð3:1Þ

where LSM is the SM-Lagrangian in the notation of
Refs. [63,118] and φ is the SM Higgs doublet. Besides
the heavy singlet mass M, all other parameters are
dimensionless. By promoting the parameters of the theory
into auxiliary fields, a background Z2-symmetry under
which φ → φ and S → −S, assigns charges (−1) to α and β
and (þ1) to all other couplings. The Wilson coefficients in
front of the Z2-invariant EFT expansions in terms of v2=M2

(or s=M2 when calculating momentum-dependent terms in
scattering amplitudes) should also have an Z2-invariant
polynomial form,

Ci ¼ fðαn1βn2 ;…; ; κ; λSÞ; n1 þ n2 ¼ even; ð3:2Þ

Alternatively to the standardmatching procedure, one can
try to identify SMEFT WCs by comparing the correspond-
ing terms of the amplitudes in both UVand effective theory
in the energy region v2 ≪ s ≪ M2. Relevant to the di-Higgs
production processes, we can use longitudinally polarized
vector bosons WLWL → hh and ZLZL → hh scattering,
although the method works as well for other choices (e.g.,
WLWL → WLWL andWLWL → ZLZL). Let us compare the
leading (not suppressed by additional v2=M2 powers)
contributions to coefficients of s powers in the amplitude.
In the high s ≫ v2 regime, the Goldstone boson equivalence
theorem [124–126] simplifies the calculation since at high
energy in SMEFT we only have to calculate GþG− → hh
and G0G0 → hh and match to the same amplitudes in full
theory at s ≪ M2. The tree level longitudinal amplitudes in
the UV model for both processes are given by the same
expression, including contributions from the SM contact
4-scalar interaction and the single s-channel exchange of the
heavy scalar (see Fig. 2),

MðGþG−→hhÞ
00 ðsÞ ¼ MðG0G0→hhÞ

00 ðsÞ

¼ −λþ ð−iαMÞ2
s −M2

¼s≪M2

− λ

þ α2
�
1þ s

M2
þ s2

M4
� � � þ

�
: ð3:3Þ

where λ is the quartic Higgs coupling in LSM: − λ
2
ðφ†φÞ2.

It is crucial to note the same prefactor α2 for coefficients
of ðs=M2Þn; n ¼ 0; 1; 2; :. powers. On the other hand, the
SMEFT amplitudes at large-s, but always below the singlet
mass squared, give (in dimension-6 basis of [63] and
dimension-8 basis of [127]; the explicit expressions for
the amplitudes are presented in Appendices A and B)

MðGþG−→hhÞ
00 ðv2≪ s≪M2Þ

¼−λeff −
1

2
ð4Cφ□−CφDÞ s

M2

þ1

8

h
ðCð1Þ

φ4D4 þCð2Þ
φ4D4Þð1þ cos2θÞþ4Cð3Þ

φ4D4

i s2

M4
; ð3:4Þ

FIG. 2. Dominant diagrams contributing to the di-Higgs production in the real scalar SM extension. The black dot indicates the quartic
Higgs coupling λ. The fields G0; G� are the Goldstone bosons in the Rξ-gauge we are using and h is the Higgs field.
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MðG0G0→hhÞ
00 ðv2 ≪ s≪M2Þ

¼−λeff − ð2Cφ□þCφDÞ s
M2

þ1

4

h
2ðCð1Þ

φ4D4 þCð3Þ
φ4D4Þ−Cð2Þ

φ4D4ð1− cos2θÞ
i s2

M4
; ð3:5Þ

where θ is the scattering angle. By comparing the s0, s1, s2

pieces of Eqs. (3.3), (3.4), and (3.5) we get

λeff ¼ λ − α2; ð3:6Þ

Cφ□ ¼ −
α2

2
; CφD ¼ 0; ð3:7Þ

Cð3Þ
φ4D4 ¼ 2α2; Cð1Þ

φ4D4 ¼ Cð2Þ
φ4D4 ¼ 0; ð3:8Þ

where λeff corresponds to low-energy quartic SM Higgs
coupling.
These results are in agreementwith the literature [119–123].

Note also that the dimension-8WCs are positive semidefinite
according to the corresponding positivity bound [128].
Furthermore, Cφ can be found by comparing the correspond-
ing amplitudes for φ6 processes in full and effective theory.
It is [122]

Cφ ¼ −
α2

2

�
κ −

αβ

3

�
: ð3:9Þ

The above procedure suggests the matching conditions to
be taken at v2 ≪ s ¼ Λ2

0 ≪ M2, with Λ0 could naturally be
chosen at the scale defined by the unitarity violation of
SMEFT. As usual, WCs at low scale can be then calculated
using the RGEs evolution.
From the UV model’s perspective, α is a free parameter,

eventually constrained by perturbativity of couplings. In
such case, the UV loop-expansion parameter should be
limited to

α2

ð4πÞ2 ≲ 1; ð3:10Þ

so that α≲ 4π and maximal value of Cφ□ can saturate the
NDA limit. Therefore, the SM extension with a real scalar
provides a simple, explicit example of a model that can
really produce large values for WCs in the low-energy
limit.2

Actually, it is possible to get even larger WCs from
perturbative UV models. If instead of one heavy real scalar
we add to the SM n copies of such fields with couplings
α1; α2;… and masses M1 ≤ M2 ≤ … (in addition we
assume for simplicity that heavy scalars interact feebly
with each other and mainly couple to the SM Higgs-
doublet), the formula for Cφ□ takes the form,

Cφ□ ¼ −
1

2M2
1

Xn
i¼1

α2i M
2
i : ð3:11Þ

Obviously by increasing the number of heavy fields with
similar masses one can make Cφ□ considerable, while
keeping all the UV couplings αi being perturbative.
To address the question of EFT convergence, let us note

that comparison of Eq. (3.3) with Eqs. (3.4) and (3.5) shows
that WCs of all higher order operators contributing to the
dominant terms in the amplitude are proportional to α2 and
not to the higher powers of α. Consequently, they do not
grow uncontrollablywith increasingmass dimension and do
not endanger the EFT series convergence. This remark is
also in agreement with NDA as on dimensional ground all
such couplings should be proportional to g2�. From Eq. (3.3),
and, at tree level in ℏ-expansion, it is clear that EFT series
always converges if we are below the heavy mass threshold,
s < M2, independently of WC values. Other WCs which
may contribute to subdominant terms in the amplitude are
proportional to higher powers of UV parameters and thus
can be larger, but they are always multiplied by powers of
(v=M) and therefore should not affect EFT convergence as
long as condition (2.7) is fulfilled.

B. Triplet scalar models

As can be seen from Eq. (3.3), the dominant contribution
to WLWL → hh and ZLZL → hh in real scalar model has
always opposite sign to SM term −λeff (λeff should be
positive for Higgs potential to be stable and to have proper
minima). Thus, in such a model both processes are sup-
pressed compared to the SM, unless the α-parameter is
huge and BSM terms dominate the SM amplitude. This
may not be the case for scalar triplet extensions.
Let us consider models containing heavy scalar triplets,

first neutral T1ð1; 3; 0Þ and then hypercharged T2ð1; 3; 1Þ
(numbers is parenthesis denote as usual SUð3Þc ×
SUð2ÞL ×Uð1ÞY quantum numbers). In the first case,
the interesting part of the Lagrangian is

LT1
¼LSMþðDμT1Þ†ðDμT1Þ−αT1

Mφ†σaTa
1φþ…

ð3:12Þ

where σa are the Pauli matrices. By exploiting the same
Z2-symmetry arguments as for the real singlet scalar, we
deduce that WCs will only depend on α2T1

.

2However, one should note that someWCs may be constrained
by additional conditions, such as the properties of the Higgs
potential. Higher order operators contribute to it, ultimately
affecting its stability and positions of minima. We do not study
these issues in detail here, as our goal is simply to provide an
example of consistent UV models which may produce large
WCs.
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In this case, the amplitudes MG0G0→hh
00 and MGþG−→hh

00

are different, at high energy the first one comes from the
s − channel only with neutral component of the triplet
mediator T0

1 plus the contact SM-like graph in Fig. 2, while
the second one also contains contributions from the t and u
channels with charged mediators exchange (not shown in
Fig. 2). The amplitudes are

MG0G0→hh
00 ðsÞ ¼ −λþ ðiαT1

MÞ2
s −M2

¼ −λþ α2T1

�
1þ s

M2
þ s2

M4
þ…

�
; ð3:13Þ

and

MGþG−→hh
00 ðsÞ¼−λþα2T1

M2

�
1

s−M2
−

1

t−M2
−

1

u−M2

�
¼−λþα2T1

−2α2T1

s
M2

−
α2T1

2

s2

M4
ð1− cos2θÞþ…: ð3:14Þ

By performing the UV and EFT matching procedure we
described earlier for the amplitudes in the real scalar
scenario, and using the leading terms of amplitudes given
in Appendices A and B, we arrive at,

λeff ¼ λ − α2T1
; ð3:15Þ

Cφ□ ¼ 1

2
α2T1

; CφD ¼ −2α2T1
; ð3:16Þ

Cð1Þ
φ4D4 ¼ 4α2T1

; Cð2Þ
φ4D4 ¼ 0; Cð3Þ

φ4D4 ¼−2α2T1
: ð3:17Þ

These results are consistent with Ref. [123] derived with
functional matching. In such a model, Cφ□ is positive but
nonvanishing negative CφD is generated, so that effectively
ZLZL → hh cross section is still suppressed compared to
SM but WLWL → hh becomes enhanced. Nevertheless,
both effects cannot be large due to constraints on the CφD

which enters alone in the electroweak ρ-parameter as [118]

ρ − 1 ¼ 1

2

v2

Λ2
CφD: ð3:18Þ

The ρ-parameter deviation from unity is constrained by the
electroweak precision observables to be at one per mile
level. Hence, jαT1

j≲ 0.01 and the leading neutral scalar
triplet contribution affecting di-Higgs production at high
energies is strongly constrained.
The situation is different in charged heavy triplet model

T2ð1; 3; 1Þ, with the Lagrangian

LT2
¼ LSM þ ðDμT2Þ†ðDμT2Þ
− αT2

Mφ̃†σaTa
2φþ H:c:þ…: ð3:19Þ

In this case, high energy scattering amplitudes are given by

MG0G0→hh
00 ðsÞ¼−λþ2α2T2

M2

�
1

s−M2
−

1

t−M2
−

1

u−M2

�
¼−λþ2α2T2

−4α2T2

s
M2

−α2T2
ð1− cos2θÞ s

2

M4
þ…; ð3:20Þ

MGþG−→hh
00 ðsÞ ¼ −λ − α2T2

M2

�
1

t −M2
þ 1

u −M2

�
¼ −λþ 2α2T2

− α2T2

s
M2

þ α2T2

2
ð1þ cos2θÞ s2

M4
þ… ð3:21Þ

and matching to SMEFT as before provides

λeff ¼ λ − 2α2T2
; ð3:22Þ

Cφ□ ¼ α2T2
; CφD ¼ 2α2T2

; ð3:23Þ

Cð1Þ
φ4D4 ¼ 0; Cð2Þ

φ4D4 ¼ 4α2T2
; Cð3Þ

φ4D4 ¼ 0: ð3:24Þ

Comparing to the singlet and the neutral triplet scenarios,
both Cφ□ and CφD are now positive and both ZLZL → hh
and WLWL → hh channels of di-Higgs production are
enhanced in this case. In addition, adding both types of
triplets (with identical masses) to the SM, one has

λeff ¼ λ − α2T1
− 2α2T2

;

Cφ□ ¼ 1

2
α2T2

þ α2T2
; ð3:25Þ

CφD ¼−2ðα2T1
−α2T2

Þ;
Cð1Þ
φ4D4 ¼ 4α2T1

; Cð2Þ
φ4D4 ¼ 4α2T2

; Cð3Þ
φ4D4 ¼−2α2T1

: ð3:26Þ

and in case of approximately (or exactly, due to some
underlying symmetry) equal couplings, αT1

≈ αT2
, it is

possible to get enhancement of the double Higgs produc-
tion avoiding the constraints from the ρ-parameter. One
should note that RGEs evolution can mix variousWCs after
decoupling and in principle lead, at lower energies, to
problems with ρ-parameter constraints even if they were
initially fulfilled. However, we have checked that in
SMEFT for considered low Λ scales such effect is small
and does not affect our conclusions.
In summary, we demonstrated with explicit examples

that it is possible to find renormalizable UV-models which
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produce at low energies large WCs in SMEFT, that may
increase or decrease the di-Higgs production rates through
VBF and are consistent with EFT expansion convergence.

C. EFT accuracy for large
ffiffi
s

p

The issue related to the EFT convergence is how well
the EFT approximation reproduces the full UV-model,
depending on the value of

ffiffiffi
s

p
. For a rough estimate, in

Fig. 3 we plotted the relative accuracy of EFT approxima-
tion defined as

ΔEFT ¼
������
MðGþG−→hhÞ

00ðEFTÞ
MðGþG−→hhÞ

00ðUVÞ

������
2

− 1; ð3:27Þ

with MðGþG−→hhÞ
00ðEFTÞ and MðGþG−→hhÞ

00ðUVÞ given by expressions

for the real scalar or triplet models given above. Figure 3
presents results for two scenarios: the upper panels corre-
spond to the real scalar model, and the lower panels to a
Standard Model extension incorporating both neutral and
charged triplets with degenerate masses and identical
couplings, denoted by αT1

¼ αT2
. We also assumed that

λeff is predominantly determined by the Higgs mass value,
so that λeff ≈ 0.26.

Figure 3 indicates that for small couplings αðαTi
Þ ¼ 0.2,

the EFT remains a reliable tool for all considered UV-
models up to at least

ffiffiffi
s

p
=M ∼ 0.7, provided dimension-8

terms are accounted for. With large couplings, around
Oð1Þ, the EFT approximation maintains good agreement
with UV-models in scenarios with enhanced cross sec-
tions. However, its validity is reduced to

ffiffiffi
s

p
=M ∼ 0.4

when SM-BSM interference is negative, potentially lead-
ing to a complete cancelation of the amplitude. This effect
is exacerbated by the smallness of UV-amplitude in the
denominator of Eq. (3.27), increasing the discrepancy.
Considering the limited experimental interest in sup-
pressed cross sections, the EFT offers a safe approach
for studying enhanced di-Higgs VBF production at the
LHC, even provided that the new physics scale is not
much larger than the highest investigated invariant mass of
the Higgs pair. Based on the preceding analysis, we adopt
the bound on the ratio of the maximal center-of-mass
energy to the new physics (NP) scale to ensure EFT
convergence ffiffiffiffiffiffiffiffiffi

smax
p
Λ

≤ x ≈ 1: ð3:28Þ

Although the value x ≈ 0.7 is theoretically preferable for
inequality (3.28), we adopt the more relaxed value x ¼ 1.

FIG. 3. The plots compare the relative accuracy of the WLWL → hh high energy scattering cross section as predicted by the SMEFT
and underlying UV models. The dashed lines represent ΔEFT from Eq. (3.27) as a function of

ffiffiffi
s

p
=M. The orange curve shows the EFT

result with dimension-6 terms in the amplitude alone, with higher-order terms truncated in the cross section. The blue and red curves
include dimension-8 terms in the amplitude, either truncated or fully kept in its square, respectively. The dotted lines mark the �10%
range of relative accuracy. The solid black line shows the deviation of the cross section ratios from unity in the scalar models relative to
the SM. The upper panels present the findings for a real scalar model, and the lower panels show the findings for a model extended with
both neutral and charged triplets.
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This choice is justified by our numerical analysis in Sec. V,
which shows that even x ¼ 1 severely limits potential
process enhancements. Consequently, the stricter bound
x ≈ 0.7 would yield even less favorable predictions.
It is also important to note that retaining only linear

terms in dimension-6 Wilson coefficients yields consid-
erably less accurate results. Furthermore, Fig. 3 demon-
strates that when the discrepancy between EFT and UV
predictions becomes significant for stronger couplings. In
some cases, EFT more accurately reproduces the full result
if the amplitude is truncated at dimension-8 terms, even
when formally higher-order terms (up to dimension-12)
arising from squaring the amplitude are retained in the
cross section. More details are provided in the following
subsection.
Finally, constraints on the maximum

ffiffiffi
s

p
for consi-

stent EFT application can also arise from perturbative uni-
tarity requirements (see, e.g., Refs. [101,115,129–134]).
However, for center-of-mass energies achievable at the
LHC, unitarity violation typically does not impose strin-
gent bounds. For instance, for WCs of operators involving
Higgs doublet derivatives, it leads to a condition of the
form C s

Λ2 ≲Oð4πÞ. This condition is generally satisfied if
the relevant dimension-6 WCs remain within the bounds
derived from fits to experimental data, as summarized in
Eqs. (2.15) and (2.16). Similarly, our checks indicate that
unitarity constraints from 2 → 3 and 2 → 4 processes, as
discussed in Ref. [134], also do not provide meaningful
constraints for

ffiffiffi
s

p ≲ 2 TeV. Therefore, we do not con-
sider such constraints in our analysis.3

D. A note on truncation: Amplitude vs cross section

The general structure of the EFT amplitude includes
terms at the leading order ∝ 1

Λ2 (LO) and next-to-leading
order ∝ 1

Λ4 (NLO) in the EFT expansion,

M ¼ MSM þ 1

Λ2
Mdim 6 þ

1

Λ4
Mdim 62 þ

1

Λ4
Mdim 8;

ð3:29Þ

where Mdim 6 contains single insertions of dimension-6
WCs, Mdim 62 their double insertions, and Mdim 8 single
insertions of dimension-8 WCs. At the level of cross
section, this leads to corrections of order as high as ∝ 1

Λ8,

σ ∝ jMj2 ≡ σðSMþdim 6þdim 62þdim 8Þ×ðSMþdim 6þdim 62þdim 8Þ

⊃
1

Λ8
jMdim 62 þMdim 8j2: ð3:30Þ

In this work, we truncate only the amplitude in the EFT
expansion. This means we calculate the amplitude up to a
specific order but retain all higher-order terms, as those in
Eq. (3.30), that arise when squaring it to obtain the cross
section. Truncation at the cross section level would omit
terms like those presented in Eq. (3.30), which are formally
of dimension-12. While Fig. 3 shows that amplitude
truncation does not always guarantee better accuracy than
cross section truncation at a given order, a significant
drawback of cross section truncation is its potential to yield
negative cross section values. This behavior is illustrated
in Fig. 4.
As a concrete example, let us discuss the issue of

truncation within the real scalar singlet model of this
section. At a very high energy, the amplitude (3.3) governs
the dynamics of the longitudinal vector bosons scattering
VLVL → hh with V ¼ Z;W�,

FIG. 4. Comparison of truncation schemes using the ratio RWW between angular-integrated cross sections in the SMEFT and the SM
[cf., Eq. (4.7)] for Cφ□ dimension-6 WC and Cφ6

□ dimension-8 WC (with numerical values displayed in the corresponding plots). Solid
lines indicate a cross section truncated to terms of the same maximal dimension as included in amplitude, dashed lines indicate a cross
section calculated by squaring amplitudes without any truncation.

3We also note that the existing literature on unitarity con-
straints in SMEFT generally does not consistently account for
dimension-62 contributions and thus cannot be directly applied to
our analysis, which includes such terms.
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MVLVL→hh
00 ðsÞ ¼ −λeff þ α2

�
s
M2

þ s2

M4
þ…

�
; ð3:31Þ

where λeff ¼ λ − α2. Now we square (3.31), to find

jMVLVL→hh
00 ðsÞj2 ¼ λ2eff − 2λeffα

2
s
M2|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

σ
1=Λ2

þ α4
s2

M4

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{jM
1=Λ2 j2

−2λeffα2
s2

M4|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
σ
1=Λ4

þ 2α2
s3

M6
þ α4

s4

M8

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{jM
1=Λ4 j2

: ð3:32Þ

Clearly, truncating the cross section at order Oðσ1=Λ2Þ or
Oðσ1=Λ4Þ can lead to negative values. In the strong coupling
regime (α≳ 1), this readily occurs for energies aboveffiffiffi
s

p
> M

α

ffiffiffiffiffi
λeff
2

q
. Conversely, truncating the amplitude in such

cases allows the noninterference term to dominate, prevent-
ing negative cross sections. Therefore, unless the coupling α
is weak, comparable to λeff , truncating the full amplitude is
the correct approach. Issues related to truncation and EFT
validity have been discussed in Refs. [83,135,136], where
similar conclusions were reached.

IV. HELICITY AMPLITUDES
AND CROSS SECTIONS

Double Higgs boson production via VBF is a compli-
cated multiparticle process in the SM, which becomes
even more involved in SMEFT. For this reason, before
performing the exact numerical calculations of the cross
section for the pp → hhjj process, it is instructive to
study the anatomy of individual on-shell subamplitudes
contributing to the full amplitude. More specifically, we
study the on-shell scattering of opposite-sign W� bosons
or a pair of neutral Z-bosons into a pair of Higgs bosons h,
namely

Vðp1; λ1Þ þ Vðp2; λ1Þ → hðp3Þ þ hðp4Þ; ð4:1Þ

where V ¼ W� or Z, pi are the four-momenta of the
initial and final states, and λi represent the polarizations of
the initial heavy vector bosons (two transverse—� and
longitudinal—0). The helicity amplitude for the VV → hh
process can be expressed as

MVV
λ1λ2

≡MVVHH
λ1λ2

ðθ; s; GF;MW;MZ;MH;CiÞ; ð4:2Þ

where θ∈ ½0; π� is the scattering angle between the incoming
and outgoing particles in the center-of-mass frame.
Not all the 9 possible helicity configurations are inde-

pendent. As we neglect CP-violating WCs, the following
relations hold:

MVVþþ ¼MVV
−−; MVVþ−¼MVV

−þ; MVV
0� ¼MVV

�0 ; ð4:3Þ

leaving a total of four independent helicity structures. The
differential cross section for a given helicity is given by,

�
dσVV

dΩ

�
λ1λ2

¼ 1

2!

1

9

1

64π2s

× jMVV
λ1λ2

ðθ; s; GF;MW;MZ;MH;CiÞj2;
ð4:4Þ

and the helicity cross section,

σðsÞVVλ1λ2 ¼
Z

2π

0

dφ
Z

π−θcut

θcut

dθ sin θ

�
dσVV

dΩ

�
λ1λ2

: ð4:5Þ

By summing over all relevant helicities, the total cross
section is

σðsÞVV ¼ σðsÞVV00 þ2σðsÞVVþþþ2σðsÞVVþ−þ4σðsÞVV0þ : ð4:6Þ

It is important to note that, as discussed in Sec. III, although
we consistently truncate all amplitudes to dimension-8
level, we do not truncate expressions for cross sections in
the same way, keeping instead all terms arising from
squaring the amplitudes. This means that we include in
cross section calculations also the subset of terms up to
dimension-12 (such subset is gauge-invariant4). For large
values of WCs it can lead to numerically significant
differences comparing to cross sections truncated to
dimension-8 terms only.
Explicit formulas for the leading order helicity ampli-

tudes are provided in Appendix A for the WW → HH
process and in Appendix B for the ZZ → HH process. All
amplitudes and corresponding numerical results in this
section were generated using the following chain of
programs [112,137,138]:

4We have analytically and explicitly checked (with the help of
SmeftFR-code [112]) that the amplitude VV → hh is gauge
invariant, i.e., gauge-fixing ξ-parameter independent, at tree level
for dim6 and dim 62 contributions alone. We expect the same
holds for the dim8 amplitude terms, although we have not verified
the latter cases.
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SmeftFR → FeynArts

→ FeynCalc

The new feature of this analysis is the consistent
inclusion ofOð1=Λ4Þ dimension-62 terms. Neglecting such
terms, e.g., in normalization factors Zh; ZW;… between
weak eigenbasis and physical fields (see Refs. [112,118]),
leads to error by a factor of Oð10Þ in the amplitudes when
the dimension-62 terms are relevant. Even more important
is the fact that, failure of a consistent truncation in
Z-normalization factors here would lead to gauge-fixing
parameter dependent results and therefore meaningless
S-matrix elements. This omission may turn out to be
important in setting bounds to Wilson coefficients or
predictions for physical observables in SMEFT.
Inspecting the formulas for helicity amplitudes displayed

in Appendices A and B one can see that contributions from
some dimension-6 operators (Qφ□; QφD;QφB;QφW;QφWB)
may grow linearly with s. Including dimension-62 terms
does not change this conclusion, the new contributions
have the form C2s=ðGFΛ4Þ. However, corrections to

amplitudes due to some dimension-8 operators (Qð1Þ
φ4D4 ;

Qð2Þ
φ4D4 ; Q

ð3Þ
φ4D4 ; Q

ð1Þ
B2φ2D2 ; Q

ð1Þ
W2φ2D2 ; Q

ð2Þ
W2φ2D2) grow faster with

energy, like s2.
In Fig. 5 we illustrate possible enhancement of the ZZ →

HH cross sections in SMEFT due to effects growing with
energy. We present results in terms of the ratio to the SM
cross section, defined as:

RVV ¼ σSMEFTðVV→HHÞ
σSMðVV→HHÞ ; V¼ðW�;ZÞ: ð4:7Þ

We show only the results for theWþW− → HH process, as
for all operators which contribute to ZZ scattering their s-
dependence is qualitatively similar to the WþW− case. For
all plots and numerical results, we assume one nonvanish-
ing WC at a time and its sign is chosen to maximize the
cross section.
Plots in Fig. 5 are chosen to illustrate several important

points. First, one can see that for dimension-6 WCs values
close to the upper bounds dictated by fits to experimental
data (see Table III), dimension-62 terms become dominant
for

ffiffiffi
s

p ≳ 600 GeV (excluding Cφ, for which there are no
double insertions at the level of the amplitude, hence the
LO and NLO results are identical). Moreover, one can
expect significant enhancement of the VV → HH cross
section from all the classes of dimension-6 WCs, with
specific examples presented in Fig. 5: φ6: Cφ, φ4D2: Cφ□

and X2φ2: CφW . For dimension-8 WCs, the most promising

classes are φ8: Cφ8 , φ6D2: Cφ6
□ and X2φ4: Cð1Þ

W2φ4 . The

relative magnitude of enhancement from various WCs is
primarily dependent on their maximal allowed values given

by numerical fits or NDA. The s-dependence can, for some
operators, further significantly increase the RVV ratio, but
one should remember that in the high-s range, the number
of produced events is lower and statistical errors of
measurements larger, so this tail effect may be more
difficult to be observed. However, even if not relevant
for the HL-LHC, it might become more of significance for
future planned experiments such as FCC-hh.

V. MAXIMAL ENHANCEMENT OF THE DOUBLE
HIGGS PRODUCTION VIA VBF IN SMEFT

We now turn our attention toward finally answering the
question: What is the maximum enhancement in SMEFT of
the double Higgs boson production rate through vector
boson fusion at the HL-LHC?
The answer requires an analysis of the full process

pp → hhþ jets, rather than just the VV → hh subprocess
which we discussed in detail in the previous sections, to
analytically understand the most important effects of the
higher-dimensional SMEFT operators. To this end, we
performed a numerical Monte Carlo analysis of this process
for the LHC and its upgrade HL-LHC. The results were
obtained using MADGRAPH 5—v3_4_1 [139] event gen-
erator utilizing UFO [140] model files generated with
SmeftFR v3.02 [112]. The process of interest is

pp > hhjj

where p represents the initial protons, h the Higgs bosons,
and j the final-state jets. We utilized the VBF-specific cuts
on kinematic variables that are based on the ATLAS
recommendations (following [93,101,130]) on Mjj—
invariant mass of a pair of jets, Δηjj—the rapidity sepa-
ration of jets, ηj—the rapidity of individual jets, ΔpTj—the
transverse momentum of jets, andMhh—the invariant mass
of the pair of Higgs bosons

Mjj ≥ 700GeV; Δηjj ≥ 5; jηjj≤ 4.5;

pTj ≥ 25GeV; Mhh ≥ 400GeV: ð5:1Þ

It should be noted that a more detailed study including
Higgs decays to final states, may require more refined and
final-state-specific cuts on kinematic variables.
Moreover, we assumed all fermion masses—apart from

the top quark—to be equal to zero, and the flavor mixing
matrices to be equal to identity. The numerical values of
input parameters are in line with the default SmeftFR v3
“GF” default input scheme and read

GF ¼ 1.1638 × 10−5 GeV−2; MZ ¼ 91.1876 GeV;

MW ¼ 80.379 GeV; MH ¼ 125.35 GeV;

Mt ¼ 172.76 GeV: ð5:2Þ
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We run the simulations for the LHC and HL-LHC experi-
ments, in the rest of the paper assuming the energy

ffiffiffi
s

p ¼
13 TeV and integrated luminosity of L ¼ 30 fb−1 for the
LHC and

ffiffiffi
s

p ¼ 14 TeV, L ¼ 3000 fb−1 for the HL-LHC.

As the maximal values of Wilson coefficients allowed by
current experimental data (eventually extrapolated using
the NDA assumption) we adopt their numerical values
listed in Sec. II B. As some of them depend on the new

FIG. 5. Ratio RWW between angular-integrated cross sections in the SMEFT and the SM for chosen dimension-6 WCs Cφ□, Cφ, CφW ,

including dimension-6 (solid lines) and dimension-62 (dashed lines) terms, and for dimension-8WCs Cφ8 ,Cφ6
□,C

ð3Þ
φ4D4 ,C

ð1Þ
W2φ2D2 ,C

ð1Þ
W2φ4 .

Values of dimension-6 WCs are given on corresponding plots and Λ ¼ 1 TeV is assumed. For dimension-8 WCs, NDA scaling is
assumed with numerical values of g� ¼

ffiffiffi
2

p
Λ

1 TeV and Λ ¼ 4 TeV.
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physics scale Λ, we employ the EFT validity criterion of
Eq. (3.28) to determine its minimal value, limited by the
condition that less than 1% of all generated Higgs pairs
have invariant mass higher than Λ (see Sec. V B for more
details).
We start with a study assuming one nonzeroWC at a time

(with an exception toCφ andCφ8 affecting κλ3 , see discussion
in Sec. VA). For each run, we calculate the cross section and
the number-of-event enhancements understood as

Δσ ¼ σSMEFT

σSM
; ΔN ¼ NSMEFT − NSM: ð5:3Þ

Whenever necessary, we further distinguish the contribu-
tions from various subclasses of terms, e.g., ΔσD6;ΔσD62 ;
ΔσD8 denote cross section enhancement considering,
respectively, dimension-6 terms only, dimension-6 and
dimension-62 terms or dimension-8 terms only (and sim-
ilarly for event excesses ΔND6;ΔND62 ;ΔND8). We use
such a self-explanatory notation in all following tables and
figures.

We display the results for both positive and negative ends
of the allowed WC ranges. Moreover, we present kinematic
distributions of Higgs pair invariant mass Mhh to illustrate
where the BSM effects can be easiest to identify.

A. WCs affecting Higgs self-couplings

We start by analysing the enhancement associated with
the triple Higgs coupling modifier κλ3. As discussed in
Sec. II B, experimental constraints on κλ3 can be translated
into bounds on twoWilson coefficients that primarily affect
this coupling: Cφ and Cφ8 . However, as can be seen from
the formulas in Appendices A and B, the dominant
contributions from both WCs affect mainly longitudinal

scattering amplitudes MWWðZZÞ
00 and enter into relevant

expression in the same linear combination as into κλ3 (note
also that there are no C2

φ contributions, distinguishing LO
and NLO orders of EFT expansion). Therefore, bounds on
di-Higgs production are in this case directly given by
current limits on κλ3 [see Eq. (2.2)], independently of
individual values ofCφ andCφ8 . For illustration, we present
them assuming Cφ ≠ 0 and Cφ8 ¼ 0 using limits of
Eq. (2.3). The numerical results of the impact of these
Wilson coefficients on di-Higgs production are shown in
Table IV, while the invariant mass distributions are dis-
played in Fig. 6. As can be seen from Table IV, the
enhancement can be substantial, especially in the negative
sign case. The distributions in Fig. 6 show, consistent with
Fig. 5, that the most significant excess of events is expected
at low energies, with Mhh ¼

ffiffiffi
s

p ≲ 1000 GeV.
It should be noted that while in this instance the

enhancement can reach factor Oð20Þ, gluon fusion would
also cause a similar excess in the dominant production
channel, resulting in a much earlier measurement. For this
reason, we consider other Wilson coefficients, endemic for

FIG. 6. Higgs pair invariant mass Mhh distribution for Cφ modifying κλ3 .

TABLE IV. Maximal enhancement of the di-Higgs production
via VBF for Cφ modifying κλ3 .

LHC
WC Δσ ΔN

Cφ

1 TeV2
4.7 6.0 81

−13.8 22.2 336

HL-LHC
WC Δσ ΔN

Cφ

1 TeV2
4.7 5.9 9550

−13.8 21.5 39784
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VBF double Higgs production, to be more interesting, as
discussed in the following sections.

B. WCs affecting Higgs-vector
boson interactions

1. Dimension-6 operators

In the case of dimension-6 Wilson coefficients, we
assume numerical values based on the results of global
fits cited in Table III. We use wider, “marginalized” bounds,
as we first aim to examine their individual effects, keeping
in mind that, in realistic scenarios, they never appear in
isolation. We illustrate the magnitude of difference in
results when only single insertions of dimension-6 WCs
in the amplitudes are allowed (i.e., linear order), with the
case in which we allow double insertions (quadratic order).
Moreover, as argued in Sec. III D, we do not truncate higher
order EFT terms at the level of the cross section as the
consistent and correct choice.
Our results are presented in Table V and illustrated in

Fig. 7 for the Cφ□ and CφW WCs, which correspond to the
strongest enhancements. These results indicate that the
strongest enhancement of di-Higgs VBF production due to
dimension-6 Wilson coefficients at the HL-LHC reaches
at most 2.7 for CφW, and is significantly lower for all

remaining WCs. Furthermore, they highlight the impor-
tance of NLO (dimension-62) contributions in comparison
to LO (dimension-6) ones. For example, in the case of
Cφ□ ¼ −2, the LO contribution is much larger than the
NLO one, consistent with the behavior shown in the plots
in Fig. 5. This is further illustrated by the Higgs invariant
mass histograms in Fig. 7. The reason for this difference is
the negative interference between the SM, LO, and NLO
contributions in the negative-sign case, which can be
examined in Eq. (A2). The histograms in Fig. 7 also
demonstrate the energy growth of the cross section, as can
be seen in Fig. 5. Finally, from these results, one can
deduce the EFT validity scale in line with the requirement
of Eq. (3.28): Λ≳ 3 TeV for Cφ□ and Λ≳ 4 TeV
for CφW.

2. Dimension-8 operators

In the case of the dimension-8 Wilson coefficients
considered in this paper, we assume their numerical values
in line with Eq. (2.16), leading to coefficients Cφ4D4 ,
CV2φ2D2 , and CVφ4D2 scaling with the new physics scale
Λ. To estimate their maximal effect on di-Higgs production,
we must first find a minimal scale Λ consistent with the
validity criterion of Eq. (3.28).
We do that by generating several event samples for

Λ ¼ 1, 2, 3, 4, 5 TeV, while assigning corresponding
numerical values to the Wilson coefficients, assuming
their scaling in Eq. (2.16). For each sample, we impose a
cut on the Higgs pair invariant mass, assuming
Mhh <

ffiffiffiffiffiffiffiffiffi
smax

p ¼ Λ, and define the “minimal” value of
Λ as the one for which the number of events excluded by
this cut is of the order of Oð1%Þ. We emphasize once
more that a more stringent scrutiny of our assumptions
would only result in a further reduction of the event
excess. This procedure yields maximal absolute values for
dimension-8 WCs ranging from 0.13=TeV4 to 4=TeV4,
with EFT validity scale Λ generally exceeding 2–4 TeV.
Then, at NLO, the most significant enhancements of di-
Higgs VBF production at the HL-LHC, compared to
Standard Model predictions, are at most a factor of 1.6

for Cð1Þ
W2φ4 and 1.3 for Cφ6

□. Enhancements for other WCs

are considerably smaller. These increases are even less
pronounced than those from dimension-6 WCs, making
them unlikely to produce any observable effects given the
expected HL-LHC sensitivity.

C. Interference effects of multiple WCs

If one assumes that several WCs do not vanish at the
same time, at the NLO level, quadratic contributions from
dimension-62 WCs may produce interesting interference
effects, rising the possibility of additional di-Higgs pro-
duction enhancement.

TABLE V. Maximal enhancement of VBF di-Higgs production
process for dimension-6 WCs.

LHC
WC C

1 TeV2 ΔσD6 ΔND6 ΔσD62 ΔND62

Cφ□ 2 1.04 1 1.53 9
−2 2.41 23 1.41 7

CφD 1.5 1.08 1 1.07 1
−1.5 1.00 0 1.02 0

CφW 1 1.74 12 2.49 24
−1 2.20 19 1.62 10

CφWB 1 1.27 4 1.14 2
−1 1.23 4 1.41 7

CφB 1 1.39 6 1.69 11
−1 1.38 6 1.17 3

HL-LHC
WC C

1 TeV2 ΔσD6 ΔND6 ΔσD62 ΔND62

Cφ□ 2 1.07 134 1.59 1144
−2 2.42 2770 1.41 800

CφD 1.5 1.07 140 1.07 131
−1.5 1.01 23 1.02 38

CφW 1 1.85 1645 2.72 3340
−1 2.31 1504 1.67 1303

CφWB 1 1.28 540 1.14 275
−1 1.25 481 1.44 848

CφB 1 1.40 773 1.72 1396
−1 1.39 756 1.17 336
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To assess the impact of several selected nonzero Wilson
coefficients on VBF double Higgs production, we collect
the results for chosen benchmark points defined in
Table VI. The relations between WCs in points BP1 and
BP2 follow the structure generated in the scalar singlet
model discussed in Sec. III (see also, e.g., [123]). In such
model, the leading contributions arise from the Cφ, Cφ8 ,
Cφ□ and Cφ6

□ WCs. BP1 includes only dimension-6 WCs,
whereas BP2 also considers dimension-8 operators.5 Points

BP3 and BP4 include Cφ□, Cφ6
□, CφW , and C

ð1Þ
W2φ4 WCs (all

potentially loop-generated here) and are chosen to illustrate

the possible enhancement with κλ3 ≃ 1, since Cφ and Cφ8

are set to zero.
The results of Monte Carlo simulations are summarized

in Table VII and in the histograms of Fig. 8. One can draw
the following conclusions:

(i) BP1—The enhancement is primarily driven by
modifications of κλ3 , resulting in scenario C in
maximal increase of Oð30Þ at linear order and up
to Oð65Þ at quadratic order, for both the LHC and
HL-LHC. With luck, such a significant effect could
be observed even before the HL-LHC era. Quadratic
effects are large and have to be taken into account for
viable cross section estimates, especially that at the
NLO order they can lead to both significant en-
hancement or suppression of the final result, depend-
ing on relative WC signs.

(ii) BP2—The conclusions mirror those for BP1, with
the main difference arising from the inclusion of Cφ8

FIG. 7. Higgs pair invariant mass Mhh distribution for Cφ□ and CφW .

5At the amplitude level, dimension-8WCs add linearly to other
terms. However, as we do not truncate higher-order terms in cross
sections, also dimension-8 terms may lead to nontrivial interfer-
ence with other WCs; thus we include them in our benchmark
points.
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in the κλ3 modification, along with additional con-
tributions from Cφ6

□.
(iii) BP3—In the absence of contributions to κλ3 , the

derivative WCs Cφ□ and CφW can only produce
smaller enhancement, reaching Oð5Þ in scenario A.
Again, quadratic effects are large and can lead to both
constructive or destructive interference betweenWCs.

(iv) BP4—The conclusions are consistent with those for
BP3, with the enhancement of the cross section
reaching Oð9Þ after including also WCs of dimen-

sion-8 operators Cφ6
□ and Cð1Þ

W2φ4 .

These results highlight the importance of including
quadratic contributions in the analysis, both when calcu-
lating total cross sections and in finding the shape of
invariant mass distribution (as illustrated in Fig. 8).
Although operators related to κλ3 dominate the enhance-
ment, interference between Cφ, Cφ8 and other WCs can

lead to large effects, potentially comparable to those in
the gluon fusion channel. The important role is played
here by the relative signs of various WCs. Even without
tree-level triple Higgs boson coupling modification, i.e.,
when κλ3 ¼ 1, enhancement from derivative WCs can
reach up to Oð10Þ. This conclusion should be interpreted
with caution, as we do not include the full set of
dimension-8 operators; the result may therefore depend
on the choice of operator basis.
We should also comment that our analysis is prelimi-

nary and thus does not specify more refined experimen-
tal cuts. In case of momentum-dependent Higgs-vector
boson couplings, which are particularly interesting
as they are weakly or not at all probed by the ggF
channel, even a simple cut on invariant mass of the
Higgs pair may further improve a ratio of signal from
momentum dependent operators from the SM back-
ground. In Table VIII we show the results obtained
assuming Mhh ≥ 1 TeV. As one can see, comparing to
numbers in Tables V and VII, such a cut can increase the
signal to SM prediction ratio by additional factors
of up to almost 5, while still leaving the total number
of events large enough to be observable and statistically
significant.
The presented results should be put into a context with

expected experimental accuracy. Following the recent
ATLAS report [141] on the projected HL-LHC sensitivity
to double Higgs boson production, we quote it for the VBF-
induced double Higgs production as

μVBF−hh ≡ Δσ ≳ 10: ð5:4Þ

This value is significantly above the enhancements pre-
dicted in the previous sections, where only a single Wilson
coefficient was considered at a time, leading to at most
Δσ ≲ 3 and limited prospects for observing VBF di-Higgs
boson production at the HL-LHC within the regime of EFT
validity.
However, as demonstrated in this section, in more

elaborated multiple WC scenarios, or using cuts on
invariant mass of the Higgs pair, the enhancement can
become large enough to make the VBF channel detectable
in future, in parallel to the ggF channel. Measuring (or
putting upper limits) on both of them is valuable, as the sets
of SMEFT WCs which they probe overlap only partially.
The results shown highlight also the importance of con-
sidering the quadratic terms in the EFT expansion and
interference-driven effects between multiple Wilson coef-
ficients. Such effects can produce sizeable cross section
enhancement in the VBF channel, even in cases where the
ggF channel remains unchanged.

TABLE VI. Four benchmark scenarios used to evaluate pos-
sible enhancement of the VBF di-Higgs production process. New
physics scale Λ ¼ 4 TeV is assumed. Letters A, B, C, and D label
subscenarios that take into account different signs configuration.

BP1
WC Cφ Cφ□

C
1 TeV2

A 4.7 2
B 4.7 −2
C −13.8 2
D −13.8 −2

BP2
WC Cφ Cφ8 Cφ□ Cφ6

□

C
1 TeVð2;4Þ

A 3.8 7.4 2 4
B 3.8 7.4 −2 −4
C −10 −13.6 2 4
D −10 −13.6 −2 −4

BP3
WC Cφ□ CφW

C
1 TeV2

A 2 1
B 2 −1
C −2 1
D −2 −1

BP4

WC Cφ□ Cφ6
□ CφW Cð1Þ

W2φ4

C
1 TeVð2;4Þ

A 2 4 1 4
B 2 4 −1 −4
C −2 −4 1 4
D −2 −4 −1 −4
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FIG. 8. Higgs pair invariant mass Mhh distribution for chosen BPs from Table VI for HL-LHC.
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VI. CONCLUSIONS

Our study explores the influence of higher-dimensional
operators of the Standard Model effective field theory on
the double Higgs boson production process via vector
boson fusion. Although the VBF channel is subdominant
compared to gluon fusion, it is characterized by a unique
experimental signature and provides sensitivity to a differ-
ent spectrum of BSM interactions.

We incorporated all bosonicCP-conserving dimension-6
operators and a chosen representative subset of dimension-
8 operators, arranged in Table II. These operators may
significantly impact the tree-level Higgs bosons self-inter-
actions, and its interactions with W and Z gauge bosons.6

For the dimension-8 operators, we believe that our selection
is adequate for capturing the overarching conclusions
regarding the maximum possible enhancement of the
VBF double Higgs production process within SMEFT.
Our choice encompasses all main classes of dimension-8
operators corresponding to possible configurations of
energy growth in the amplitudes. The complete set of such
operators is very large and would obscure, rather than
clarify, the conclusions and discussion presented here.
Moreover, since the specific set of operators generated
depends on the underlying UV model, a broader selection
would not necessarily be more valid or useful. Our aim in
this work is to illustrate representative patterns of discussed
behavior, which can then be straightforwardly extrapolated
to more realistic scenarios.
We determined realistic numerical values for the Wilson

coefficients associated with the chosen SMEFToperators in
Sec. II B. This involved either leveraging existing bounds
(as detailed in Table III), that are derived from numerical
fits to experimental data, or extrapolating such bounds to
currently unconstrained WCs by applying naive dimension
analysis assumptions. To further illustrate these concepts,
we employed examples of singlet and triplet scalar exten-
sions of the SM in Sec. III. This enabled us to demonstrate
when and how such Wilson coefficient values could be
realized after the decoupling of complete UV-models. We
utilized a natural matching technique, deployed directly in
the SMEFT mass basis, and leveraged the Goldstone boson
equivalence theorem. This allowed us to directly map

TABLE VII. Enhancement of VBF di-Higgs production
for benchmark scenarios BP1–BP4. ΔσD6 and ΔσD62þD8 re-
present cross section enhancements at linear and full quadratic
order (i.e., including in the amplitude dimension-6 terms only
or also dimension-62 and dimension-8 contributions), respec-
tively. ΔND6 and ΔND62þD8 indicate the respective event yield
enhancements.

LHC
Scenario ΔσD6 ΔND6 ΔσD62þD8 ΔND62þD8

BP1 A 3.95 48 6.36 87
B 9.63 140 3.73 44
C 28.17 440 65.64 1046
D 16.97 259 3.98 48

BP2 A 2.90 31 5.17 68
B 7.77 110 5.19 68
C 15.30 231 46.48 736
D 7.63 107 3.16 35

BP3 A 1.96 15 4.73 60
B 2.06 17 2.76 29
C 2.99 32 1.89 14
D 3.77 45 1.64 10

BP4 A 1.96 15 8.00 113
B 2.06 17 5.10 66
C 2.99 32 3.80 45
D 3.77 45 2.90 31

HL-LHC
Scenario ΔσD6 ΔND6 ΔσD62þD8 ΔND62þD8

BP1 A 3.87 5581 6.23 10177
B 9.48 16498 3.69 5230
C 27.69 51934 65.02 124564
D 16.57 30304 3.91 5656

BP2 A 2.87 3634 5.13 8035
B 7.66 12955 5.13 8029
C 15.13 27490 46.08 87724
D 7.53 12700 3.12 4132

BP3 A 2.10 2134 5.21 8197
B 2.21 2356 2.98 3856
C 3.12 4129 1.98 1912
D 3.91 5653 1.66 1282

BP4 A 2.10 2134 8.87 15316
B 2.21 2356 5.62 8983
C 3.12 4129 4.13 6097
D 3.91 5653 3.02 3934

TABLE VIII. Maximal enhancement of VBF di-Higgs produc-
tion for dimension-6 Wilson coefficients (WCs) obtained after
applying Mhh ≥ 1 TeV cut.

HL-LHC
WC C

1 TeV2;4 ΔσD6 ΔND6 ΔσD62þD8 ΔND62þD8

Cφ□ 2 2.62 332 4.96 810
CφW 1 6.35 1095 11.12 2070
Cφ6

□ −4 … … 1.43 88

Cð1Þ
W2φ4

−4 … … 3.80 573

BP3 scenario A 7.92 1415 23.09 4517

BP4 scenario A 7.92 1415 41.86 8357

6In SMEFT there are also VV 0h and VV 0hh vertices with
V; V 0 ¼ γ; Z that are driven by CφW;CφB; CφWB WCs. These are,
of course, included in our numerical results but not shown
analytically in the Appendices.
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UV-model parameters to the relevant SMEFT Wilson
coefficients, as evident from the high energy analytical
forms of specific amplitudes (provided in the Appendices A
and B). Concurrently, we also examined the convergence
criteria for the effective field theory expansion using these
same SM scalar extensions.
Subsequently, in Secs. IV and V, we conducted an in-

depth analysis of the VV → hh and the full pp → hhjj
cross sections, respectively. Our analysis included the full
suite of next-to-leading order bosonic contributions (in the
EFT expansion), specifically dimension-6, dimension-62,
and dimension-8 terms, which contribute to the tree-level
amplitudes. Through this analysis, we pinpointed which
WCs exert the most significant impact and how these
contributions vary with the invariant mass of the Higgs
boson pair in the final state. The key findings and
implications of our work, arranged in Tables IV–VIII
and Figs. 6–8 are summarized as follows:
(1) Nonderivative operators (Cφ; Cφ8): these WCs con-

tribute to the trilinear Higgs coupling and are by far
the most significant in potential enhancement of the
VBF di-Higgs cross section, by a factor of at most
Oð20Þ (see Table IV). Nevertheless, we also note
that this kind of modification would also drastically
change the ggF channel, which could result in its
much earlier detection.

(2) Derivative operators (e.g., Cφ□; CφW): the VBF di-
Higgs production cross section exhibits only modest
enhancements, typically at most a factor of Oð2–3Þ
for dimension-6 WCs, as presented in Table V. Even
smaller improvement can be seen in dimension-8
WCs, where the increase is no more than of order
Oð1.5Þ. Consequently, these effects are difficult to
detect at the LHC and continue to be marginal with
the High-Luminosity LHC (HL-LHC) upgrade.
Nevertheless, we noticed that the inclusion of
dimension-62 terms in the amplitude, may alter
the predicted enhancement by ≈50% baring cancel-
lations with the full set of dimension-8 operators.

(3) In scenarios where multiple WCs contribute con-
structively, particularly those involving derivative
operators (e.g., Cφ□, CφW), the cross section can be
enhanced by up to an order of magnitude. Such
enhancements are most pronounced in kinematic
regions with high invariant mass of the Higgs pair
(Mhh ≳ 1 TeV), where the energy-dependent terms
dominate—see Tables VI and VIII. This underscores
the significance of incorporating contributions from

dimension-62 and dimension-8 operators, as their
interference can substantially alter predictions.

In summary, while the VBF di-Higgs channel alone may
not provide definitive evidence of BSM physics at the HL-
LHC, it serves as an important complementary probe,
especially for derivative interactions and more realistic,
multi-WC scenarios. Our results highlight the importance
of including higher-order EFT contributions, and empha-
size the need for a careful assessment of EFT validity,
motivating further experimental and theoretical efforts to
explore this process in greater detail.
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APPENDIX A: W +W − → HH
HELICITY AMPLITUDE
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2. Dimension-6 SMEFT
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3. Dimension-8 SMEFT

For clarity, we divide the expressions for the dimension-8 terms into two classes.

a. φ8, φ6D2, φ4D4 operator classes
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b. X2φ4, X2φ2D2, Xφ4D2 operator classes
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APPENDIX B: ZZ → HH HELICITY AMPLITUDE

1. SM
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2. Dimension-6 SMEFT
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3. Dimension-8 SMEFT

a. φ8, φ6D2, φ4D4 operator classes
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b. X2φ4, X2φ2D2, Xφ4D2 operator classes
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