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We consider the 2 Higgs doublet model (2HDM) and compare two effective field theory (EFT)
approaches to it, according to whether the heavy degrees of freedom are integrated out before [standard
model EFT (SMEFT)] or after [Higgs EFT (HEFT)] spontaneous symmetry breaking. By requiring
decoupling and perturbativity in the 2HDM, we define a consistent EFT expansion in inverse powers of
the heavy masses which is applied to both the SMEFT and the HEFT tree-level matchings to the 2HDM.
We organize this expansion with a dimensionless parameter ξ, and investigate the tree-level scatterings
hh → hh and WW → hh up to Oðξ2Þ. We find no differences between the HEFT and the SMEFT
approaches at this order. We show scenarios where even including dimension-8 operators of the SMEFT is
insufficient to obtain an accurate matching to the 2HDM.
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I. INTRODUCTION

Since the discovery of the Higgs boson in 2012, the
experimental focus in the electroweak sector at the LHC
has turned to precision measurements of Higgs observables
and the search for heavy Higgs-like particles. To date,
no significant deviation from the Standard Model (SM)
predictions has been observed, suggesting that beyond the
SM (BSM) physics, if it exists, must be at a much higher
energy scale than that probed at the LHC. In this scenario,
effective field theories (EFTs) are the tool of choice in the
search for deviations from the SM. In principle, the EFTs
represent a model-independent formalism which can then
be matched to the predictions of specific ultraviolet (UV)
complete models.
Two types of EFTs can be used to model the unknown

BSM physics that potentially affects the Higgs sector;
they are the SM effective field theory (SMEFT) [1–3] and
the Higgs effective field theory (HEFT) [4–6] (cf. Ref. [7]
for a review). Both use exclusively SM degrees of freedom,
and both are invariant under the SM gauge groups

SUð3Þ × SUð2ÞL × UYð1Þ. However, while the SMEFT
considers the Higgs field h and the electroweak (EW)
would-be Goldstone bosons, ωa, to be embedded in the
SUð2ÞL Higgs doublet, the HEFT treats h as a gauge singlet
and classifies the ωa as an SUð2ÞL triplet. As a conse-
quence, the SMEFT starts from the SM as it is before
spontaneous symmetry breaking (SSB) of SUð2ÞL ×
UYð1Þ → UEMð1Þ, and adds to it a tower of higher dimen-
sional operators, On

i , built out of the (before-SSB) SM
fields:

LSMEFT ¼ LSM þ
X
n;i

Cn
i O

n
i

Λn−4 ; ð1Þ

where n > 4 is the dimension of the operator, Cn
i are

coefficients (usually known as Wilson coefficients, WCs)
and Λ the UV scale. By contrast, the HEFT starts by
treating h and the ωa separately, in such a way that the latter
are embedded into a unitary matrixU. Moreover, the HEFT
is an expansion in the number of covariant derivatives; at
the lowest order, the part of the HEFT Lagrangian relevant
for the scattering processes discussed in this article is1

LHEFT ⊃
v2

4
F ðhÞTrfDμU†DμUg þ 1

2
ð∂μhÞ2 − VðhÞ; ð2Þ

where v ¼ 246 GeV represents the vacuum expectation
value (vev) of the Higgs field in the SM,Dμ is the covariant
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1Only terms relevant for our current purposes are shown. In
particular, fermions will not be relevant, and will be omitted in
what follows.
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derivative, and F ðhÞ and VðhÞ are generic functions of h.
In general, one has DμU ¼ ∂μU þ igWa

μ
σa

2
U − ig0U σ3

2
Bμ,

with U ¼ 1 in the unitary gauge. The fact that h is a gauge
singlet means that symmetry invariance allows F ðhÞ and
VðhÞ to be arbitrary power series in h. Considering again
the lowest order HEFT Lagrangian, we find

F ðhÞ ¼ 1þ 2a
h
v
þ b

h2

v2
þ…;

VðhÞ ¼ 1

2
m2

hh
2

�
1þ d3

h
v
þ d4

4

h2

v2
þ…

�
; ð3Þ

wheremh is the hmass, the dots stand for terms with higher
powers of h, and a; b; d3 and d4 are arbitrary couplings.
These are normalized so that the SM is recovered when
both a ¼ b ¼ d3 ¼ d4 ¼ 1 and the remaining terms with
higher powers of h are set to zero.
A significant effort has been made in recent years to

derive techniques to distinguish the SMEFT and the HEFT
from one another from a pure bottom-up approach, i.e.
without assuming knowledge about any possible BSM
model [8–14]. Yet, since the EFTs are ultimately effective
descriptions of a particular UV model, it is also relevant to
discuss a top-down approach. In this case, the BSM model
is assumed to be known, and a matching between the EFTs
and the UV model is obtained by integrating out the heavy
degrees of freedom. This exercise has been done in the
recent literature especially for the SMEFT, considering
several different UV models [15–29].
In this paper, we follow the top-down approach taking

the 2 Higgs doublet model (2HDM) [30] as the BSM
model, and discuss the matching to both the SMEFT and
the HEFT. Reference [19] performed an exercise along
these lines, choosing as the BSM model a singlet extension
of the SM with a Z2 symmetry. It turns out that this model
is very special, as it allows an EFT expansion which is
exclusively governed by inverse powers of the heavy mass.
By contrast, and as we will show, a consistent EFT
approach cannot be applied to a model like the 2HDM
unless one makes further assumptions besides those related
to the physical masses. This aspect is intimately related to
the notions of decoupling and perturbativity, which shall be
discussed in detail below.

We will focus on the tree-level scattering processes
WW → hh and hh → hh, where the HEFT and SMEFT
may have potential differences when matched to the
2HDM. We pay particular attention to performing consis-
tent expansions in the different EFTs, and investigate how
accurately they reproduce the results of the 2HDM.
We perform a tree-level matching of the 2HDM to the

SMEFT at dimension-6 and dimension-8 and also a tree-
level matching of the 2HDM to the HEFT to Oðp2Þ in the
HEFT expansion. We include all operators that are gen-
erated by this tree-level matching that contribute to the tree-
level scattering processes WW → hh and hh → hh.
This paper is organized as follows. We start by recapping

the 2HDM in Sec. II. Section III is devoted to the notion of
decoupling and to its consequences for an EFT expansion.
That allows us to study the SMEFTand HEFT matchings to
the 2HDM, which we do in Secs. IV and V, respectively.
Finally, we present our results in Sec. VI and our con-
clusions in Sec. VII. We provide further details on the
2HDM and on the model of Ref. [19] in the appendices.

II. 2HDM

For this review of the 2HDM, we follow Ref. [29] closely
(for more details, cf. Refs. [31,32]). The model adds an extra
doubletΦ2 to the SM scalar doubletΦ1, and we define their
vevs as v2=

ffiffiffi
2

p
and v1=

ffiffiffi
2

p
, respectively (we take them to be

real). We impose a softly brokenZ2 symmetry, under which
the scalar doublets transform as Φ1 → Φ1 and Φ2 → −Φ2,
whereas the fermion fields can transform in four different
ways (each one corresponds to a different type of 2HDM).2 It
is convenient to introduce an angle β such that tβ ¼ v2=v1,
which allows us to move to the Higgs basis [33–36] as3:�

H1

H2

�
¼
�

cβ sβ
−sβ cβ

��Φ1

Φ2

�
: ð4Þ

In the Higgs basis, the second doublet (H2) has no vev,
whereas H1 has the vev v=

ffiffiffi
2

p
, with v≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v21 þ v22
p

¼
246 GeV. Among the terms of the Lagrangian, we focus
on just two, L2HDM ∋ Lkin − V, the former being the scalar
kinetic piece and the latter the potential. In the Higgs basis,
they read

Lkin ¼ ðDμH1Þ†ðDμH1Þ þ ðDμH2Þ†ðDμH2Þ; ð5aÞ

V ¼ Y1H
†
1H1 þ Y2H

†
2H2 þ ðY3H

†
1H2 þ H:c:Þ þ Z1

2
ðH†

1H1Þ2 þ
Z2

2
ðH†

2H2Þ2 þ Z3ðH†
1H1ÞðH†

2H2Þ þ Z4ðH†
1H2ÞðH†

2H1Þ

þ
�
Z5

2
ðH†

1H2Þ2 þ Z6ðH†
1H1ÞðH†

1H2Þ þ Z7ðH†
2H2ÞðH†

1H2Þ þ H:c:
�
; ð5bÞ

2Since the fermions will not be the focus of this paper, we refer the reader to Ref. [32] for details on the different types of 2HDMs.
3Here and in the following, it should be clear that, for any angle x, we use cx ≡ cosðxÞ, sx ≡ sinðxÞ, tx ≡ tanðxÞ.
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in such a way that, on the one hand, the minimization
equations imply

Y1 ¼ −
Z1

2
v2; Y3 ¼ −

Z6

2
v2; ð6Þ

and, on the other, theZ2 symmetry (which is only explicit in
the basis of Φ1, Φ2) is manifested by the circumstance that
only 5 of the 7 Zi are independent. Although the parameters
Y3, Z5, Z6, Z7 are, in general, complex (the remaining
parameters are real by Hermiticity), we restrict ourselves to
the solution in which they have real values.4CP symmetry is
thus preserved at the leading order in the scalar sector, in
which case H1 and H2 can be parametrized as

H1 ¼
� Gþ

1ffiffi
2

p ðvþ hH1 þ iG0Þ
�
; H2 ¼

� Hþ

1ffiffi
2

p ðhH2 þ iAÞ
�
;

ð7Þ

withhH1 ; h
H
2 ; G0 andA real fields, andGþ; Hþ complex ones.

With the exception of hH1 ; h
H
2 , all of these states are already

mass states (G0 andGþ are the would-be Goldstone bosons,
and A and Hþ are the pseudoscalar and the charged scalar
bosons, respectively). The mass matrix for hH1 and hH2 can be
diagonalized by introducing a mixing angle α such that

�
h

H

�
¼
�
sβ−α cβ−α
cβ−α −sβ−α

��
hH1
hH2

�
; ð8Þ

whereh andH are the neutral scalarmass states, withh being
the scalar that is observed at the LHC. Finally, defining the
masses of h, H, A and H� to be mh, mH, mA and mH� ,
respectively, we shall take the following parameters as
independent:

cβ−α; β; v; mh; Y2; mH;mA;mH� : ð9Þ

The expressions for the Zi parameters in terms of the
independent parameters can be found in Appendix A.

III. DECOUPLING AND PERTURBATIVITY

In the following sections, we shall derive EFTs for the
model described in Sec. II, which is taken as our UVmodel.
Such a derivation requires a separation of scales in the UV
model. Let us focus on the UV model, and assume that it
has two disparate mass scales, Λ and v, such that Λ ≫ v.
Intuition leads to the expectation that the physical effects of
the particle(s) with mass of OðΛÞ should be suppressed at
low energies, i.e. at OðvÞ. This is, in fact, the main idea of

decoupling, which is formalized in the Appelquist-
Carazzone decoupling theorem [38] (see also Ref. [7]).
Yet there is an important caveat here. The decoupling

theorem was formulated in Ref. [38] for a model without
SSB, where the masses are independent parameters in the
Lagrangian; in particular, they are independent of inter-
action couplings. It follows that a given mass can be
rendered very large [of OðΛÞ] without affecting the
interaction couplings—and, in particular, without requiring
these couplings to become very large. In this way, taking a
particle to be very heavy in a model without SSB does not
jeopardize perturbativity, which is an implicit assumption
of the decoupling theorem.5

In models with SSB, the situation changes considerably
[39–44]. The reason is that particles in models with SSB
often get their masses from the product of a (fixed) vev and
an interaction coupling. To obtain a very heavy mass for a
particle, one would thus need to take the interaction
coupling to be very large—which would, however, inevi-
tably make perturbation theory invalid. Therefore, decou-
pling is not possible in this scenario: one cannot take a
particle to be infinitely massive without violating pertur-
bativity (see also the discussion in Ref. [7]).
It should be clear, on the other hand, that this does not

mean that decoupling is impossible in amodel with SSB. For
it may happen that, in such theory, a particle gets at least part
of itsmass fromamass parameter of theLagrangian—which,
as mentioned above, is independent of the remaining
Lagrangian parameters, and in particular of the interaction
ones. Hence, by taking that mass parameter to be very heavy
(while keeping the interaction parameters fixed), one renders
the particle at stake to be very massive, without endangering
the validity of a perturbative description.
We can apply this discussion to the 2HDM described in

the previous section, which is the focus of this paper. Our
goal is to make the particles which do not belong to the SM
(H, A and H�) very heavy, so that an EFT for the 2HDM
can be built using solely the degrees of freedom of the SM.
To that end, we must have

mH ≃mA ≃mHþ ≫ mh ¼ 125 GeV: ð10Þ
To see how this can be obtained in a consistent way, it is
convenient to write these masses in terms of v, cβ−α and
parameters of the potential:

m2
h ¼

c2β−α
2c2β−α − 1

Y2 þ
2ðc2β−α − 1ÞZ1 þ c2β−αZ345

4c2β−α − 2
v2; ð11aÞ

m2
H ¼ ðc2β−α − 1Þ

2c2β−α − 1
Y2 þ

c2β−αð2Z1 þZ345Þ−Z345

4c2β−α − 2
v2; ð11bÞ

4As stressed in Ref. [37], though, one should keep in mind that
those parameters are generally complex, since issues with
renormalization would otherwise follow.

5In this paper, we assume that decoupling requires perturba-
tivity, and we do not consider the scenario in which the UVmodel
violates perturbativity.
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m2
A ¼ Y2 þ

Z345 − 2Z5

2
v2; ð11cÞ

m2
Hþ ¼ Y2 þ

Z3

2
v2; ð11dÞ

with Z345 ≡ Z3 þ Z4 þ Z5. As suggested above, each of
the squared masses (m2

h included) contains two parts: one
of them proportional to a mass parameter of the Lagrangian
(Y2), the other one proportional to the product between
interaction couplings (Zi) and the squared vev (v2). This
means that Y2 plays a fundamental role in decoupling, as it
can be used to render mH, mA and mHþ very large without
compromising the validity of the perturbation theory.6 It is
also clear that, if Eq. (10) is to be obeyed, and if cβ−α is
chosen as an independent parameter, then taking Y2 to be
very large is not enough; more than that, cβ−α must behave
so as to ensure that mh stays fixed as Y2 is increased.
Another way to realize this is to consider Eq. (A1), which
shows the Zi parameters written in terms of the parameters
of Eq. (9). From those equations [in particular Eq. (A1a)], it
is clear that the only way Eq. (10) can hold without having
large Zi (i.e. without violating perturbativity) is to require
that cβ−α scales with Λ−2.
All of this leads us to define the decoupling limit of the

2HDM [45–48]—which ensures Eq. (10) while complying
with Zi=ð4πÞ≲Oð1Þ—as7

Y2 ¼ Λ2; m2
H ¼ Λ2 þ Δm2

H;

m2
A ¼ Λ2 þ Δm2

A; m2
Hþ ¼ Λ2 þ Δm2

Hþ ; ð12aÞ

Λ2 ≫ v2; m2
h ∼Oðv2Þ; Δm2

H;Δm2
A;Δm2

Hþ ∼Oðv2Þ;
ð12bÞ

cβ−α ∼Oðv2=Λ2Þ; ð12cÞ

with Δm2
H, Δm2

A and Δm2
Hþ real parameters. In the

following sections, the decoupling limit defined in
Eq. (12) will be used to build expansions, corresponding
to either the SMEFT or the HEFT. This can be more easily
done if we introduce an auxiliary dimensionless para-
meter ξ, which acts as the de facto expansion parameter.
Then, assuming Eq. (12a), we implement the scaling
v2=Λ2; cβ−α ∼OðξÞ of Eqs. (12b) and (12c) at the practical
level (in our codes) through

1

Λ2
→

ξ

Λ2
; cβ−α → ξcβ−α; ð13Þ

while all the other scales and parameters are Oðξ0Þ and are
left untouched.8 In this way, the expansion will correspond
to a series of positive powers of ξ. The trivial order—
Oðξ0Þ—implies the alignment limit, which is defined by
cβ−α → 0 and corresponds to the scenario in which the h
couplings are exactly those of the SM. In this way,
decoupling implies alignment.9

Several aspects are worth mentioning here. The first one
is that Eq. (10) is found if and only ifwe have both Y2 ≫ v2

and perturbativity. That is, assuming Eq. (10) or assuming
Y2 ≫ v2 and Zi=ð4πÞ≲Oð1Þ are just two equivalent ways
to describe the same physical scenario corresponding to the
decoupling limit. Equation (12) is yet another equivalent
way, which specifies how the parameters of Eq. (9) behave
in that physical scenario.
This implies that the power counting of the SMEFT and

the HEFT matchings are going to be equivalent. It is true
that, as shall be seen in detail, the SMEFT performs the
expansion before SSB and the HEFT after it—such that
the former uses the Lagrangian parameter Y2 as an expan-
sion parameter, whereas the latter uses physical masses
mH;mA;mHþ . Yet, since those physical masses can be
made large if and only if Y2 ≫ v2 and Zi=ð4πÞ≲Oð1Þ, the
two expansions are the same, in the sense that they follow
the same power counting. Given the set of independent
parameters of Eq. (9), that power counting is organized by
powers of ξ, as defined in Eq. (13).
This leads to another aspect, related to the role of cβ−α.

The special scaling of cβ−α in Eq. (12c), as well as the
subsequent ξ power counting introduced in Eq. (13), both
follow from the choice of cβ−α as an independent param-
eter. If, instead of cβ−α, one of the Zi were chosen as
independent—say, Z6—one would simply need to require
Z6 to obey Z6=ð4πÞ≲Oð1Þ, in which case the expansion
would simply be in inverse powers of Λ2.10 The two
scenarios—the one in which cβ−α is independent, and the
one in which Z6 is independent—are perfectly equivalent.
Note also that, if Z6 were independent, we would find

6This also shows that, in a 2HDM with an exact (i.e. not softly
broken) Z2 symmetry, it is not possible to decoupleH, A andHþ.
The reason is that, in that case, Y2 ∼OðZiv2Þ, so that Y2 cannot
be taken to be very large without violating perturbativity [45].

7Although Y2 could be written Y2 ¼ Λ2 þ ΔY2, with ΔY2 a
real parameter, the latter can be set to zero without loss of
generality.

8Reference [49] followed a similar procedure. One might
wonder whether it would be possible to have alternatives to
Eq. (13) for which β might also scale in a nontrivial way. Yet, by
considering Eqs. (A1b) and (A1g), it is easy to conclude that any
scaling of β would violate perturbativity.

9The reverse is in general not true: it is possible to have
alignment without decoupling [47,50,51]. An EFT approach to
the 2HDM in general does not work in this case [20].

10Just as cβ−α ∼Oðv2=Λ2Þ, the scaling Z6=ð4πÞ≲Oð1Þwould
ensure not only perturbativity, but also that mh would be fixed.
This last aspect can be seen by considering Eq. (A3a), which
is equivalent to E. (11a), but with cβ−α replaced by Z6. It is
clear that, as long as perturbativity is ensured [all Zi obeying
Zi=ð4πÞ≲Oð1Þ], the scenario of very large Y2 will imply the
cancellation of Y2 in the expression (A3a).
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cβ−α ¼ Z6v2=Y2 þOðv4=Y2
2Þ ∼Oðξ1Þ, so that the scaling

of the cβ−α mixing in Eq. (13) would show up in a
natural way.
Also relevant is an aspect concerning the mass states.

As suggested above, the extreme case of the decoupling
limit—namely, Y2 → ∞ taken in a way consistent with
perturbativity—implies cβ−α → 0. This, in turn, implies
hH1 → h and hH2 → −H by Eq. (8). It follows that hH1 and hH2
effectively correspond to mass states in the extreme
decoupling. In the case in which Y2 is very large but
finite, there will be differences between hH2 and the mass
state −H which are proportional to cβ−α ∼Oðv2=Λ2Þ.
Finally, we have been discussing how Eq. (10) can be

obtained without spoiling perturbativity. We should keep
in mind, however, that the latter (perturbativity) is not
restricted to that equation. Put another way, there are issues
concerning perturbativity which are independent of the
limit of heavy scalar masses. A simple example is provided
by β; even though this parameter is independent of Eq. (10),
its values can be such that perturbativity is violated.11 Note
that this feature is already present in the full 2HDM, so that
it is not specific to an EFT expansion. This also means that
the expansion of Eq. (13) does not ensure that perturbativity
will be obeyed order by order in ξ; it only ensures that
Eq. (10) can be obtained without violating perturbativity.

IV. SMEFT

As referred to in the Introduction, the starting point of the
SMEFT is the SM before SSB (towhich higher-dimensional
operators are added). Therefore, the SMEFTmatching to the
2HDMmust be done in such away that the integration out of
the heavy degrees of freedom of the 2HDM happens before
SSB. Yet, here we are faced with a problem: not all the mass
states of the 2HDM are defined before SSB. In fact, as seen
above, the states hH1 and hH2 mix after SSB, and their mass
matrix is diagonalized to yield themass statesh andH. In that
case, how can the heavy stateH be integrated out before SSB,
if it is not even defined by then?
The answer has to do with the decoupling limit. We saw

above that, in the extreme decoupling limit (Y2 → ∞), hH2
becomes a mass state. In that case, the doublet H2 of the
Higgs basis can be integrated out before SSB: on the one
hand, the fact that H2 is a doublet of SULð2Þ means that
the states contained in it can be integrated out as a whole
(without violating the symmetries of the theory before
SSB). On the other hand, by Eq. (7), all its states become
very heavy in that extreme decoupling scenario.
H2 is then integrated out at tree level. This means

(a) assuming H2 can be expressed as an expansion in

inverse powers of Y2, (b) deriving a truncated solution for
H2 using equations of motion (EoM) and (c) plugging that
solution back in the original Lagrangian. The resulting
Lagrangian will thus be itself an expansion in inverse
powers of Y2.

12 This parameter is identified with the
squared UV scale Λ2, and the resulting EFT can be written
in the format of the SMEFT. This exercise has been
performed up to Oð1=Λ4Þ in Ref. [29]; in terms of the
operators of dimension-6 and dimension-8 of the bases of
Refs. [54,55], respectively, the result reads

LSMEFT ¼ LSM þCH

Λ2
ðH†HÞ3 þCH8

Λ4
ðH†HÞ4

þCð1Þ
H6

Λ4
ðH†HÞ2ðDμHÞ†ðDμHÞ þ…þOð1=Λ6Þ;

ð14Þ
where LSM is the SM Lagrangian, H is the Higgs doublet
of the SMEFT expansion and the ellipses represent terms
with fermions.13 The expressions for the WCs read [29]

CH

Λ2
¼ Z2

6

Λ2
þ 2

Λ4
ðY3Z1Z6 − Y3Z345Z6 þ Y1Z2

6Þ; ð15aÞ

CH8

Λ4
¼ 1

Λ4
ð2Z1Z2

6 − Z345Z6
2Þ; ð15bÞ

Cð1Þ
H6

Λ4
¼ −

Z6
2

Λ4
: ð15cÞ

We can rewrite these matching relations in terms of the
parameters of Eq. (9). To that end, we use Eq. (A1) and,
after assuming Eq. (12a), we consider the scaling of
Eq. (13) and expand up to Oðξ2Þ. The result is

CH

Λ2
¼ c2β−αð

ffiffiffi
2

p
GFÞ2½Λ2 − 4ðm2

h − Δm2
HÞ�; ð16aÞ

CH8

Λ4
¼ 2c2β−αð

ffiffiffi
2

p
GFÞ3ðm2

h − Δm2
HÞ; ð16bÞ

Cð1Þ
H6

Λ4
¼ −c2β−αð

ffiffiffi
2

p
GFÞ2; ð16cÞ

where GF is the Fermi constant.14 The appearance of Λ in
the numerator of the right-hand side of Eq. (16a) is a

11For example, via the interactions of between h and fermions
(cf. e.g. Ref. [52]), or via Z2 and Z7 [cf. Eq. (A1)]. Finally, in
some of the four types of 2HDM, β can also cause a delayed
decoupling [47,52,53].

12Recall that we assumed the extreme decoupling scenario.
Relaxing this assumption (i.e. taking Y2 to be not so large)
corresponds to considering higher powers in 1=Y2.

13Again, fermions are not relevant for our purposes. H is
related to H1 by a normalization factor; cf. Ref. [29] for details.

14Reference [29] considered the scenario in which ΔmH ¼
ΔmA ¼ ΔmHþ ¼ 0, which is stronger than what is required by
the decoupling limit of Eq. (12). We write the expressions in
terms of GF instead of the vev, since the relation between the two
gets corrections in the SMEFT; see Ref. [29] for details.
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consequence of our choice of cβ−α as independent param-
eter. Note also that there is no information about β or
asymmetry in cβ−α (i.e. odd powers of cβ−α). Finally,
among the Δm2 parameters introduced in Eq. (12a), only
Δm2

H shows up, and always in the form m2
h − Δm2

H.
The coefficients of Eq. (16) are evaluated at the scale

Λ, which we typically take to be ∼1 TeV. The renorm-
alization group equations at dimension-6 [56–58] and
dimension-8 [59–63] can be used to evolve the coef-
ficients to a lower scale (in Sec. VI, we takeffiffiffi
s

p ¼ 260 GeV). The numerical effect of the running
is expected to be OðlogðΛ2

s Þ=ð16π2ÞÞ ∼ :02 and can be
neglected for our purpose.

V. HEFT

We saw in the Introduction that the HEFT considers the
SM Higgs field h to be a gauge singlet. This means that the
HEFT matching to the 2HDM can only be accomplished if

the heavy degrees of freedom of the 2HDM are integrated
out after SSB. Contrary to the SMEFT approach, then, the
HEFT matching to the 2HDM starts with physical states,
i.e. states with well defined masses, without mixing terms
in the propagator. As a result, one can directly integrate out
the heavy mass states H, A and H�. Consistent with the
discussion of Sec. III, however, we will show that such an
operation cannot be done by considering an expansion
simply in inverse powers of mH, mA and mHþ . More than
that, the scaling of cβ−α must be taken into account, or else
there will be no consistent decoupling, since perturbativity
is lost.
This danger can be illustrated by considering the cubic

self-interaction of h. As with any three-point function, this
interaction is not affected by the integration out of the
heavy states at tree level.15 Thus, the cubic self-interaction
of h of the HEFT Lagrangian is obtained by considering the
same interaction in the 2HDM Lagrangian and simply
applying the EFT expansion. The Feynman rule for the
cubic self-interaction of h in the 2HDM reads

3icsc2ð2βÞ
2v

n
sβ−α cosð4βÞ

�
−3c4β−αm2

H − 2c2β−αY2 þ ð3c4β−α þ c2β−α þ 1Þm2
h

�
þ c3β−α sinð4βÞ

�ð1 − 3c2β−αÞm2
h þ ð3c2β−α − 2Þm2

H þ 2Y2

�
þ sβ−α

�
2c2β−αY2 − c4β−αm

2
H þ ðc4β−α − c2β−α − 1Þm2

h

�o
; ð17Þ

with sβ−α ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − c2β−α

q
. From this expression, we realize

that an EFTexpansion that considers simply inverse powers
of mH, mA and mHþ is doomed to inconsistency. This is
because Eq. (17) contains positive powers of those heavy
masses, so that the final HEFT Lagrangian can never be
simply an expansion in inverse powers of those masses.16

Note that this has physical consequences, since observables
like WW → hh would suffer the same inconsistency. On

the other hand, an expansion according to the ξ scaling in
Eqs. (12) and (13) leads to a well-behaved cubic self-
interaction of h.
The conclusion is then clear: the HEFT Lagrangian

cannot be obtained from the 2HDM simply by perform-
ing an expansion in inverse powers of the heavy masses.
Decoupling and perturbativity in the UV theory require
the consistent scaling in Eqs. (12) and (13), which leads
to a well-defined expansion. The heavy states H, A and
Hþ can then be integrated out. As mentioned above, this
operation cannot affect three-point functions, which are
thus trivially derived from the equivalent function in the
UV model simply by applying Eq. (12a) and expanding
according to Eq. (13). By contrast, vertices with four
particles or more receive contributions from integrating
out the heavy states.
It is to this procedure that we now turn. To that end, and

as described in the Introduction, we treat h and the ωa

separately, such that the latter are embedded into a unitary
matrix U. The scalar doublets of the Higgs basis then take
the form17

15The reason is that the solution of the EoM for a given heavy
particle will always depend on terms which contain at least two
light fields (since there are no bilinear terms in the Lagrangian
which depend on two different fields, by definition of mass
eigenstates). This means that, when replacing this heavy-particle
EoM solution in the original UV Lagrangian, the two-point
functions containing the heavy field will yield effective operators
with four or more light fields. UV interaction terms with only one
heavy field must also contain at least another two light fields and,
hence, the corresponding effective operator has at least four light
particles when the heavy scalar EoM solution is substituted. The
same thing happens for UV interaction terms with two or more
heavy fields, which give place to low-energy operators with four
or more light fields for identical reasons [64].

16This is also true for the quartic self-interaction of h. As
discussed in Appendix B, the singlet model of Ref. [19] is very
special, since the cubic light-Higgs interaction does not scale with
the heavy mass.

17The inclusion of the U matrix in the second doublet H2

removes the Goldstone bosons from the potential in Eq. (5). This
was also noted in Ref. [65], but a different parametrization was
used to eliminate the problem.
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H1 ¼
vþ hH1ffiffiffi

2
p UðωÞ

�
0

1

�
; H2 ¼ UðωÞ

 
Hþ

1ffiffi
2

p ðhH2 þ iAÞ

!
:

ð18Þ
We choose the unitary gauge, where the Goldstone bosons
are eliminated from the theory, i.e. U ¼ 1 (our results were
checked in an arbitrary Rξ gauge). This has the advantage
that there are no interactions with more than four fields.18

Following Ref. [19], we write the terms of L2HDM involving
scalars in such a way that we isolate the heavy scalars:

L2HDM ⊃
1

2
ð∂μHaÞ2 − 1

2
ðM2ÞabHaHb þ J0 þ Ja1H

a

þ Jab2 HaHb þ Jabc3 HaHbHc þ Jabcd4 HaHbHcHd;

ð19Þ
where ðM2Þab is a diagonal matrix, Ha ¼ ðH;A;H3; H4Þ,
with H� ≡ ðH3 ∓ iH4Þ=

ffiffiffi
2

p
, and the Jk contain only light

fields.19 The expressions for the Jk are given in Appendix A.
Each heavy scalar Ha is integrated out at tree level by

solving its EoM:

Ja1 þ ð−∂2 −M2 þ 2J2ÞabHb þ 3Jabc3 HbHc

þ 4Jabcd4 HbHcHd ¼ 0: ð20Þ

As mentioned before, the auxiliary parameter ξ will act
as the de facto parameter of the expansion, as in the
SMEFT case. This means that Eq. (20) will be solved
iteratively in powers of ξ, so that the solution for the
heavy fields will itself be given as a series in ξ. As can
be anticipated, even the lowest orders contain a long a list
of terms. We present only those which are relevant for
the tree-level scattering processes we are interested in:
WW → hh and hh→ hh.20 Other processes such as
WW → WW depend solely on one EFT parameter, i.e
the a HEFT coupling that does not receive a modification
from integrating out a heavy field at lowest order in
HEFT and is the same as in the 2HDM. This is in
contrast to WW → hh and hh → hh that involve correc-
tions to b and d4, respectively. For this reason we will
focus on these processes for our comparison.21 The heavy
state A does not play any role in these scatterings, so that
it will be ignored in the following. We then have

H ¼
X∞
i¼0

HðξiÞ; Hþ ¼
X∞
i¼0

Hþ
ðξiÞ; ð21Þ

where the lowest orders are

Hðξ0Þ ¼ Hþ
ðξ0Þ ¼ 0; ð22aÞ

Hðξ1Þ ¼ −
3cβ−αh2

2v
; ð22bÞ

Hþ
ðξ1Þ ¼ 0; ð22cÞ

Hðξ2Þ ¼
2cβ−α
vΛ2

Δm2
Hh

2 þ 2cβ−α
vΛ2

m2
WWμW†μ þ 3cβ−α

vΛ2
½ð∂μh∂μhÞ þ hð∂2hÞ�; ð22dÞ

Hþ
ðξ2Þ ¼ −

icα−βMW

2vΛ2
½hð∂μWμÞ þ 2Wμð∂μhÞ�; ð22eÞ

18Alternative parametrizations of U are common, such as the spherical one (U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ωaωa=v2

p
þ iωaσa=v) or the exponential one

(U ¼ expfiωaσa=vg). In general, one would need to expand U up to the desired order.
19In particular, the part of the Lagrangian without heavy fields is encoded in J0. Note that the derivation could also be done forHþ and

H− (instead ofH3 andH4), but the expressions would not be as symmetric and simple as those presented here. The two bases are related
byH3JH3 þH4JH4 ¼ HþJH− þH−JH

þ
, with JH

� ¼ ðJH3 ∓ iJH4Þ= ffiffiffi
2

p
. Also note that the Lagrangian terms quadratic inHa have been

split in the form: terms without light fields are provided by 1
2
ð∂μHaÞ2 − 1

2
ðM2ÞabHaHb; terms with light fields have been placed in

Jab2 HaHb.
20Since the process ZZ → hh would allow us to find the same matching as WW → hh, and the comparison between the 2HDM and

the EFT yield similar results for both processes, we have chosen WW → hh to assess the accuracy of the EFT fit.
21The general solution for H and Hþ (containing all terms up to Oðξ3Þ, up to interactions with four particles) will be provided as

Supplemental material with this manuscript [66].
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Hðξ3Þ ¼
cβ−αh2

4t2βvΛ4
½c2β−αð3t4β − 2t2β þ 3ÞΛ4 − 3cβ−αðt2β − 1ÞtβΛ22ð2Δm2

H −m2
hÞ − 8Δm2

H
2t2β�

−
7Δm2

Hcβ−α
Λ4v

½ð∂μhÞð∂μhÞ þ hð∂2hÞ� − 3cβ−α
Λ4v

½ð∂2hÞð∂2hÞ þ hð∂2∂2hÞ�

−
6cβ−α
Λ4v

½ð∂μh∂νhÞð∂μh∂νhÞ þ ð∂μhÞð∂μ∂2hÞ þ ð∂νhÞð∂2∂νhÞ�

−
2cβ−αm2

W

vΛ4
½W†νðΔm2

HWν þ ∂
2WνÞ þ 2ð∂μWνÞð∂μW†

νÞ þWνð∂2W†νÞ�; ð22fÞ

Hþ
ðξ3Þ ¼ −

imWcβ−α
vΛ4

½hð∂2∂νWνÞ þ ð∂2hÞð∂νWνÞ�

þ icβ−αmW

vΛ4
½hð∂2∂νWνÞ þ 2Wνð∂2∂νhÞ� −

4imWcβ−α
vΛ4

ð∂μ∂νhÞð∂μWνÞ

−
icβ−αΔm2

HþmW

vΛ4
½hð∂νWνÞ þ 2Wνð∂νhÞ�: ð22gÞ

Note that the first nonvanishing solution starts at OðξÞ
for H, and at Oðξ2Þ for Hþ. As a consequence, the
integration out of H and Hþ will contribute to WW → hh
at order Oðξ2Þ and Oðξ3Þ, respectively. Finally, contrary
to what was done in the SMEFT, we performed the
expansion in the HEFT up to Oðξ3Þ. We justify this
difference of truncations between the SMEFT and the
HEFT matchings at the end of this section.
By substituting the solutions for the heavy fields of

Eq. (21) in L2HDM, we obtain the effective HEFT
Lagrangian.22 Note that, for the two-to-two tree-level
scatterings discussed in this article (WW → hh and
hh → hh), only the first line in Eq. (19) is required—
at any order in ξ. Since the Ha EoM solutions contain at
least two light fields, the effective operators in the second
line of Eq. (19) will contain five or more light fields.
Comparing the effective HEFT Lagrangian with that of
Eqs. (2) and (3) results in the following matching
equations:

Δa2 ≡ a2 − 1 ¼ −c2β−α; ð23aÞ

Δb≡ b − 1 ¼ −3c2β−α þ 4c2β−α
Δm2

H

Λ2
þOðξ4Þ; ð23bÞ

Δd3 ≡ d3 − 1 ¼ −2c2β−α
Λ2

m2
h

þ 1

2
c2β−α

þ c3β−α

	
− cotð2βÞ

�
1 −

2Δm2
H

m2
h

�

þ 2cβ−αcot2ð2βÞ
Λ2

m2
h



þOðξ4Þ; ð23cÞ

Δd4 ≡ d4 − 1¼ −12c2β−α
Λ2

m2
h

þ c2β−α

�
16Δm2

H

m2
h

− 11

�

þ c2β−α

	
2c2β−α

Λ2

m2
h

ð22cot2ð2βÞ− 17Þ

− 22cβ−α cotð2βÞ
�
1−

2Δm2
H

m2
h

�

þ 16
Δm2

H

Λ2

�
2−Δm2

H

m2
h

�

þOðξ4Þ: ð23dÞ

In order to more easily compare with the SM, we
introduced the quantities with Δ; from Eqs. (12) and
(13), it is easy to see that the SM limit
(Δa2 ¼ Δb ¼ Δd3 ¼ Δd4 ¼ 0) is recovered at Oðξ0Þ.
For both a2 and b, the first deviation from the SM
occurs at Oðξ2Þ; this happens in such a way that a2 has
no additional contributions. Note also that the β depend-
ence appears for the first time at Oðξ3Þ for Δd3 and Δd4
[second lines of Eqs. (23c) and (23d), respectively].
Finally, the factors cotð2βÞ ¼ ð1 − tan2 βÞ=ð2 tan βÞ
become large for β ∼ 0 or β ∼ π=2 (i.e., when tan β →
0 or ∞, respectively), and vanish for θ ¼ π=4 (i.e.,
when tan β ¼ 1).

22This contains in general terms that cannot be written in the
form of Eqs. (2) and (3), since they would require terms in the
HEFT Lagrangian with additional derivatives. In the expressions
for the HEFT matching in this paper, we will not be presenting
such terms.
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We can compare the analytical results obtained in this
section with the ones from SMEFT. We start by realizing
that, up to Oðξ2Þ, and just as in the SMEFT matching,
there is no information about β or odd powers in cβ−α,
and the only Δm2 parameter present is Δm2

H. We also
observe that the relation found between Eqs. (23a) and
(23b), Δb ¼ 3Δa2 þOðξ3Þ, is not compatible with the
usual dimension-6 SMEFT constraint Δb ¼ 2Δa2 [11].
That is, the HEFT matching to the 2HDM cannot be
described by means of a SMEFT Lagrangian that starts
with dimension-6 operators. On the other hand, if one
assumes that the contributions from the dimension-6
SMEFT operators to a and b vanish (as is indeed the
case in the SMEFT matching to the 2HDM, see
Ref. [29]), one obtains a dimension-8 constraint, which
is precisely Δb ¼ 3Δa2 [11,67]. Regarding the Higgs
potential term, a SMEFT Lagrangian starting at dimen-
sion-6 also requires the relation Δd4 ¼ 3Δd23 − 2Δa2=3
between the HEFT couplings [11,12], where the latter
Δa2 comes from a finite Higgs field redefinition. It is
easy to observe that the values of Δd3 and Δd4 in
the 2HDM obey this relation at OðξÞ, as Δa ¼ 0 at
that order.
We end this section with a remark about the difficulty

of implementation of the two EFT approaches to the
2HDM. The HEFT approach is considerably simpler to
implement than the SMEFT one for the processes
considered here. First of all, the higher orders terms in
SMEFT in general contain the SM Higgs doublet, which
contains the SM vev. This means that two-point functions
are in general affected; in particular, kinetic terms and the
relations between masses and Lagrangian parameters
need to be redefined. In the HEFT approach, this never
happens, since the integration out of the heavy states
only affects four-point functions or higher, as discussed
above. This is related to a second advantage, which is
that the three-point functions in the HEFT approach at
tree level are trivially obtained from the corresponding
functions in the 2HDM, which is not the case in the
SMEFT approach. Finally, for the processes considered
here, the HEFT approach at tree level does not require
the formal procedure of integrating out heavy states. The
same results can be obtained simply by considering the
amplitudes of the 2HDM contributing to the process at
stake, and applying the expansion of Eqs. (12) and (13)
directly to them. All of this allows us to easily derive the
Oðξ3Þ results in the HEFT expansion (Appendix A). The
derivation of the same order results in the SMEFT (which
involve dimension-10 operators) is beyond the scope of
this work.

VI. RESULTS

We now turn to our numerical results. We assume thatH,
A andHþ are all degenerate and we define the quantityΔΛ,
such that23

mH ¼ mA ¼ mHþ ¼ Λþ ΔΛ: ð24Þ
Comparing with Eqs. (11c) and (11d), and recalling that
Y2 ¼ Λ2 [Eq. (12a)], we realize that ΔΛ measures the
amount of mass in mA and mHþ which is not generated by
the Lagrangian parameter Y2. In other words, ΔΛ ¼ 0
implies that mA and mHþ are entirely generated by Y2,
whereas larger and larger values of ΔΛ imply larger and
larger contributions from the vev.24 Equation (24) implies
that the quantities defined in Eq. (12a) obey

Δm2
H ¼ Δm2

A ¼ Δm2
Hþ ¼ 2ΛΔΛþ ðΔΛÞ2: ð25Þ

Accordingly, the new parameter scales asΔΛ ∼Oðv2=ΛÞ∼
Oðξ1=2Þ.
Naively, ΔΛ is expected to control the increase of

accuracy of the HEFT matching over the SMEFT one.
The reason is that the heavy mass parameter in the SMEFT
matching is Y2 (which is set equal to Λ2), whereas in the
HEFT the heavy mass parameters are the heavy masses
[which are given by Eq. (24)]. The HEFT thus contains
information about ΔΛ, so that, for large values of ΔΛ, the
agreement of the HEFT matching to the 2HDM is expected
to be better than that of the SMEFT matching. A similar
reasoning motivated the v-improved matching proposed
in Ref. [17].
However, two aspects should not be neglected. First, the

numerators of the expressions of the SMEFT matching to
the 2HDM in general depend on the masses. Therefore,
they will in general depend on ΔΛ [and they indeed do: see
Eq. (16)]. Second, even if the HEFT heavy mass parameters
are the heavy masses of the 2HDM, these are constrained to
follow Eq. (12). It follows that the scaling ΔΛ ∼Oðv2=ΛÞ
implies a suppressed dependence of the HEFT matching on
ΔΛ. All in all, then, it is to be seen if a correlation exists
between ΔΛ and an increase in accuracy of the HEFT
matching over the SMEFT one.
For the numerical results that follow, we require our

2HDM results to comply with the theoretical constraints
of perturbative unitarity and boundedness from below
[68–71], as well as electroweak precision measurements

23For the processes considered here, A does not play any role,
so that the results are independent of mA.24Negative values of ΔΛ are in principle also possible, but they
are generally ruled out by theoretical constraints.
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via the oblique parameters S, T and U [32]. We start by
ascertaining the relevance of these contraints on the
parameter space. This can be seen in Fig. 1, where the
maximum value of cβ−α allowed (cmax

β−α) is shown versus
ΔΛ, for different values of Λ and tan β. Each curve shows
an abrupt inflexion point; in all cases, the values of ΔΛ
below that point are such that cmax

β−α is determined by
boundedness from below, whereas those above it have
cmax
β−α determined by perturbative unitarity.25 The figure also
shows that the window of allowed values of cβ−α becomes

narrower with both increasing Λ and increasing tan β. We
checked, in particular, that scenarios with tan β ∼ 1 and
Λ ≫ 1 TeV have an extremely narrow allowed window, as
do also scenarios with Λ ∼ 1 TeV and tan β ≫ 1. Finally,
for the (large) values of Λ shown, the largest value of cmax

β−α
allowed is around 0.15. The result is that one is restricted to
be very close to the exact alignment limit cβ−α ¼ 0. Still,
interesting results can be found inside that narrow window.
The 2HDM is limited by numerous experimental results,

of which the most stringent are Higgs coupling measure-
ments, b meson decays and searches for heavy Higgs
bosons. These limits depend on the couplings of the
fermions to the Higgs doublets, and we assume that the
couplings respect a Z2 symmetry. The limits from Higgs
couplings typically require that cβ−α be close to the align-
ment limit, and all of the values considered below are
currently allowed [72,73]. The charged Higgs boson that is
present in the 2HDM contributes to the decay b → sγ and
current experimental results require that tan β > 1.2 [74].
Additionally, ATLAS and CMS have searched for heavy
neutral scalars with the couplings of the 2HDM and for
tan β > 1.2, the limit is quite weak, mH > 400 GeV
[75,76]. In the following, we shall take tan β ¼ 1.2 since,
from Fig. 1, this gives the largest theoretically allowed
region that is consistent with experiment. The results that
follow were obtained independently via FeynMaster
[77,78] (and its accompanying software [79–84]) and
FeynArts [85].
Before considering our numerical analysis of the

SMEFT and the HEFT matchings to the 2HDM, we
highlight that both approaches end up using the same
expansion [in powers of ξ, defined in Eq. (13)], since the
decoupling limit of Eq. (13) needs to be obeyed by both in
order to have a weakly interacting perturbative 2HDM.
Hence, even if they are structurally different—the SMEFT
matching complying with the symmetries of the SM before
SSB, the HEFT one with those after SSB—some of their
results are very similar. For example, both the three-point

FIG. 1. Maximum value of cβ−α allowed by the theoretical constraints of the 2HDM, as a function of ΔΛ. For each curve, the
maximum value of cβ−α is determined by boundedness from below in the region where the curve has positive slope, and by perturbative
unitarity in the region where the curve has negative slope.

25Given the assumed degeneracy of H, A and Hþ, the oblique
parameters play no relevant role in our analyses. Boundedness
from below requires that none of the elements of specific
combinations of quartic parameters of the potential (usually in
the original basis of the doublets Φ1, Φ2) take negative values
(see e.g. Ref. [68]). For the values of tan β considered in the
figure, the most important element is λ2. When written in terms of
the parameters involved in the plot, and when expanded to first
order in cβ−α, this quartic parameter is of the form c1 − c2cβ−α.
Here, c1 and c2 are real numbers which depend onΔΛ and which,
for the values of ΔΛ involved, are both positive. The requirement
that c1 − c2cβ−α is non-negative thus imposes an upper limit
on the value of cβ−α. Moreover, c1 turns out to grow with ΔΛ
twice as quickly as c2, which explains the linear character of
the positive-slope branch of the curves. As for the negative-
slope branch, it is determined by perturbative unitarity, which
requires all the elements of another combination of quartic
parameters of the potential to be smaller than a certain limit.
For the values at stake here, the decisive element is

j 3ðλ1þλ2Þþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9ðλ1−λ2Þ2þ4ð2λ3þλ4Þ2

p
2

j ≤ 8π. Just as before, we can write
it in terms of the parameters involved in the plot and expand it
to second order in cβ−α, in which case it acquires the form
c3 þ c4c2β−α ≤ 8π. Just as c1 and c2, also c3 and c4 are real
positive numbers (in the range of values at stake), such that c4
grows with ΔΛ. This happens in such a way that, from a certain
value of ΔΛ, the maximum allowed value of cβ−α is no longer
determined by boundedness from below, but rather from pertur-
bative unitarity. The inflexion point in each curve (where the
negative slope and the positive slope unite) is thus a nontrivial
combination of these two theoretical constraints.
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tree-level interactions between h and fermions and between
h and gauge bosons are exactly the same in the two
effective Lagrangians at Oðξ2Þ. This implies, in particular,
that the fits to global Higgs signal strengths performed in
Ref. [27] will be the same in the SMEFT and in the HEFT
matchings at that order.26

It turns out that the tree-level scatterings WW → hh and
hh → hh are also identical at Oðξ2Þ. This result does not
appear obvious to us, since the individual Feynman rules
contributing to the processes are different at Oðξ2Þ. Speci-
fically, the h3 coupling—which contributes to both WW →
hh and hh → hh—involves derivatives in the SMEFT
matching [recall Eq. (14)], whereas in the HEFT matching
it does not [as can be seen by applying Eq. (14) and to
Eq. (13) to Eq. (14)]. But the fact that the local 4-point
interactions (WWhh inWW → hh, and h4 in hh → hh) are
also different exactly compensates for the difference in h3

to Oðξ2Þ.
Note that this conclusion holds even before the

assumption of degenerate heavy masses, Eq. (24). That
it holds in the case of degenerate heavy masses implies that
it holds for all ΔΛ. In other words, the parameter ΔΛ is
irrelevant to compare the SMEFT and the HEFT matchings
inWW → hh and hh → hh at tree level at Oðξ2Þ, since the
two approaches are analytically identical. In the following,
we refer to the two identical matchings at Oðξ2Þ simply as

the EFT matching, and we investigate how accurately it
describes the 2HDM results.
We start by illustrating the case WW → hh, depicted in

Fig. 2. The plot shows the relative differential cross section
between the 2HDM and the EFT matching at Oðξ2Þ, for
different values of Λ and ΔΛ, and for a center-of-mass
energy

ffiffiffi
s

p ¼ 260 GeV and a scattering angle θ0 ¼ π=8.27

The plot only shows positive values of cβ−α, and each curve
is shown only up to the value of cβ−α where the theoretical
constraints start being violated (cf. Fig. 1). It is manifest
that the EFT matching reproduces quite well the 2HDM,
with relative differences smaller than 1%.
This is to be contrasted to what is shown in Fig. 3, which

considers the same as in Fig. 2, but now for hh → hh.
The EFT matching no longer faithfully reproduces the
2HDM result, allowing differences larger than 40% for
Λ ¼ 750 GeV, ΔΛ ¼ 125 GeV, cβ−α ∼ 0.08. These large
values demonstrate that, in the region of parameter space
considered,Oðξ2Þ is not enough in the EFTexpansion. This
means that, to accurately reproduce the 2HDM result,
one would need a matching to dimension-10 operators
in SMEFT, and to operators beyond the leading order in the
derivative expansion in HEFT.
Figure 4 displays again WW → hh and hh → hh, but

with three main differences: first, it shows the absolute

FIG. 2. Relative difference between the differential tree-level cross sections for WW → hh in the 2HDM and in the EFT matching to
the 2HDM atOðξ2Þwith dσ ≡ dσ

dθ jθ¼θ0
. Four pairs of values ofΛ andΔΛ are considered, according to the labels. For each curve, only the

range of (positive values of) cβ−α allowed by the theoretical constraints is shown. All results assume a center-of-mass energyffiffiffi
s

p ¼ 260 GeV, a scattering angle θ0 ¼ π=8 and tan β ¼ 1.2.

26We refer to the fits which do not include the effects of the
Higgs trilinear coupling, Fig. 6 of Ref. [27]. Note that even one-
loop processes such as gg → h or h → γγ are the same in both
EFT approaches [at Oðξ2Þ].

27The general features of the plot are not sensitive to the
specific values of

ffiffiffi
s

p
and θ0. Moreover, the expressions for

dσWW→hh
HEFT;Oðξ2Þ and dσWW→hh

SMEFT;Oðξ2Þ are consistently of Oðξ2Þ, in the
sense that higher order effects resulting from squaring the
amplitude were excluded.

MATCHING THE 2HDM TO THE HEFT AND THE SMEFT: … PHYS. REV. D 108, 055034 (2023)

055034-11



values of the differential cross sections; second, it includes
negative values of cβ−α; finally, it separately shows the
different orders in the HEFT expansion, up to Oðξ3Þ.28
Several aspects are worth mentioning here. First, we stress
that the plots show the HEFT matching, which we
performed up to Oðξ3Þ, but which we are only assured
of being identical to the SMEFT matching up to Oðξ2Þ.
Then, the right panel shows that the 2HDM result is slightly
asymmetric in cβ−α, even though the EFT matchings at

Oðξ2Þ do not contain this information, as discussed
above.29

Concerning the different truncations, the right plot of
Fig. 4 illustrates that, while the lowest truncation in enough to
reproduce the2HDMfor values ofcβ−α very close to zero, the
Oðξ3Þ truncation is clearly the most appropriate one for the
whole range of cβ−α shown. On the other hand, even that
truncation is far from an exact reproduction of the 2HDM
result, which indicates that the next order would be relevant.
In otherwords, the convergence of theEFTexpansion is quite
slow for hh → hh for larger values of cβ−α. This is to be

FIG. 3. The same as in Fig. 2, but for hh → hh.

FIG. 4. Left: differential cross section forWW → hh at tree level, both for the 2HDM (black), as well as for three different truncations
of the HEFT matching (the black and the red are behind the beige). Right: the same, but for hh → hh. Both panels take

ffiffiffi
s

p ¼ 260 GeV,
θ0 ¼ π=8, Λ ¼ 750 GeV, ΔΛ ¼ 125 GeV and tan β ¼ 1.2. The region of values of cβ−α shown is allowed by the theoretical constraints.

28For the values of tβ, Λ and ΔΛ considered, some values of
cβ−α more negative than the ones shown in the plots are still
allowed by theoretical constraints. Moreover, even if we are not
showing all the termsOðξ3Þ in Eq. (22), we are including them in
these plots. Finally, the Oðξ1Þ curve yields negative values for
dσhh→hh for jcβ−αj > 0.07. These are unphysical (and thus not
shown), and result from neglecting the higher order terms when
taking the square of the amplitude.

29As we also noted, the EFT matching at Oðξ2Þ does not have
information about tan β. This suggests that the two approaches
will poorly reproduce the 2HDM whenever the latter shows a
strong dependence on that parameter. On the other hand, and as
discussed in the context of Fig. 1, a scenario with large Λ and
tan β significantly different from 1 will lead to the alignment limit
cβ−α, where the EFT matching coincides with the 2HDM.

SALLY DAWSON et al. PHYS. REV. D 108, 055034 (2023)

055034-12



contrasted with the left panel, which shows the equivalent
plot for WW → hh. There, a faithful reproduction of the
2HDM results is obtained immediately at Oðξ2Þ, in which
case higher orders are not needed. Nevertheless, both panels
also show that, again for larger values of cβ−α, the Oðξ1Þ
truncation clearly fails to reproduce the UV model.
In Fig. 5, we investigate the scenario in which the

decoupling is lost. These plots are equivalent to those of
Fig. 4, but with Λ ¼ ΔΛ ¼ 300 GeV. Note that, even if
this means mH ¼ mA ¼ mHþ ¼ 600 GeV, the choice Λ ¼
300 GeV is a blatant violation of the assumptions of
Eq. (12). Indeed, both plots of Fig. 5 clearly show that
the EFT is no longer valid according to the expansion of
Eqs. (12) and (13): the different orders do not improve the
convergence to the 2HDM results. We verified that the
same conclusion holds for even smaller values of Λ.

VII. CONCLUSIONS

In this work, we presented two tree-level EFT
matchings to the 2HDM: the SMEFT and the HEFT.
We began with the 2HDM as our UV complete theory
and imposed decoupling and perturbativity on the
model. This implies that in the large mass limit of
the heavy Higgs masses, the mixing angle cβ−α must
obey the scaling cβ−α ∼ ξ, where ξ parametrizes the
approach to the alignment limit, cβ−α → 0. We organized
our studies of the SMEFT and HEFT matching in terms
of an expansion in powers of ξ.
We discussed the matching of the HEFT to the 2HDM at

Oðξ2Þ (the matching of the SMEFT to that order was
discussed in a previous paper, [29]) and used the unitary
gauge to simplify the results, which were checked in an
arbitrary Rξ gauge. The matching equations for the param-
eters of the HEFT Lagrangian relevant for the processes
discussed in this paper were given analytically.
We found that the SMEFT and the HEFT matchings to

the 2HDM were identical to Oðξ2Þ when the UV theory is
required to obey decoupling and perturbativity. This holds
for the fits to global Higgs signal strength, as well as the

tree-level scatterings WW → hh and hh → hh. We inves-
tigated how accurately the EFT matching at Oðξ2Þ repro-
duces the 2HDM results in both these scatterings. In
WW → hh, the EFT matching accurately reproduces the
2HDM result, with differences smaller than the percent
level. In the case of hh → hh, by contrast, it fails to
properly reproduce the 2HDM result in some regions of the
parameter space. In this case, therefore, even the second
order of the SMEFT (HEFT) expansion is not enough, and
one should in principle consider dimension-10 operators
(next-to-leading order operators in p2). We further showed
that the convergence to the 2HDM could be improved if
Oðξ3Þ effects are included in the HEFT. Finally, we probed
the case without decoupling, and concluded that the EFT
expansion in powers of ξ does not converge in that case.
This paper is a first tree-level exploration of the match-

ings of a UV model to both the SMEFT and the HEFT in a
way consistent with decoupling and perturbativity. Several
directions of future work are open. It would be particularly
interesting to ascertain if the similarities between the two
approaches found here will also hold for higher orders in
the EFT expansion, as well for other processes. UV models
other than the 2HDM could also be explored, with the
purpose of ascertaining the consequences of perturbativity
for the matchings in those cases.
It would be interesting to study the effects of loop

corrections and their impact on the comparison between the
SMEFT and the HEFT matchings to a UV model. The
matching could be done using automated tools for one-loop
matching [86–90], and the renormalization group evolution
of the dimension-6 coefficients could be automated using
the tools of Refs. [91,92]. Such a study would require
careful attention to the interplay between the loop expan-
sion and the expansion in 1=Λ2 [93].
Digital data pertaining to the HEFT matching is con-

tained in the auxiliary file submitted with this paper [66].

ACKNOWLEDGMENTS

We thank Howard Haber for discussions. D. F. is also
grateful to Ilaria Brivio, Matthew Sullivan and Robert

FIG. 5. The same as in Fig. 4, but for Λ ¼ ΔΛ ¼ 300 GeV (on the left plot, the blue is behind the red). As before, the region of values
of cβ−α shown is allowed by the theoretical constraints.

MATCHING THE 2HDM TO THE HEFT AND THE SMEFT: … PHYS. REV. D 108, 055034 (2023)

055034-13



Szafron for discussions. C. Q. C is grateful to Gerhard
Buchalla for discussions about the singlet extension and
Antonio Dobado on decoupling. S. D. and D. F. are sup-
ported by the U.S. Department of Energy under Grant
Contract No. DE-SC0012704. C. Q. C has been funded by
the MINECO (Spain) predoctoral Grant No. BES-2017-
082408. This work was supported in part by Spanish
MICINN No. PID2019–108655 GB-I00 Grant,
Universidad Complutense de Madrid under research group
910309 and the IPARCOS institute.

Note added.—Recently, Ref. [94] was made publicly
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That reference is an interesting complement to our paper.

APPENDIX A: FURTHER DETAILS
ON THE 2HDM

The quartic couplings of Eq. (5b) can be written in terms
of the parameters of Eq. (9) as

Z1 ¼
ð1 − c2β−αÞm2

h þ c2β−αm
2
H

v2
; ðA1aÞ

Z2 ¼
1

2v2t3β
½c2β−αtβð3t4β − 8t2β þ 3Þðm2

h −m2
HÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − c2β−α

q
cβ−αðt6β − 7t4β þ 7t2β

− 1Þðm2
h −m2

HÞ −m2
hðt5β − 4t3β þ tβÞ

þ 2tβðt2β − 1Þ2ðm2
H − Y2Þ�; ðA1bÞ

Z3 ¼
2

v2
ðm2

H� − Y2Þ; ðA1cÞ

Z4 ¼
c2β−αðm2

h −m2
HÞ þm2

A þm2
H − 2m2

H�

v2
; ðA1dÞ

Z5 ¼
c2β−αðm2

h −m2
HÞ −m2

A þm2
H

v2
; ðA1eÞ

Z6 ¼
cβ−α

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − c2β−α

q
ðm2

h −m2
HÞ

v2
; ðA1fÞ

Z7 ¼
1

2v2t2β
½−3c2β−αtβðt2β − 1Þðm2

h −m2
HÞ

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − c2β−α

q
cβ−αðt4β − 4t2β þ 1Þðm2

h −m2
HÞ

þ tβðt2β − 1Þðm2
h − 2m2

H þ 2Y2Þ�: ðA1gÞ

As mentioned in Sec. II, the Z2 symmetry implies that not
all the Z’s are independent. The two dependence relations
read [20]

Z2 − Z1 ¼
1 − 2s2β
sβcβ

ðZ6 þ Z7Þ; ðA2aÞ

Z345 − Z1 ¼
1 − 2s2β
sβcβ

Z6 −
2sβcβ
1 − 2s2β

ðZ6 − Z7Þ: ðA2bÞ

Equations (11a) and (11b) can be rewritten by replacing the
dependence on cβ−α by Zi parameters as

m2
h ¼

2Y2 þ v2ð2Z1 þ Z345Þ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½2Y2 þ v2ðZ345 − 2Z1Þ�2 þ 16v4Z2

6

q
4

; ðA3aÞ

m2
H ¼

2Y2 þ v2ð2Z1 þ Z345Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½2Y2 þ v2ðZ345 − 2Z1Þ�2 þ 16v4Z2

6

q
4

: ðA3bÞ

In what follows, we present further details concerning the integration out of H, A and Hþ in the HEFT. As we saw in
Sec. V, the use of the unitary gauge implies a maximum of four fields in each term of the 2HDM Lagrangian. Then, from
Eq. (19), it is clear that J0, J1, J2, J3, and J4 will contain only light fields with a maximum number of four, three, two, one,
and zero, respectively. For the tree-level scattering processesWW → hh and hh → hh, only the following J’s are needed: J0
(up to four light fields) and Ja1 , with a ¼ H;Hþ (up to two light fields). They read

J0 ¼
1

2
∂μðhÞ2 −

1

2
h2m2

h þ
�
1

2
m2

ZZ
μZμ þm2

WW
μW†

μ

��
1þ 2sβ−αh

v
þ h2

v2

�

þ 1

4vt2β
h3fðt4β − 4t2β þ 1Þc4β−αðm2

h −m2
HÞsβ−α þ 3tβðt2β − 1Þc5β−αðm2

h −m2
HÞ

− tβðt2β − 1Þc3β−αðm2
h − 2m2

H þ 2Y2Þ − 2t2βc
2
β−αðm2

h − 2Y2Þsβ−α − 2m2
ht

2
βsβ−αg
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−
1

16v2t3β
h4f½t6β − 19t4β þ 19t2β − 1�c5β−αðm2

H −m2
hÞsβ−α

− 4t2βðt2βÞc3β−αsβ−αðm2
h − 2m2

H þ 2Y2Þ þ tβð7t4β − 26t2β þ 7Þc6β−αðm2
h −m2

HÞ
þ tβc4β−α½m2

hð−5t4β þ 18t2β − 5Þ þ 6m2
Hðt4β − 4t2β þ 1Þ − 2Y2ðt4β − 6t2β þ 1Þ�

þ 2t3βc
2
β−αðm2

h þm2
H − 4Y2Þ þ 2m2

ht
3
βg; ðA4Þ

JH1 ¼ 2cβ−α
v

�
m2

WW
μW†

μ þ 1

2
m2

ZZ
μZμ

�
þ cβ−α
4vt2β

h2
n
9tβðt2β − 1Þc3β−αðm2

h −m2
HÞsβ−α

− 3tβðt2β − 1Þcβ−αsβ−αðm2
h − 2m2

H þ 2Y2Þ þ 3ðt4β − 4t2β þ 1Þc4β−αðm2
h −m2

HÞ
þ c2β−α

�
m2

hð−3t4β þ 8t2β − 3Þ þm2
Hð3t4β − 14t2β þ 3Þ þ 12Y2t2β

�þ 2t2βðm2
H − 4Y2Þ

o
þOðh3Þ; ðA5Þ

JH
þ

1 ¼ ðJH−

1 Þ† ¼ imWcβ−α
v

½hð∂μWμÞ þ 2Wμð∂μhÞ�; ðA6Þ

where we express e, cW and sW by means of g ¼ e=sW ¼
2mW=v and cW ¼ mW=mZ. The case a ¼ A, with JA1 ¼
−cβ−α½hð∂μZμÞ þ 2Zμð∂μhÞ�ðm2

W þm2
Zs

2
WÞ=ðvmZÞ would

contribute to the ZZ → hh process that is not studied here.

APPENDIX B: A NOTE ON THE Z2 SYMMETRIC
SINGLET EXTENSION OF THE SM

We briefly review the Z2 symmetric real singlet exten-
sion of the SM discussed in Ref. [19] in the context of the
HEFT matching. Our purpose is to illustrate the crucial
differences between that model and the 2HDM. The
potential in terms of a real singlet, S, and the usual
SULð2Þ doublet, ϕ, is

V ¼ −
μ21
2
ϕ†ϕ −

μ22
2
S2 þ λ1

4
ðϕ†ϕÞ2 þ λ2

4
S4 þ λ3

2
ϕ†ϕS2:

ðB1Þ

After SSB, ϕ and S get vevs v=
ffiffiffi
2

p
and vs=

ffiffiffi
2

p
, respectively.

The physical states h and H have masses m and M,
respectively (m is assumed to be light and M heavy).
These are determined by minimizing the potential and
diagonalizing the mass matrix with the mixing angle χ.
This happens such that the Feynman rule for the cubic self-
interaction of h reads

i
m2

2vvs
ðs3χv − c3χvsÞ: ðB2Þ

Therefore, in stark contrast with what happens in the
2HDM [recall Eq. (17)], the cubic self-interaction of h

in the model of Ref. [19] does not scale with positive
powers of heavy masses (in this case, just M). This allows
the authors to perform a HEFT matching as an expansion in
inverse powers of the heavy mass M. On the other hand,
such an expansion does not comply with decoupling and
perturbativity.30 To see this, note that the quartic couplings
of the potential can be written in terms of the masses, the
vevs and the mixing angle as

λ1 ¼
2

v2
½M2s2χ −m2ðs2χ − 1Þ�;

λ2 ¼
2

v2s
½m2s2χ −M2ðs2χ − 1Þ�;

λ3 ¼
2cχsχ
vvs

ðM2 −m2Þ: ðB3Þ

This clearly shows that, ifM is taken to be very large and no
other assumption is made, perturbativity is violated. As a
consequence, even if no inconsistency is found in the cubic
self-interaction of h, an expansion that simply assumes M
to be very large and uses 1=M as an expansion parameter
does not comply with perturbativity. Such compliance thus
requires a different expansion, with more assumptions—
specifically, assumptions about vs and χ. Along the lines
of Eq. (13), the scalings 1=M2 ∼OðξÞ, 1=v2s ∼OðξÞ and
s2χ ∼OðξÞ would lead to well-behaved quartic couplings.

30This does not mean that the different orders in the 1=M
expansion performed in Ref. [19] violate perturbativity. The
problem, rather, is that the expansion itself does not res-
pect perturbativity for a very large M, if no other assumption
is made.

MATCHING THE 2HDM TO THE HEFT AND THE SMEFT: … PHYS. REV. D 108, 055034 (2023)

055034-15



[1] S. Weinberg, Baryon and lepton nonconserving processes,
Phys. Rev. Lett. 43, 1566 (1979).

[2] W. Buchmuller and D. Wyler, Effective Lagrangian analysis
of new interactions and flavor conservation, Nucl. Phys.
B268, 621 (1986).

[3] C. N. Leung, S. T. Love, and S. Rao, Low-energy manifes-
tations of a new interaction scale: Operator analysis,
Z. Phys. C 31, 433 (1986).

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

[5] J. Bagger, V. D. Barger, K.-m. Cheung, J. F. Gunion, T. Han,
G. A. Ladinsky, R. Rosenfeld, and C. P. Yuan, The strongly
interacting W W system: Gold plated modes, Phys. Rev. D
49, 1246 (1994).

[6] V. Koulovassilopoulos and R. S. Chivukula, The phenom-
enology of a nonstandard Higgs boson inWL WL scattering,
Phys. Rev. D 50, 3218 (1994).

[7] I. Brivio and M. Trott, The standard model as an effective
field theory, Phys. Rep. 793, 1 (2019).

[8] R. Alonso, E. E. Jenkins, and A. V. Manohar, A geometric
formulation of Higgs effective field theory: Measuring the
curvature of scalar field space, Phys. Lett. B 754, 335 (2016).

[9] R. Alonso, E. E. Jenkins, and A. V. Manohar, Geometry of
the Scalar Sector, J. High Energy Phys. 08 (2016) 101.

[10] A. Falkowski and R. Rattazzi, Which EFT, J. High Energy
Phys. 10 (2019) 255.

[11] R. Gómez-Ambrosio, F. J. Llanes-Estrada, A. Salas-
Bernárdez, and J. J. Sanz-Cillero, Distinguishing electro-
weak EFTs with WLWL → n × h, Phys. Rev. D 106,
053004 (2022).

[12] R. Gómez-Ambrosio, F. J. Llanes-Estrada, A. Salas-
Bernárdez, and J. J. Sanz-Cillero, SMEFT is falsifiable
through multi-Higgs measurements (even in the absence of
new light particles), Commun. Theor. Phys. 75, 095202
(2023).

[13] T. Cohen, N. Craig, X. Lu, and D. Sutherland, Unitarity
violation and the geometry of Higgs EFTs, J. High Energy
Phys. 12 (2021) 003.

[14] T. Cohen, N. Craig, X. Lu, and D. Sutherland, Is SMEFT
enough?, J. High Energy Phys. 03 (2021) 237.

[15] M. A. Perez, J. J. Toscano, and J. Wudka, Two photon
processes and effective Lagrangians with an extended scalar
sector, Phys. Rev. D 52, 494 (1995).

[16] C. Englert, A. Freitas, M. M. Muhlleitner, T. Plehn, M.
Rauch, M. Spira, and K. Walz, Precision measurements
of Higgs couplings: Implications for new physics scales,
J. Phys. G 41, 113001 (2014).

[17] J. Brehmer, A. Freitas, D. Lopez-Val, and T. Plehn, Pushing
Higgs effective theory to its limits, Phys. Rev. D 93, 075014
(2016).

[18] M. Gorbahn, J. M. No, and V. Sanz, Benchmarks for Higgs
effective theory: Extended Higgs sectors, J. High Energy
Phys. 10 (2015) 036.

[19] G. Buchalla, O. Cata, A. Celis, and C. Krause, Standard
model extended by a heavy singlet: Linear vs. nonlinear
EFT, Nucl. Phys. B917, 209 (2017).

[20] H. Bélusca-Maïto, A. Falkowski, D. Fontes, J. C. Romão,
and J. P. Silva, Higgs EFT for 2HDM and beyond, Eur.
Phys. J. C 77, 176 (2017).

[21] S. Dawson and C.W. Murphy, Standard model EFT
and extended scalar sectors, Phys. Rev. D 96, 015041
(2017).

[22] T. Corbett, A. Joglekar, H.-L. Li, and J.-H. Yu, Exploring
extended scalar sectors with Di-Higgs signals: A Higgs EFT
perspective, J. High Energy Phys. 05 (2018) 061.

[23] S. Dawson, S. Homiller, and S. D. Lane, Putting stan-
dard model EFT fits to work, Phys. Rev. D 102, 055012
(2020).

[24] M. Jiang, N. Craig, Y.-Y. Li, and D. Sutherland, Com-
plete one-loop matching for a singlet scalar in the standard
model EFT, J. High Energy Phys. 02 (2019) 031; 01 (2021)
135(E).

[25] U. Haisch, M. Ruhdorfer, E. Salvioni, E. Venturini, and
A. Weiler, Singlet night in Feynman-ville: One-loop match-
ing of a real scalar, J. High Energy Phys. 04 (2020) 164; 07
(2020) 066.

[26] S. Dawson, P. P. Giardino, and S. Homiller, Uncovering the
high scale Higgs Singlet Model, Phys. Rev. D 103, 075016
(2021).

[27] S. Dawson, S. Homiller, and M. Sullivan, Impact of
dimension-eight SMEFT contributions: A case study, Phys.
Rev. D 104, 115013 (2021).

[28] Anisha, S. Das Bakshi, S. Banerjee, A. Biekötter, J.
Chakrabortty, S. Kumar Patra, and M. Spannowsky, Effec-
tive limits on single scalar extensions in the light of recent
LHC data, Phys. Rev. D 107, 055028 (2023).

[29] S. Dawson, D. Fontes, S. Homiller, and M. Sullivan, Role of
dimension-eight operators in an EFT for the 2HDM, Phys.
Rev. D 106, 055012 (2022).

[30] T. D. Lee, A theory of spontaneous T violation, Phys. Rev.
D 8, 1226 (1973).

[31] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, The
Higgs hunter’s guide, Front. Phys. 80, 1 (2000).

[32] G. C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M.
Sher, and J. P. Silva, Theory and phenomenology of two-
Higgs-doublet models, Phys. Rep. 516, 1 (2012).

[33] J. F. Donoghue and L. F. Li, Properties of charged Higgs
bosons, Phys. Rev. D 19, 945 (1979).

[34] H. Georgi and D. V. Nanopoulos, Suppression of flavor
changing effects from neutral spinless meson exchange in
gauge theories, Phys. Lett. B 82, 95 (1979).

[35] F. J. Botella and J. P. Silva, Jarlskog—like invariants for
theories with scalars and fermions, Phys. Rev. D 51, 3870
(1995).

[36] G. C. Branco, L. Lavoura, and J. P. Silva, CP Violation, Int.
Ser. Monogr. Phys. 103, 1 (1999).

[37] D. Fontes, M. Löschner, J. C. Romão, and J. P. Silva, Leaks
of CP violation in the real two-Higgs-doublet model, Eur.
Phys. J. C 81, 541 (2021).

[38] T. Appelquist and J. Carazzone, Infrared singularities and
massive fields, Phys. Rev. D 11, 2856 (1975).

[39] D. Toussaint, Renormalization effects from superheavy
Higgs particles, Phys. Rev. D 18, 1626 (1978).

[40] M. J. G. Veltman, Limit on mass differences in the Weinberg
model, Nucl. Phys. B123, 89 (1977).

[41] J. C. Collins, F. Wilczek, and A. Zee, Low-energy mani-
festations of heavy particles: Application to the neutral
current, Phys. Rev. D 18, 242 (1978).

SALLY DAWSON et al. PHYS. REV. D 108, 055034 (2023)

055034-16

https://doi.org/10.1103/PhysRevLett.43.1566
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1007/BF01588041
https://doi.org/10.1142/S0217751X93001946
https://doi.org/10.1103/PhysRevD.49.1246
https://doi.org/10.1103/PhysRevD.49.1246
https://doi.org/10.1103/PhysRevD.50.3218
https://doi.org/10.1016/j.physrep.2018.11.002
https://doi.org/10.1016/j.physletb.2016.01.041
https://doi.org/10.1007/JHEP08(2016)101
https://doi.org/10.1007/JHEP10(2019)255
https://doi.org/10.1007/JHEP10(2019)255
https://doi.org/10.1103/PhysRevD.106.053004
https://doi.org/10.1103/PhysRevD.106.053004
https://doi.org/10.1088/1572-9494/ace95e
https://doi.org/10.1088/1572-9494/ace95e
https://doi.org/10.1007/JHEP12(2021)003
https://doi.org/10.1007/JHEP12(2021)003
https://doi.org/10.1007/JHEP03(2021)237
https://doi.org/10.1103/PhysRevD.52.494
https://doi.org/10.1088/0954-3899/41/11/113001
https://doi.org/10.1103/PhysRevD.93.075014
https://doi.org/10.1103/PhysRevD.93.075014
https://doi.org/10.1007/JHEP10(2015)036
https://doi.org/10.1007/JHEP10(2015)036
https://doi.org/10.1016/j.nuclphysb.2017.02.006
https://doi.org/10.1140/epjc/s10052-017-4745-5
https://doi.org/10.1140/epjc/s10052-017-4745-5
https://doi.org/10.1103/PhysRevD.96.015041
https://doi.org/10.1103/PhysRevD.96.015041
https://doi.org/10.1007/JHEP05(2018)061
https://doi.org/10.1103/PhysRevD.102.055012
https://doi.org/10.1103/PhysRevD.102.055012
https://doi.org/10.1007/JHEP02(2019)031
https://doi.org/10.1007/JHEP01(2021)135
https://doi.org/10.1007/JHEP01(2021)135
https://doi.org/10.1007/JHEP04(2020)164
https://doi.org/10.1007/JHEP07(2020)066
https://doi.org/10.1007/JHEP07(2020)066
https://doi.org/10.1103/PhysRevD.103.075016
https://doi.org/10.1103/PhysRevD.103.075016
https://doi.org/10.1103/PhysRevD.104.115013
https://doi.org/10.1103/PhysRevD.104.115013
https://doi.org/10.1103/PhysRevD.107.055028
https://doi.org/10.1103/PhysRevD.106.055012
https://doi.org/10.1103/PhysRevD.106.055012
https://doi.org/10.1103/PhysRevD.8.1226
https://doi.org/10.1103/PhysRevD.8.1226
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1103/PhysRevD.19.945
https://doi.org/10.1016/0370-2693(79)90433-7
https://doi.org/10.1103/PhysRevD.51.3870
https://doi.org/10.1103/PhysRevD.51.3870
https://doi.org/10.1140/epjc/s10052-021-09332-0
https://doi.org/10.1140/epjc/s10052-021-09332-0
https://doi.org/10.1103/PhysRevD.11.2856
https://doi.org/10.1103/PhysRevD.18.1626
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1103/PhysRevD.18.242


[42] M. B. Einhorn, D. R. T. Jones, and M. J. G. Veltman, Heavy
particles and the rho parameter in the standard model, Nucl.
Phys. B191, 146 (1981).

[43] H. E. Haber, Introductory low-energy supersymmetry, in
Theoretical Advanced Study Institute (TASI 92): From Black
Holes and Strings to Particles (1993), 4, pp. 589–686; arXiv:
hep-ph/9306207.

[44] A. Dobado, M. J. Herrero, W. Hollik, and S. Penaranda,
Selfinteractions of the lightest MSSM Higgs boson in the
large pseudoscalar mass limit, Phys. Rev. D 66, 095016
(2002).

[45] D. M. Asner et al., ILC Higgs White Paper, in Community
Summer Study 2013: Snowmass on the Mississippi (2013),
10; arXiv:1310.0763.

[46] H. E. Haber and Y. Nir, Multiscalar models with a high-
energy scale, Nucl. Phys. B335, 363 (1990).

[47] J. F. Gunion and H. E. Haber, The CP conserving two Higgs
doublet model: The approach to the decoupling limit, Phys.
Rev. D 67, 075019 (2003).

[48] H. E. Haber and D. O’Neil, Basis-independent methods
for the two-Higgs-doublet model. II. The significance of
tan β, Phys. Rev. D 74, 015018 (2006); 74, 059905(E)
(2006).

[49] S. Dittmaier, S. Schuhmacher, and M. Stahlhofen, Integ-
rating out heavy fields in the path integral using the
background-field method: General formalism, Eur. Phys.
J. C 81, 826 (2021).

[50] M. Carena, I. Low, N. R. Shah, and C. E. M. Wagner,
Impersonating the standard model Higgs boson: Alignment
without decoupling, J. High Energy Phys. 04 (2014) 015.

[51] J. Bernon, J. F. Gunion, H. E. Haber, Y. Jiang, and S. Kraml,
Scrutinizing the alignment limit in two-Higgs-doublet
models: mh ¼ 125 GeV, Phys. Rev. D 92, 075004 (2015).

[52] P. M. Ferreira, J. F. Gunion, H. E. Haber, and R. Santos,
Probing wrong-sign Yukawa couplings at the LHC and a
future linear collider, Phys. Rev. D 89, 115003 (2014).

[53] H. E. Haber, M. J. Herrero, H. E. Logan, S. Penaranda, S.
Rigolin, and D. Temes, SUSY QCD corrections to the
MSSM h0 bb̄ vertex in the decoupling limit, Phys. Rev. D
63, 055004 (2001).

[54] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek,
Dimension-six terms in the standard model Lagrangian,
J. High Energy Phys. 10 (2010) 085.

[55] C. W. Murphy, Dimension-8 operators in the standard model
effective field theory, J. High Energy Phys. 10 (2020) 174.

[56] E. E. Jenkins, A. V. Manohar, and M. Trott, Renormaliza-
tion group evolution of the standard model dimension six
operators I: Formalism and lambda dependence, J. High
Energy Phys. 10 (2013) 087.

[57] E. E. Jenkins, A. V. Manohar, and M. Trott, Renormaliza-
tion group evolution of the standard model dimension six
operators II: Yukawa dependence, J. High Energy Phys. 01
(2014) 035.

[58] R. Alonso, E. E. Jenkins, A. V. Manohar, and M. Trott,
Renormalization group evolution of the standard model
dimension six operators III: Gauge coupling dependence
and phenomenology, J. High Energy Phys. 04 (2014) 159.

[59] A. Helset, E. E. Jenkins, and A. V. Manohar, Renormaliza-
tion of the standard model effective field theory from
geometry, J. High Energy Phys. 02 (2023) 063.

[60] M. Chala, G. Guedes, M. Ramos, and J. Santiago, Towards
the renormalisation of the standard model effective field
theory to dimension eight: Bosonic interactions I, SciPost
Phys. 11, 065 (2021).

[61] S. Das Bakshi, M. Chala, A. Díaz-Carmona, and G. Guedes,
Towards the renormalisation of the standard model effective
field theory to dimension eight: Bosonic interactions II, Eur.
Phys. J. Plus 137, 973 (2022).

[62] U. Banerjee, J. Chakrabortty, S. U. Rahaman, and K.
Ramkumar, One-loop effective action up to dimension
eight: Integrating out heavy scalar(s), arXiv:2306.09103.

[63] U. Banerjee, J. Chakrabortty, C. Englert, S. U. Rahaman,
and M. Spannowsky, Integrating out heavy scalars with
modified equations of motion: Matching computation of
dimension-eight SMEFT coefficients, Phys. Rev. D 107,
055007 (2023).

[64] B. Henning, X. Lu, and H. Murayama, How to use the
standard model effective field theory, J. High Energy Phys.
01 (2016) 023.

[65] P. Ciafaloni and D. Espriu, The effective Lagrangian of the
two Higgs doublet model, Phys. Rev. D 56, 1752 (1997).

[66] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevD.108.055034 for digital
data pertaining to the HEFT matching.

[67] R. L. Delgado, R. Gómez-Ambrosio, J. Martí nez Martí n,
A. Salas-Bernárdez, and J. J. Sanz-Cillero, SMEFT vs
HEFT: Multi-Higgs phenomenology (to be published).

[68] N. G. Deshpande and E. Ma, Pattern of symmetry breaking
with two Higgs doublets, Phys. Rev. D 18, 2574 (1978).

[69] S. Kanemura, T. Kubota, and E. Takasugi, Lee-Quigg-
Thacker bounds for Higgs boson masses in a two doublet
model, Phys. Lett. B 313, 155 (1993).

[70] A. G. Akeroyd, A. Arhrib, and E.-M. Naimi, Note on tree
level unitarity in the general two Higgs doublet model, Phys.
Lett. B 490, 119 (2000).

[71] I. F. Ginzburg and I. P. Ivanov, Tree-level unitarity con-
straints in the most general 2HDM, Phys. Rev. D 72, 115010
(2005).

[72] A. Tumasyan et al. (CMS Collaboration), A portrait of the
Higgs boson by the CMS experiment ten years after the
discovery, Nature (London) 607, 60 (2022).

[73] ATLAS Collaboration, A detailed map of Higgs boson
interactions by the ATLAS experiment ten years after the
discovery, Nature (London) 607, 52 (2022); 612, E24
(2022).

[74] J. Haller, A. Hoecker, R. Kogler, K. Mönig, T. Peiffer, and
J. Stelzer, Update of the global electroweak fit and con-
straints on two-Higgs-doublet models, Eur. Phys. J. C 78,
675 (2018).

[75] M. Aaboud et al. (ATLAS Collaboration), Search for heavy
ZZ resonances in the lþl−lþl− and lþl−νν̄ final states
using proton–proton collisions at

ffiffiffi
s

p ¼ 13 TeV with the
ATLAS detector, Eur. Phys. J. C 78, 293 (2018).

[76] A. M. Sirunyan et al. (CMS Collaboration), Search for a
heavy Higgs boson decaying to a pair of W bosons in
proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV, J. High Energy
Phys. 03 (2020) 034.

[77] D. Fontes and J. C. Romão, FeynMaster: A plethora of
Feynman tools, Comput. Phys. Commun. 256, 107311
(2020).

MATCHING THE 2HDM TO THE HEFT AND THE SMEFT: … PHYS. REV. D 108, 055034 (2023)

055034-17

https://doi.org/10.1016/0550-3213(81)90292-3
https://doi.org/10.1016/0550-3213(81)90292-3
https://arXiv.org/abs/hep-ph/9306207
https://arXiv.org/abs/hep-ph/9306207
https://doi.org/10.1103/PhysRevD.66.095016
https://doi.org/10.1103/PhysRevD.66.095016
https://arXiv.org/abs/1310.0763
https://doi.org/10.1016/0550-3213(90)90499-4
https://doi.org/10.1103/PhysRevD.67.075019
https://doi.org/10.1103/PhysRevD.67.075019
https://doi.org/10.1103/PhysRevD.74.015018
https://doi.org/10.1103/PhysRevD.74.059905
https://doi.org/10.1103/PhysRevD.74.059905
https://doi.org/10.1140/epjc/s10052-021-09587-7
https://doi.org/10.1140/epjc/s10052-021-09587-7
https://doi.org/10.1007/JHEP04(2014)015
https://doi.org/10.1103/PhysRevD.92.075004
https://doi.org/10.1103/PhysRevD.89.115003
https://doi.org/10.1103/PhysRevD.63.055004
https://doi.org/10.1103/PhysRevD.63.055004
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1007/JHEP10(2020)174
https://doi.org/10.1007/JHEP10(2013)087
https://doi.org/10.1007/JHEP10(2013)087
https://doi.org/10.1007/JHEP01(2014)035
https://doi.org/10.1007/JHEP01(2014)035
https://doi.org/10.1007/JHEP04(2014)159
https://doi.org/10.1007/JHEP02(2023)063
https://doi.org/10.21468/SciPostPhys.11.3.065
https://doi.org/10.21468/SciPostPhys.11.3.065
https://doi.org/10.1140/epjp/s13360-022-03194-5
https://doi.org/10.1140/epjp/s13360-022-03194-5
https://arXiv.org/abs/2306.09103
https://doi.org/10.1103/PhysRevD.107.055007
https://doi.org/10.1103/PhysRevD.107.055007
https://doi.org/10.1007/JHEP01(2016)023
https://doi.org/10.1007/JHEP01(2016)023
https://doi.org/10.1103/PhysRevD.56.1752
http://link.aps.org/supplemental/10.1103/PhysRevD.108.055034
http://link.aps.org/supplemental/10.1103/PhysRevD.108.055034
http://link.aps.org/supplemental/10.1103/PhysRevD.108.055034
http://link.aps.org/supplemental/10.1103/PhysRevD.108.055034
http://link.aps.org/supplemental/10.1103/PhysRevD.108.055034
http://link.aps.org/supplemental/10.1103/PhysRevD.108.055034
http://link.aps.org/supplemental/10.1103/PhysRevD.108.055034
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1016/0370-2693(93)91205-2
https://doi.org/10.1016/S0370-2693(00)00962-X
https://doi.org/10.1016/S0370-2693(00)00962-X
https://doi.org/10.1103/PhysRevD.72.115010
https://doi.org/10.1103/PhysRevD.72.115010
https://doi.org/10.1038/s41586-022-04892-x
https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-05581-5
https://doi.org/10.1038/s41586-022-05581-5
https://doi.org/10.1140/epjc/s10052-018-6131-3
https://doi.org/10.1140/epjc/s10052-018-6131-3
https://doi.org/10.1140/epjc/s10052-018-5686-3
https://doi.org/10.1007/JHEP03(2020)034
https://doi.org/10.1007/JHEP03(2020)034
https://doi.org/10.1016/j.cpc.2020.107311
https://doi.org/10.1016/j.cpc.2020.107311


[78] D. Fontes and J. C. Romão, Renormalization of the C2HDM
with FeynMaster 2, J. High Energy Phys. 06 (2021) 016.

[79] N. D. Christensen and C. Duhr, FeynRules—Feynman rules
made easy, Comput. Phys. Commun. 180, 1614 (2009).

[80] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr, and B.
Fuks, FeynRules 2.0—A complete toolbox for tree-level phe-
nomenology, Comput. Phys. Commun. 185, 2250 (2014).

[81] P. Nogueira, Automatic Feynman graph generation,
J. Comput. Phys. 105, 279 (1993).

[82] R. Mertig, M. Bohm, and A. Denner, FeynCalc: Computer
algebraic calculation of Feynman amplitudes, Comput.
Phys. Commun. 64, 345 (1991).

[83] V. Shtabovenko, R. Mertig, and F. Orellana, New develop-
ments in FeynCalc 9.0, Comput. Phys. Commun. 207, 432
(2016).

[84] V. Shtabovenko, R. Mertig, and F. Orellana, FeynCalc 9.3:
New features and improvements, Comput. Phys. Commun.
256, 107478 (2020).

[85] T. Hahn, Generating Feynman diagrams and amplitudes
with FeynArts 3, Comput. Phys. Commun. 140, 418 (2001).

[86] J. Fuentes-Martin, M. König, J. Pagès, A. E. Thomsen, and
F. Wilsch, SuperTracer: A calculator of functional super-
traces for one-loop EFT matching, J. High Energy Phys. 04
(2021) 281.

[87] J. Fuentes-Martín, M. König, J. Pagès, A. E. Thomsen, and
F. Wilsch, A proof of concept for Matchete: An automated
tool for matching effective theories, Eur. Phys. J. C 83, 662
(2023).

[88] T. Cohen, X. Lu, and Z. Zhang, STrEAMlining EFT
matching, SciPost Phys. 10, 098 (2021).

[89] A. Carmona, A. Lazopoulos, P. Olgoso, and J. Santiago,
Matchmakereft: Automated tree-level and one-loop match-
ing, SciPost Phys. 12, 198 (2022).

[90] S. Das Bakshi, J. Chakrabortty, and M. Spannowsky,
Classifying standard model extensions effectively with
precision observables, Phys. Rev. D 103, 056019 (2021).

[91] J. Aebischer, J. Kumar, and D. M. Straub, Wilson: A
PYTHON package for the running and matching of Wilson
coefficients above and below the electroweak scale, Eur.
Phys. J. C 78, 1026 (2018).

[92] J. Fuentes-Martin, P. Ruiz-Femenia, A. Vicente, and
J. Virto, DsixTools 2.0: The effective field theory toolkit,
Eur. Phys. J. C 81, 167 (2021).

[93] G. Buchalla, G. Heinrich, C. Müller-Salditt, and F. Pandler,
Loop counting matters in SMEFT, arXiv:2204.11808.

[94] I. Banta, T. Cohen, N. Craig, X. Lu, and D. Sutherland,
Effective field theory of the two Higgs doublet model,
J. High Energy Phys. 06 (2023) 150.

SALLY DAWSON et al. PHYS. REV. D 108, 055034 (2023)

055034-18

https://doi.org/10.1007/JHEP06(2021)016
https://doi.org/10.1016/j.cpc.2009.02.018
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1006/jcph.1993.1074
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/S0010-4655(01)00290-9
https://doi.org/10.1007/JHEP04(2021)281
https://doi.org/10.1007/JHEP04(2021)281
https://doi.org/10.1140/epjc/s10052-023-11726-1
https://doi.org/10.1140/epjc/s10052-023-11726-1
https://doi.org/10.21468/SciPostPhys.10.5.098
https://doi.org/10.21468/SciPostPhys.12.6.198
https://doi.org/10.1103/PhysRevD.103.056019
https://doi.org/10.1140/epjc/s10052-018-6492-7
https://doi.org/10.1140/epjc/s10052-018-6492-7
https://doi.org/10.1140/epjc/s10052-020-08778-y
https://arXiv.org/abs/2204.11808
https://doi.org/10.1007/JHEP06(2023)150

