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Higgs boson off-shell measurements probe non-linearities
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The measurements of off-shell Higgs boson contributions in massive gauge boson pair production
are known to probe its electroweak interactions across different energy scales. Often employed as
an estimator of the Higgs boson width in restricted theories of beyond the Standard Model physics,
we revisit this measurement and re-advertise its potential to constrain aspects of Higgs boson non-
linearity. We show that this so-called off-shell measurement complements related analyses of multi-
Higgs final states.

I. INTRODUCTION

Even some ten years after its discovery, the Higgs bo-
son remains at the core of the experimental quest for
new physics beyond the Standard Model (BSM). Given
that searches for new states around the TeV scale have
so far been unsuccessful, the methodology of Effective
Field Theory (EFT) becomes increasingly relevant for
the interpretation of Large Hadron Collider (LHC) data,
alongside a theoretically useful framing of measurement
uncertainties. Most efforts along these lines have concen-
trated on the so-called Standard Model EFT (SMEFT),
largely at the dimension-six level that constructs effective
interactions from SM fields such as the Higgs doublet.
As a consequence, SMEFT predicts strict correlations
across Higgs multiplicities [1–3]. This, by construction,
reduces the qualitative relevance of multi-Higgs produc-
tion modes as part of a global fit.

From this perspective, in the electroweak chiral La-
grangian (or non-linear Higgs EFT [4–8], HEFT), any
Higgs coupling can be considered a free parameter. On
the one hand side, this leads to a significant growth of free
parameters, which reduces the value of LHC data as can-
cellations between couplings naturally imply a loss of sen-
sitivity. On the other hand, existing approaches to anal-
yses pursued by the experimental community can only
be interpreted in this framework when SM gauge-related
couplings are treated as independent parameters, e.g., in
the so-called κ framework [9]. Furthermore, current data
still allows for considerable admixture of electroweak sin-
glet states, and associated non-linearity should be mea-
sured and constrained, and not imposed in investigations
parallel to the SMEFT programme.

How can we constrain such interactions efficiently in
the future? Although the aforementioned multi-Higgs
programme certainly is an avenue, given the compara-
bly small production cross sections at the LHC, it might
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not provide a conclusive picture. To this end, we re-
visit the off-shell Higgs measurement pp → 4ℓ [10] in the
context of HEFT. We show that this process, which is
usually framed from the perspective of top-Yukawa mea-
surements correlated with the Higgs width under SM as-
sumptions, provides significant power to constrain Higgs
boson non-linearity. This is routed in tell-tale cancella-
tions of related effects in the context of SMEFT, paired
with the non-decoupling of the propagating Higgs contri-
bution as a consequence of unitarity [11].
This note is organised as follows: We highlight a par-

ticularly relevant set of interactions that enable the dis-
crimination of SMEFT vs. HEFT from non-trivial mo-
mentum dependencies that are accessible as part of the
off-shell Higgs contribution in, e.g., pp → H → ZZ in
Sec. II. In Sec. III, we detail all relevant HEFT inter-
actions and their relation to SMEFT, we also comment
on details of our implementation. In Sec. IV, we discuss
the constraints on Higgs non-linearity that the off-shell
measurement can offer. We conclude in Sec. V.

II. LINEAR VS. NON-LINEAR MOMENTUM
DEPENDENCIES

It is instructive to highlight a particular class of oper-
ators that transparently display the differences between
HEFT and SMEFT we seek to capitalise on. In the
SILH-like basis [12–16] involving only bosonic operators,
there is a dimension-6 CP-even operator of class D4Φ2

that gives rise to a quartic momentum dependence of the
Higgs propagator

Q□Φ =
C□Φ

Λ2
|DµDµΦ|2 . (1)

Here, Φ is the SM SU(2)L scalar doublet and Dµ is the
covariant derivative. In the broken phase,

Φ =
1√
2

(
0

v +H

)
(2)

with v ≃ 246 GeV. Extending the SM Lagrangian with
this dimension-6 operator, in the broken phase, modifies
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the Higgs two-point function. The corresponding vertex
function is written as

H H

= −iΣ(p2) = i(p2 −m2
H) + i

C□Φ

Λ2
p4 . (3)

To obtain the on-shell renormalised Higgs two-point func-
tion, the Higgs field is modified as

√
ZH = (1+δZH/2)H,

where ZH is the Higgs wave function renormalisation in
the on-shell scheme is given as

δZH =
dΣ(p2)

dp2

∣∣∣
p2=m2

H

= −2C□Φ

Λ2
m2

H . (4)

Including these corrections, the Higgs propagator be-
comes [14]

∆H(p2) =
1

p2 −m2
H

− C□Φ

Λ2

=
1

p2 −m2
H

(
1− C□Φ

Λ2
(p2 −m2

H)
)
. (5)

Higher point functions also receive dimension-6 correc-
tions and the corresponding Feynman rule for, e.g., the
HZZ three-point vertex function is

H(p)

Z(p1), µ

Z(p2), ν

= iΓµν
HZZ(p, p1, p2)

=
ie2v

2c2
W
s2
W

[
gµν +

(
p2gµν −pνpµ2 −pµ1p

ν
2 −pµpν2

)C□Φ

Λ2

]
.

(6)

To gain a qualitative understanding of the overall ampli-
tude modification induced by Q□Φ (neglecting all 1/Λ4

terms), we combine the Eqs. (3) and (6)

H(p)

Z(p1), µ

Z(p2), µ

=
1

p2 −m2
H

gSM
HZZ , (7)

i.e. the momentum-dependent dimension-6 modifications
cancel at the leading order in the 1/Λ2 expansion. This
is because the modification correlates the Q□Φ modifica-
tions between the broken and unbroken phases [14]. In
the linearised approximation, this also removes sensitiv-
ity in weak boson fusion signatures that are traditionally
tell-tale signatures of electroweak modifications that tem-
per with unitarity. This cancellation is therefore unique
to the way how electroweak symmetry is broken. If the
Higgs boson has a singlet component that feels the pres-
ence of the HEFT-like operator (see also [17])

O□□ =
a□□

v2
□H□H , (8)

the cancellation detailed above will not occur. We can
therefore expect non-trivial momentum dependencies in
HEFT that are not predicted from SMEFT correlations,
which can be exploited to set constraints.

III. HEFT INTERACTIONS, SMEFT
RELATIONS, AMPLITUDES

A. HEFT interactions

The leading order HEFT Lagrangian relevant for our
study is given by

L = −1

4
W a

µνW
aµν − 1

4
BµνB

µν

+ Lferm + LYuk +
v2

4
FH Tr[DµU

†DµU ]

+
1

2
∂µH∂µH − V (H) , (9a)

where, the matrix U = exp (iπaτa/v) defines the Gold-
stone bosons πa in a non-linear parametrisation with τa

being the Pauli matrices for a = 1, 2, 3 and its covariant
derivative is written as

DµU = ∂µU + igW (W a
µ τ

a/2) U − ig′UBµτ
3/2 . (9b)

OHBB −aHBB g′2 H
v
Tr

[
BµνB

µν
]

OHWW −aHWW g2W
H
v
Tr

[
W a

µνW
aµν

]
O□VV a□VV

□H
v

Tr
[
VµVµ

]
OH0 aH0(M

2
Z −M2

W )H
v
Tr

[
Uτ3U†Vµ

]
Tr

[
Uτ3U†Vµ

]
OH1 aH1 g′gW

H
v
Tr

[
UBµν

τ3

2
U†W a

µν
τa

2

]
OH8 −aH8

4
g2W

H
v
Tr

[
Uτ3U†W a

µν
τa

2

]
Tr

[
Uτ3U†W a

µν
τa

2

]
OH11 aH11

H
v
Tr

[
DµVµDνVν

]
OH13 −aH13

2
H
v
Tr

[
Uτ3U†DµVν

]
Tr

[
Uτ3U†DµVν

]
Od1 iad1 g′ ∂

νH
v

Tr
[
UBµν

τ3

2
U†Vµ

]
Od2 iad2 gW

∂νH
v

Tr
[
W a

µν
τa

2
Vµ

]
Od3 ad3

∂νH
v

Tr
[
VµDµVµ

]
Od4 ad4 gW

∂νH
v

Tr
[
Uτ3U†W a

µν
τa

2

]
Tr

[
Uτ3U†Vµ

]
O□0 a□0

(M2
Z−M2

W )

v2
□H
v

Tr
[
Uτ3U†Vµ

]
Tr

[
Uτ3U†Vµ

]
O□□ a□□

□H□H
v2

TABLE I: Relevant HEFT operators Oi with ai being
the corresponding HEFT coefficients. Vµ = (DµU)U †

and DµVµ = ∂µVµ + i[gWW a
µ τ

a/2,Vµ].
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FH is the flare function giving the Higgs interactions with
gauge and Goldstone bosons and is given as

FH =
(
1 + 2(1 + ζ1)

H

v
+ (1 + ζ2)

(H
v

)2
+ ...

)
. (9c)

The couplings of Higgs boson with fermions are

LYuk = − v√
2

(
ūi
L d̄iL

)
U

(
Yu
iju

j
R

Yd
ijd

j
R

)
+ h.c. , (9d)

and Yf
ij is the function similar to FH denoting the Higgs

fermion interactions as

Yf
ij = yfij

(
1 + (1 + a1f )

H

v
+ ...

)
. (9e)

The light quarks and leptons are neglected throughout

our work. Here, yfij are the Yukawa couplings directly
related to the mass terms. This leading-order HEFT
Lagrangian can be extended by the chiral dimension
four operators tabled in Tab. I reflect generic BSM con-
nected to a custodial singlet nature of the Higgs bo-
son. These interactions will be sourced at one-loop order
from the leading order (chiral dimension 2) Lagrangian,
Eq. (9), see [18–21] and can have significant implications
for phenomenological observations [22, 23]. For concrete
matching computations related to HEFT, see the recent
Refs. [24, 25].

In our work, we further assume that the electroweak
precision constraints are not violated and the oblique S,
T and U parameters [26] are related to the following chi-
ral dimension four operators [27]

S ∝ aH1, T ∝ aH0, U ∝ aH8 . (10)

Thus, these above-mentioned operators are predomi-
nantly constrained from electroweak precision data, and
to explore the sensitivity of the off-shell measurement
to Higgs non-linearity, we set these coefficients to zero.
(The potential shortfalls of such assumptions in the con-
text of global fits and SMEFT have been highlighted in
Ref. [28, 29].)

B. SMEFT from HEFT

Some of the operators listed in Table I are related
to the following dimension six SMEFT operators in the
Warsaw basis [30]

QΦB =
CΦB

Λ2
Φ†Φ BµνB

µν ,

QΦW =
CΦW

Λ2
Φ†Φ W a

µνW
a,µν , (11)

QtΦ =
CtΦ

Λ2

(
Φ†Φ (Q̄ t Φ̃) + h.c.

)
.

Here Q’s are the SMEFT operators and C’s are the cor-
responding Wilson Coefficients (WCs) with Λ being the
cut-off scale. The translation rules between the non-
linear and linear coefficients are

aHBB = −2
v2

g′2
CΦB

Λ2
,

aHWW = −2
v2

g2W

CΦW

Λ2
,

a1t = − v3√
2Mt

CtΦ

Λ2
.

(12)

We need to go to the higher mass dimension (larger than
d = 6) to obtain the correspondence of the other HEFT
operators.

C. Amplitudes and Implementation

We implement the EFT corrections using form factors [31]. Concretely, we extract the independent Lorentz struc-
tures contributing to the Higgs amplitudes decay amplitudes H → V V after performing on-shell renormalisation as
described above. The relevant Higgs off-shell H → V V corrections, including the expanded Higg boson propagator,
are then given by

iΓ̃HV V = − e2mt

2c2W s2W

1

q2 −M2
H + iΓHMH{[

(1 + F1) +
F2

v2
(q2 − p21 − p22) +

F3

v2
q2 +

F5

v2
M2

H

q2 −M2
H + iΓHMH

]
[ε∗(p1) · ε∗(p2)] +

F4

v2
[ε∗(p1) · p2][ε∗(p2) · p1]

}
,

(13a)

where we have included the Yukawa coupling alongside its corrections arising from tt̄ → H(q), with q = p1 + p2
(MH ,ΓH denote the Higgs boson mass and width, respectively). Matching the Lorentz structures to the HEFT
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coefficients (which contain a SMEFT limit), we find

F1 = a1t + 2a□□
M2

H

v2
+ ζ1 , (13b)

F2 = aH13 + 2aHBBs
4
W + 2aHWW c4W , (13c)

F3 = a□BB − 2a□□ + ad2 + 2ad4 +
e2

c2W
a□0 − (ad1 − ad2 − 2ad4)s

2
W , (13d)

F5 = 2a□□ , (13e)

F4

2
= (ad1 + 4aHWW )s2W − 2aHWW − (ad2 + 2ad4)c

2
W − 2(aHBB + aHWW )s4W , (13f)
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0.0000
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0.0004

200 400 600 800 1000
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0.020

FIG. 1: Off-shell Higgs momentum distributions for
H → ZZ for SM and with the different form factors

Fi = 1 shown in the inset.

for H → ZZ. A similar decomposition holds for H →
WW . F5 arises from corrections to the Higgs propaga-
tor, Eq. (5). As this is obtained from the 2-point vertex
function (i.e. the inverse propagator), the corrections
related to F5 are intrinsically dependent on the trunca-
tion at chiral dimension 4 (equivalent to dimension 6 for
the SMEFT identification). To some extent F5 there-
fore probes a truncation scheme dependence, in partic-
ular in the off-shell regime where the LHC experiments
perform their measurement q ≳ 350 GeV. Sensitivity to
F5 is comparably suppressed to the other Fi, and we can
therefore trust the truncation as detailed here, Fig. 1.
The amplitudes and their corrections relative to the SM
have been implemented using Vbfnlo [32, 33] (includ-
ing cross-checks against the results of [34, 35]). For this
study we limit ourselves to linear new physics contribu-
tion, i.e. the differential cross sections are truncated at
linear order of the HEFT coefficients.

The phenomenological significance of the off-shell mea-
surement lies in its correlation with on-shell Higgs quan-
tities. For instance, Eq. (13a) introduces modifications
to the Higgs branching to vector bosons. These changes

are [36–39], for H(pH) → f(p1)f(p2)V (p3)

Γ(H → V V ∗) =∫ (MH−MV )2

0

dm2
12

∫ m2
23,u

m2
23,l

dm2
23

|M|2

(2π)3 32M3
H

, (14a)

with m2
ij = (pi+ pj)

2 and, assuming massless fermions f

m2
12 +m2

23 +m2
13 = M2

H +M2
V . (14b)

The limits of the m2
23 integration are

λ(m12,MH ,MV ) =

m4
12 − 2m2

12(M
2
H +M2

V ) + (M2
H −M2

V )
2 , (14c)

with

2m2
23,l,u = M2

H+M2
V −m2

12∓
√
λ(m12,MH ,MV ) . (14d)

For the results in the next section, again, we limit our-
selves to the linear order in the HEFT coefficients, i.e. the
spin-summed/averaged matrix element |M|2 only con-
tains interactions ∼ ai given in Tab. I. Turning to the
H → γγ decay width, the scattering amplitude is there-
fore given as

M = |M1-loop|2 + 2Re
(
M∗

HEFTM1-loop

)
, (15)

where M1-loop is the one-loop amplitude calculated with
LO Lagrangian given in Eq. (9) (includes parameters ζ1
and a1t) and MHEFT is the amplitude generated with
HEFT operators given in Table I. This gives rise to the
H → γγ modification and, similarly, H → γZ, gg can be
derived. We do not repeat this here but refer the inter-
ested readers to the existing literature [19–21], which we
have cross-checked our results against. The detailed ex-
pressions of the Higgs decay widths and the contribution
to the total Higgs width are listed in appendix A.

IV. OFF-SHELLNESS AS A PROBE OF
NON-LINEARITY

With amplitudes and HEFT-SMEFT relations in
place, we can now turn to a quantitative estimate of the
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FIG. 2: 95% CL contours obtained for the HEFT coefficients using the ATLAS 139 fb−1 data. These regions are
obtained after profiling over SMEFT WCs.
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FIG. 3: Two-dimensional allowed 95% CL regions for the HEFT coefficients using the χ2 analysis from the
HL-LHC projected data. The HL-LHC extrapolations do not include correlations. χ2

SM = 0 results in the tilt of the
on-shell-only constraints compared to Fig. 2.

sensitivity of the off-shell measurement to Higgs boson
non-linearity. To this end, we assume 85% efficiency of
the 4ℓ sample after selection including a flat 29% system-
atic following [40, 41]. To gain a qualitative statistical
understanding of expected constraints, we include these
as binned χ2 test statistic

χ2 =
∑
i

(Ni −NSM
i )2

σ2
i,syst + σ2

i,stat

. (16)

Ni denotes the ith bin entry and NSM
i denotes the SM

expectation, both of which are related to the correspond-
ing cross sections via the integrated luminosity. σi,stat,
and σi,syst denote statistical and systematic uncertain-
ties, respectively.

To include the constraints from on-shell Higgs data,
using the modifications in the Higgs partial decay widths,
the total Higgs decay width is calculated (expressions are
listed in appendix A). With these, the modified Higgs

branching ratios are given as

BRHEFT(H → X)

BRSM(H → X)
=

ΓHEFT(H → X)

ΓSM(H → X)

ΓSM
H

ΓHEFT
H

(17)

Here X denotes γγ, V V ∗, and γZ.1 Combining these
branching ratios with the change in the production cross-
section of gluon-gluon fusion and assuming narrow width
approximation, the modified signal strengths are ob-
tained as

µX
ggF =

[σggF BR(H → X)]HEFT

[σggF BR(H → X)]SM
(18)

1 For the total decay width, in addition to the corrections to these
partial decay widths, we also scale the rest of the decay widths
with the Higgs field redefinition factor. We rescale the leading
order results to reproduce the SM expectation of [9].
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The on-shell χ2 statistic constructed using the signal
strengths from 139 fb−1 data [42] is given as

χ2
on-shell

=

data∑
i,j=1

(
µi,exp − µi,th

)
(Vij)

−1
(
µj,exp − µj,th). (19)

Here, µth are the theory expressions incorporating the
effects of HEFT operators. µexp are the central values of
the experimental measurements and the covariance ma-
trix V = ρijσiσj with ρ being the correlation matrix and
σ the uncertainties. To obtain an estimate of the im-
provements expected in future HL-LHC runs, we take the
projections to 3 ab−1 from the recent HL-LHC analysis
of Ref. [43]. The details of the signal strengths measure-
ments are provided in appendix A for completeness.

We can now turn to our results. To make a qualifying
statement about linearity vs. non-linearity, we profile
the SMEFT contributions detailed in Sec. III B.2 This
way, we obtain a statistical measure of non-linearity as
expressed through the sensitivity to the corresponding
HEFT coefficients. While interactions like a□□ enter as
a uniform coupling rescaling, it is predominantly probed
in the off-shell region. The on-shell region therefore
probes predominantly on-shell related quantities whereas
the energy-related scaling of HEFT vs. SMEFT is visibly
expressed by, e.g., a□□. We have also included the H →
WW off-shell region; due to its less straightforward final
state phenomenology, this mode has received less atten-
tion compared to the fully reconstructible H → ZZ → 4ℓ
final states. (Some of the selection criteria, see e.g. [34],
also lead to a significant reduction of the off-shell region).
Assuming the same (perhaps optimistic) systematic un-
certainties and efficiencies as for H → 4ℓ, we do not find
a significant information gain when including H → WW
through the transverse mass observable.

We combine the on and off-shell contributions to a total
χ2 statistic to understand the on-shell vs off-shell effects,

Datasets
∆χ2 values

ATLAS 139 fb−1 HL-LHC 3 ab−1

on-shell 3.84 5.99

off-shell ZZ & on-shell 49.80 50.99

off-shell WW & on-shell 54.57 55.76

off-shell 90.53 90.53

all 93.95 95.08

TABLE II: ∆χ2 constraints used to obtain 95% CL
regions depending on the total degrees of freedom.

2 Here ’profiling’ refers to minimising the χ2 simultaneously us-
ing HEFT operators (a1t, aHWW , aHBB) which are related to
SMEFT operators, see Eq. (12).

treating these phase space regions as statistically uncor-
related. The total number of data points upon combin-
ing on-shell signal strength data with the off-shell binned
data is 76 (75) for HL-LHC (LHC). To obtain the 95% CL
regions, we constrain the χ2 statistic with the ∆χ2 val-
ues obtained from the degrees of freedom, i.e. (number of
data points - number of parameters). After profiling over
the SMEFT directions, for our all dataset (i.e. then on-
shell/off-shell combination), the strongest bounds can be
imposed on the operators parameterised by a□□, aH13,
a□V V and ad4 (when these are considered in isolation).
Using pairwise combinations of these operators, we show
the two-dimensional parameter space allowed at 95% CL
with both 139 fb−1 and 3 ab−1 data in Figs. 2 and 3.
The constraints used for the regions are outlined in Ta-
ble II for different combinations of datasets considered
in the analysis (again the remaining HEFT directions
are assumed to be zero)3. The most stringent impact
indeed arises from the inclusion of the off-shell measure-
ments, shown by the red dashed contour (predominantly
H → ZZ) in Fig. 2.
The HL-LHC extrapolation rests on the YR18 system-

atic uncertainties which include a scaling of systematic
uncertainties with the root of the collected luminosity.
This is relatively pessimistic and it is therefore not un-
likely that systematics become under much better control
than what can be forecast now. In such a situation we can
expect stronger limits on the BSM coupling space across
many relevant Higgs production and decay modes, be-
yond the off-shell measurement detailed here. Of course,
the relatively small data set that we have considered in
this proof-of-principle analysis is not large enough to con-
trol all relevant HEFT Higgs interactions and a global fit
of the discussed modes will have little sensitivity. How-
ever, the inclusion of weak boson fusion and multi-Higgs
final states will add further sensitivity. Weak boson fu-
sion appears to be particularly motivated as our discus-
sion will directly generalise to WW scattering. We leave
this, as well as a more global fit, for future work.

V. CONCLUSIONS

The non-decoupling Higgs contribution in gg → V V
production is a versatile tool to gain sensitivity to new
physics beyond the Standard Model. Any deviation from
expected SM coupling patterns filters through to modi-
fied tail contributions as a consequence of the interplay
of absorptive amplitude parts that, in the SM, are de-
termined by unitarity and, hence, renormalisablilty [11]
from various angles. The most prevailing of these inter-
pretations is the phrasing of off-shell constraints as on-
shell measurements, which has brought this measurement

3 The allowed parameter space is extremely large after profiling
over all HEFT operators
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Observables
ATLAS Run 2 data [42]

HL-LHC uncertainties [43]
Measurements Correlations

µγγ
ggF 1.02+0.11

−0.11 1 0.05 0.09 ±0.36

µZZ
ggF 0.95+0.11

−0.11 1 0.1 ±0.039

µWW
ggF 1.13+0.13

−0.12 1 ±0.043

µZγ
ggF ±0.33

TABLE III: Details of the signal strength measurements used in the χ2
on-shell. Columns 2 and 3 list the ATLAS

139 fb−1 data. Column 4 lists the projections used for HL-LHC 3 ab−1.

to the fame it deserves [10]. Such directions of interpre-
tation rest on limiting assumptions [44] which suggest
alternative ways of reporting outcomes of the measure-
ment. To entice ATLAS and CMS to consider different
avenues of interpretation, in this work, we have analysed
the off-shell vs. on-shell correlation as a probe of Higgs
boson non-linearity. Analyses that aim to distinguish
linear from non-linear Higgs EFT modifications are typi-
cally focussed on a comparison of Higgs multiplicities [1–
3] (see also the recent [45, 46]). In this exploratory study,
we have shown that gg → V V straddles dual roles of
fingerprinting unitarity departures as well as deviations
from SMEFT attributed to the propagation of the Higgs
boson. These implications generalise to weak boson fu-
sion where we can expect similar patterns in a HEFT vs.
SMEFT comparison.

Of course, we can always consider additional opera-
tors, whether they appear as part of a higher-dimensional
SMEFT contribution, couplings of higher chiral dimen-
sion, or as part of a plethora of operators in a global fit.
By profiling the SMEFT directions, we have obtained a
statistical estimate of the constraints on non-SMEFT in-

teractions that can be obtained, and this shows promise
for the inclusion in a more comprehensive analysis, which
we leave for future work.
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Appendix A: Higgs boson decay widths and LHC
signal strength constraints

The contribution of HEFT operators to the Higgs de-
cay widths relative to the SM are listed below. The
contribution to the gluon-gluon fusion production cross-
section relative to SM is similar to H → gg.

ΓHEFT(H → ZZ)

ΓSM(H → ZZ)
= 1 + 0.059 a□0 − 0.99 a□□ + 0.99 a□V V − 0.09 ad1

+ 0.32 ad2 + 0.64 ad4 + 0.17 aH13 + 0.007 aHBB + 0.09 aHWW + 2 ζ1 ,

ΓHEFT(H → WW )

ΓSM(H → WW )
= 1− 0.99 a□□ + 0.99 a□V V + 0.40 ad2 + 0.05 aHWW + 2 ζ1 , (A1)

ΓHEFT(H → γγ)

ΓSM(H → γγ)
= 1− 0.57 a1t − 0.99 a□□ + 48.67 aHBB + 48.67 aHWW + 2.57 ζ1 ,

ΓHEFT(H → γZ)

ΓSM(H → γZ)
= 1− 0.12 a1t − 0.99 a□□ + 16.26 ad1 + 16.26 ad2

+ 32.52 ad4 − 14.43 aHBB + 50.61 aHWW + 2.12 ζ1 ,

ΓHEFT(H → gg)

ΓSM(H → gg)
= 1 + 2 a1t − 0.99 a□□ .

Using the above expressions, the HEFT contribution to the total Higgs decay width is

ΓHEFT
H

ΓSM
H

= 1 + 0.17 a1t + 0.001 a□0 − 0.99 a□□ + 0.24 a□V V
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+ 0.02 ad1 + 0.12 ad2 + 0.07 ad4 + 0.004 aH13 + 0.09 aHBB + 0.20 aHWW + 0.5 ζ1 . (A2)

The signal strength measurements used in the χ2
onshell

for 139 fb−1 data along with correlation matrix are shown
in Table III. The HL-LHC 3 ab−1 projections of the signal
strengths are shown in column 4.
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