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We construct the general two-Higgs doublet model effective field theory where the effects of additional
new physics are parametrized by operators up to mass dimension-six. We further transform this effective
theory to the Higgs basis and provide matching of the Wilson coefficients between the two descriptions. We
illustrate the advantages of the Higgs basis which include the separation of operators that modify standard
model couplings and masses from operators that contribute to scattering processes only, transparent
correlations between scattering processes resulting from the same operator, and derivation of correlations
between different operators in specific UV completions. For completeness, we also construct specific
versions corresponding to four types of two-Higgs-doublet models: type-I, -II, -X, and -Y, distinguished by
Z2 symmetries which restrict the couplings of the Higgs doublets to standard model fermions. Furthermore,
we derive general vacuum and stability conditions of the scalar potential in the presence of higher-
dimensional terms.
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I. INTRODUCTION

The effective field theories are very useful for general
explorations of effects of new physics without relying on
specific complete models. Among these, the standard model
effective field theory (SMEFT) describes possible effects of
newphysics, provided that the low energydegrees of freedom
are the known particles in the standard model (SM) and the
new physics enters at a new scale, Λ, significantly above the
electroweak (EW) scale. BelowΛ, heavy degrees of freedom
are integrated out and their effects are parametrized by
nonrenormalizable, higher-dimensional operators with
Wilson coefficients Ci ∝ Λ4−d, where d > 4 is the mass
dimension of the operator [1]. Constructing all operators up
tomass dimension-six [2] and up tomass dimension-eight [3]
has led to a broad theoretical and experimental effort to
constrain possible effects of new physics.
The two-Higgs-doublet model (2HDM) is one of the

simplest extensions of the SM [4]. While the new particles
(two neutral and a pair of charged Higgs bosons) may be
very heavy and thus their effects would be well described
by the SMEFT resulting from such a model, they could also
be light, within the reach of the Large Hadron Collider
(LHC) or future colliders, in which case the new particles

should be kept in the low energy theory. However, the
2HDM could by further extended by new particles, for
example new quarks and leptons, an even richer scalar
sector, or new gauge bosons. Just like for the SMEFT, it is
possible to parametrize the effects of these extra particles
by operators of higher dimensions, provided that the extra
particles are above the scale of additional Higgs bosons.
In this paper, we construct the general 2HDM effective

field theory (2HDM EFT) where the low-energy theory is
that of the 2HDM and the effects of additional new physics,
possibly entering at a scale far above the masses of new
Higgs bosons, are parametrized by operators of mass
dimension-five and -six. We assume the SUð2ÞL ×
Uð1ÞY theory is linear and all parameters in the scalar
potential are complex. We also construct specific versions
of 2HDM EFTs, corresponding to four types of 2HDMs:
type-I, -II, -X, and -Y, distinguished by Z2 symmetries that
restrict the couplings of Higgs doublets to SM fermions.
We will show that each model allows a unique set of
operators as a consequence of specific Z2 charge assign-
ments for fermions. Furthermore, we transform the general
2HDM EFT to the Higgs basis and provide matching of the
Wilson coefficients between the two descriptions. In the
Higgs basis the SM degrees of freedom are contained in one
doublet, H1, and all additional Higgses are in another
doublet, H2 [5–8]. We illustrate the advantages of working
with the 2HDM EFT in the Higgs basis that include the
separation of operators that modify SM couplings and
masses from operators that contribute to scattering proc-
esses only, transparent correlations between scattering
processes resulting from the same operator, and derivation
of correlations between different operators in specific UV
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completions. For completeness, we also derive general
vacuum and stability conditions of the scalar potential in
the presence of higher-dimensional terms.
Previously, the 2HDMEFT has been studied in the case of

a CP-conserving Higgs potential [9]. In this paper, we find
agreement with the results therein, with the exception that in
all four types of CP-conserving 2HDMs, we find twice as
many operators which modify quark and lepton masses, as
well as operators involving covariant derivatives acting on
either doublet contracted with right-handed quark currents.
Other groups have extended this study toward a general

2HDM EFT [10,11], where Ref. [11] has also counted the
independent operators through the Hilbert series method.
We note however several disagreements between these
references, Ref. [9], and this paper, notably on constructing
independent derivative operators involving the Higgs dou-
blets. The 2HDM EFT in the Higgs basis has not been
previously discussed.
Other formalisms include a nonlinear type of EFT, called

Higgs effective field theory, which assumes the Higgs is a
SM gauge singlet and all additional SM scalars such as G
and G�, longitudinal Goldstone modes of the Z and W�,
are placed in an SUð2Þ triplet [12,13]. Comparisons
between this and the SM effective field theory have been
collected in Ref. [14]. More recently, a 2HDM equivalent
of this has been studied [15]. Furthermore, SMEFT
resulting from theories with extended Higgs sectors has
been presented in Refs. [16–18]. Integrating out the addi-
tional Higgses is accomplished by working in the Higgs
basis where the mass scale of heavy Higgses is the scale of
new physics, Λ. In this paper, we make no assumptions
about the masses of new Higgses that can be anywhere
between the EW scale and the UV cutoff Λ.
This paper is organized as follows. In Sec. II, we define

all parameters and conventions, an construct the entire set
of effective operators in the general 2HDM up to mass
dimension-six. In Sec. III, we discuss the four specific
kinds of 2HDM EFTs resulting from specific Z2 charge

assignments and discuss what operators are common to all
2HDMs and what are unique for a specified model. We
transform the general 2HDM EFT into the Higgs basis, and
discuss advantages of working in the Higgs basis in Sec. IV.
We conclude in Sec. V. We also provide two Appendixes: in
Appendix A we derive general vacuum and stability
conditions of the scalar potential in the presence of
higher-dimensional terms; and in Appendix B we list the
complete expressions for all dimension-four, -five, and -six
terms translated to the Higgs basis.

II. CONSTRUCTING THE EFFECTIVE
FIELD THEORY

A. The standard basis definitions and parameters

To start, we adopt the conventions of [2] and construct
the basis of linearly independent operators in a general
2HDM similar to that of the SMEFT Warsaw basis. For a
given UV completion, where heavy degrees of freedom are
decoupled at some high scale Λ, the effects of new physics
are parametrized by higher-dimensional terms appearing
alongside the fully renormalizable two-Higgs doublet
model. Up to mass dimension-six, the Lagrangian is
defined as

L¼Lð4Þ
2HDMþ

X
i

Cð5Þ
i Oð5Þ

i þ
X
i

Cð6Þ
i Oð6Þ

i þO
�

1

Λ3

�
; ð1Þ

where the superscript denotes the mass dimension of

the interactions. Lð4Þ
2HDM is the renormalizable 2HDM

Lagrangian, which contains gauge and Yukawa interactions

of SM fermions, as well as the scalar potential. Cð5Þ
i and

Cð6Þ
i are the Wilson coefficients of the mass dimension-five

and -six operators, respectively, and for compactness, the
mass scale is contained in the Wilson coefficients.
The renormalizable 2HDM Lagrangian (summarized

in [19] except for the mixed kinetic term) is given by

Lð4Þ
2HDM ¼ −

1

4
BμνBμν −

1

4
Wa

μνWaμν −
1

4
Ga

μνGaμν þ ðDμΦ1Þ†DμΦ1 þ ðDμΦ2Þ†DμΦ2 þ ðηðDμΦ1Þ†DμΦ2 þ H:c:Þ
− VðΦ1;Φ2Þ þ il̄LDlL þ iēRDeR þ iq̄LDqL þ id̄RDdR þ iūRDuR

−
�
yð1Þe l̄LeRΦ1 þ yð2Þe l̄LeRΦ2 þ yð1Þd q̄LdRΦ1 þ yð2Þd q̄LdRΦ2 þ yð1Þu q̄LuR ·Φ†

1 þ yð2Þu q̄LuR ·Φ†
2 þ H:c:

�
; ð2Þ

where the lepton and quark doublets are defined as lL ¼ ðνL; eLÞT and qL ¼ ðuL; dLÞT . The gauge covariant derivative
acting on an object charged under SUð3Þ × SUð2ÞL ×Uð1ÞY is defined as

ðDμqÞαi ¼
�
δαβδij∂μ þ

ig
2
δαβðτaÞijWa

μ þ
igs
2
ðλaÞαβδijGa

μ þ ig0YqBμδαβδij

�
qβj; ð3Þ
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where τa=2 and λa=2 are the generators of SUð2Þ and
SUð3Þ, respectively, with τa and λa being the Pauli matrices
and Gell-Mann matrices. SUð2Þ and SUð3Þ fundamental
indices are written with ðijÞ and ðαβÞ where needed,
respectively. The hypercharges of the particle content are
provided in Table I. Field strength tensors of the gauge
fields are defined as

Bμν ¼ ∂μBν − ∂νBμ;

Wa
μν ¼ ∂μWa

ν − ∂νWa
μ − gϵabcWb

μWc
ν;

Ga
μν ¼ ∂μGa

ν − ∂νGa
μ − gsfabcGb

μGc
ν; ð4Þ

and for later purposes, the dual field strength tensor is
X̃μν ¼ ϵμνρσXρσ=2 for each gauge field X ¼ B, W, G
and ϵ0123 ¼ þ1.
The two Higgs fields Φ1;2 are complex SUð2Þ doublets,

each with hypercharge Y1;2 ¼ þ1=2, defined as [8]

Φ1 ¼
�Φþ

1

Φ0
1

�
; Φ2 ¼

�Φþ
2

Φ0
2

�
: ð5Þ

For SUð2Þ invariant combinations of doublets involving
2 × 2 or 2̄ × 2̄, contraction of SUð2Þ indices with anti-
symmetric ϵij are noted with an explicit “·”, e.g.
q̄LuR · Φ†

1;2 ¼ ðq̄LÞ1uRϵ12ðΦ†
1;2Þ2 þ ðq̄LÞ2uRϵ21ðΦ†

1;2Þ1 ¼
ūLuRΦ0�

1;2 − d̄LuRΦ−
1;2, where ϵ12 ¼ −ϵ21 ¼ þ1.

The most general scalar potential in a 2HDM is

VðΦ1;Φ2Þ ¼ m2
1ðΦ†

1Φ1Þ þm2
2ðΦ†

2Φ2Þ þ ðm2
12Φ

†
1Φ2 þ H:c:Þ

þ 1

2
λ1ðΦ†

1Φ1Þ2 þ
1

2
λ2ðΦ†

2Φ2Þ2 þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þ þ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ

þ
�
1

2
λ5ðΦ†

1Φ2Þ2 þ λ6ðΦ†
1Φ1ÞΦ†

1Φ2 þ λ7ðΦ†
2Φ2ÞΦ†

1Φ2 þ H:c:

�
; ð6Þ

where the parameters m2
1; m

2
2; λ1; λ2; λ3, and λ4 are real by

Hermiticity, while m2
12; λ5; λ6, and λ7 are in general com-

plex and can introduce CP-violating interactions in the
scalar sector. Moreover, specifying a Z2 symmetry on Φ1

andΦ2 restricts the potential to containing only λ5 (andm2
12

if soft-breaking terms are allowed).1 Enforcing a Z2

symmetry will be discussed in detail in the next section.
This scalar potential will be modified in the presence of
higher-dimensional terms, affecting the vacuum conditions
of the extrema, concavity, and stability of the potential for
asymptotically large values in field space. These conditions
are collected in Appendix A and should be compared to the
corresponding ones resulting from Eq. (6) only [21].
The mixed kinetic term containing η can be rotated away

via the nonunitary transformation

ðΦ1;Φ2Þ →
� ffiffiffiffiffi

η�
p

Φ1 þ ffiffiffi
η

p Φ2

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijηjð1þ jηjÞp �

ffiffiffiffiffi
η�

p
Φ1 −

ffiffiffi
η

p Φ2

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijηjð1 − jηjÞp

�
; ð7Þ

however, in the most general sense (e.g. in the
CP-violating 2HDM where m2

12; λ5;6;7 ∈C), η will be
complex and generated at the loop level even in this
diagonal basis. The renormalization of the 2HDM with a
softly broken Z2 symmetry was discussed in great detail
in [22]. A general 2HDM can include this kinetic term or
not by choosing different renormalization schemes,
where these are related by scale-dependent field
redefinitions [23]. This detail about considering the
mixed kinetic term was not mentioned previously
in [10,11] and we do so here to make the reader aware
as we choose to include it. Including the mixed kinetic
term in the Lagrangian is relevant for the equations of
motion of Φ1 and Φ2, and after electroweak symmetry
breaking (EWSB), the proper canonical definitions of
scalar and vector boson fields.
After EWSB, the neutral components of the scalar

doublets develop vacuum expectation values (VEVs)
hΦ0

1i ¼ v1 and hΦ0
2i ¼ v2, whereby v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
¼

174 GeV and their ratio is parametrized by v2=v1 ¼
tan β. The angle α̂ rotates the CP-even scalars h and
H to the physical basis, while β̂ diagonalizes the
CP-odd scalars G and A, and β̂� diagonalizes the

TABLE I. SUð3Þ × SUð2ÞL × Uð1ÞY quantum numbers of
standard model leptons, quarks, and Higgs doublets. The electric
charge generated after electroweak symmetry breaking is
Q ¼ T3 þ Y. The bold font is to denote the representation of
the object charged under the respective group.

lL eR qL uR dR Φ1 Φ2

SUð3Þ 1 1 3 3 3 1 1
SUð2ÞL 2 1 2 1 1 2 2
Uð1ÞY − 1

2
−1 1

6
2
3

− 1
3

1
2

1
2

1The softly broken term is vital as it allows for a large mass
spectrum for additional Higgses while respecting unitarity and
perturbativity. When m2

12 ≫ 8πv2 for sufficiently heavy masses,
tan β becomes largely unconstrained by direct searches [20].
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charged fields G� and H�, yielding the following doublet
components2:

Φ0
1 ¼ v1 þ

1ffiffiffi
2

p ð−h sin α̂þH cos α̂Þ

þ iffiffiffi
2

p ðG cos β̂ − A sin β̂Þ;

Φ0
2 ¼ v2 þ

1ffiffiffi
2

p ðh cos α̂þH sin α̂Þ

þ iffiffiffi
2

p ðG sin β̂ þ A cos β̂Þ;

Φ�
1 ¼ G� cos β̂� −H� sin β̂�;

Φ�
2 ¼ G� sin β̂� þH� cos β̂�; ð8Þ

where h is the SM Higgs field, G and G� are the
longitudinal Goldstone modes for the Z and W� bosons,
respectively, and H, A, and H� are the additional Higgs
degrees of freedom.
In the mass sector, note that the presence of two doublets

does not guarantee a simultaneous diagonalization of the

lepton and quark mass matrices yð1Þðe;d;uÞ and yð2Þðe;d;uÞ. This
introduces so-called flavor changing neutral currents of SM

fermions, where tree-level vertices involving scalars are
nondiagonal in flavor space. These can be large due to tan β
enhancements, but are highly constrained by many exper-
imental measurements.

B. The complete set of operators up to dimension-six

Given the quantum numbers of SM fields in addition to
two new doublets defined in Table I, we now proceed to
construct the entire set of independent operators. The
procedure is a straightforward extension of [2], notably,
one can imagine replacing the SM Higgs doublet with
either Φ1 or Φ2 since they all have identical quantum
numbers. However, this generalization introduces non-
Hermitian terms which mix Φ1 and Φ2 currents, generating
new singlet combinations.
In the SMEFT, there is only one dimension-five operator,

the so-called Weinberg operator [24]. However, in the
general 2HDM, there are three dimension-five operators
present [25] which may affect the mass generation of the
three neutrinos. They are defined as

Oð11Þ
ννΦ ¼ ðΦ1 · lLÞTCðΦ1 · lLÞ;

Oð22Þ
ννΦ ¼ ðΦ2 · lLÞTCðΦ2 · lLÞ;

Oð12Þ
ννΦ ¼ ðΦ1 · lLÞTCðΦ2 · lLÞ; ð9Þ

where C is the charge conjugation matrix in the
Dirac representation, C ¼ iγ2γ0. The combination of
ðΦ2 · lLÞTCðΦ1 · lLÞ is redundant with the last operator.
Now, we proceed with constructing operators at mass

dimension-six. Operators involving fermions and either
scalar doublets or vector bosons are provided in Table II,

TABLE II. Operators with left- and right-handed fermions with either scalar doublets or vector bosons in the standard basis for a
general 2HDM. Each operator has a distinct Hermitian conjugate, giving a total of 80 operators. Dipole operators are defined with
σμν ¼ i½γμ; γν�=2.
ψ2ϕ3

Oð11Þ
lΦ1

¼ l̄LeRΦ1ðΦ†
1Φ1Þ Oð11Þ

dΦ1
¼ q̄LdRΦ1ðΦ†

1Φ1Þ Oð11Þ
uΦ1

¼ q̄LuR ·Φ†
1ðΦ†

1Φ1Þ
Oð22Þ

lΦ1
¼ l̄LeRΦ1ðΦ†

2Φ2Þ Oð22Þ
dΦ1

¼ q̄LdRΦ1ðΦ†
2Φ2Þ Oð22Þ

uΦ1
¼ q̄LuR ·Φ†

1ðΦ†
2Φ2Þ

Oð21Þ
lΦ1

¼ l̄LeRΦ1ðΦ†
2Φ1Þ Oð21Þ

dΦ1
¼ q̄LdRΦ1ðΦ†

2Φ1Þ Oð21Þ
uΦ1

¼ q̄LuR ·Φ†
1ðΦ†

2Φ1Þ
Oð12Þ

lΦ1
¼ l̄LeRΦ1ðΦ†

1Φ2Þ Oð12Þ
dΦ1

¼ q̄LdRΦ1ðΦ†
1Φ2Þ Oð12Þ

uΦ1
¼ q̄LuR ·Φ†

1ðΦ†
1Φ2Þ

Oð22Þ
lΦ2

¼ l̄LeRΦ2ðΦ†
2Φ2Þ Oð22Þ

dΦ2
¼ q̄LdRΦ2ðΦ†

2Φ2Þ Oð22Þ
uΦ2

¼ q̄LuR ·Φ†
2ðΦ†

2Φ2Þ
Oð11Þ

lΦ2
¼ l̄LeRΦ2ðΦ†

1Φ1Þ Oð11Þ
dΦ2

¼ q̄LdRΦ2ðΦ†
1Φ1Þ Oð11Þ

uΦ2
¼ q̄LuR ·Φ†

2ðΦ†
1Φ1Þ

Oð21Þ
lΦ2

¼ l̄LeRΦ2ðΦ†
2Φ1Þ Oð21Þ

dΦ2
¼ q̄LdRΦ2ðΦ†

2Φ1Þ Oð21Þ
uΦ2

¼ q̄LuR ·Φ†
2ðΦ†

2Φ1Þ
Oð12Þ

lΦ2
¼ l̄LeRΦ2ðΦ†

1Φ2Þ Oð12Þ
dΦ2

¼ q̄LdRΦ2ðΦ†
1Φ2Þ Oð12Þ

uΦ2
¼ q̄LuR ·Φ†

2ðΦ†
1Φ2Þ

ψ2Xϕ OlBΦ1
¼ l̄LσμνeRΦ1Bμν OdBΦ1

¼ q̄LσμνdRΦ1Bμν OuBΦ1
¼ q̄LσμνuR ·Φ†

1Bμν

OlWΦ1
¼ l̄LσμνeRτaΦ1Wa

μν OdWΦ1
¼ q̄LσμνdRτaΦ1Wa

μν OuWΦ1
¼ q̄LσμνuRτa ·Φ

†
1W

a
μν

OlBΦ2
¼ l̄LσμνeRΦ2Bμν OdGΦ1

¼ q̄LσμνλadRΦ1Ga
μν OuGΦ1

¼ q̄LσμνλauR ·Φ†
1G

a
μν

OlWΦ2
¼ l̄LσμνeRτaΦ2Wa

μν OdBΦ2
¼ q̄LσμνdRΦ2Bμν OuBΦ2

¼ q̄LσμνuR ·Φ†
2Bμν

OdWΦ2
¼ q̄LσμνdRτaΦ2Wa

μν OuWΦ2
¼ q̄LσμνuRτa ·Φ

†
2W

a
μν

OdGΦ2
¼ q̄LσμνλadRΦ2Ga

μν OuGΦ2
¼ q̄LσμνλauR ·Φ†

2G
a
μν

2The presence of dimension-six terms affects the physical Higgs
spectrum; canonical field redefinitions and corrections to their
masses must be considered. The vacuum angle β thus no longer
diagonalizes the CP-odd scalars and charged fields in Eq. (8) as in
the dimension-four theory. The difference between the vacuum and
each diagonalization angle is β − β̂ð�Þ ∼Oðv4=Λ2M2Þ, whereM2

is either m2
A or m2

H� depending on the angle.
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whereas purely bosonic operators are displayed in
Tables III and IV, and four-fermion currents in Table V.
There are a total of 80þ 34þ 76þ 38 ¼ 228 operators
(including Hermitian conjugation when needed); 144 more
than the operators present in the SMEFT Warsaw basis.
This agrees with the independent counting introduced via
the 2HDM Hilbert series in Ref. [11]. The 38 four-fermion
operators [including baryon-number (B)-violating terms]
and 4 pure gauge operators are identical to the SMEFT
Warsaw basis and are unaffected by the additional Higgs
doublet. However, we will see in the next section that the
four-fermion operators become restricted once couplings to
fermions are specified by a Z2 symmetry in different types
of 2HDMs.
While keeping the notation as close as possible to SMEFT

operators in the Warsaw basis, we choose a simple labeling
of operators where the superscript (··) represents the con-
traction of Higgs doublets, where the first entry corresponds
to the doublet under Hermitian conjugation (except for

operators containing ϵ in charged quark currents, e.g. Oð11Þ
Φud

in Table III). Labels containing square brackets denote
operators contracting SUð2Þ doublets with δij, ½1�, or with
ðτaÞij, ½3�. Subscripts labeled first with the lepton doublet, lL,
or quark doublet, qL ¼ ðuL; dLÞT followed by a scalar
doublet are contracted together in operators such as

Oð11Þ
ðl;u;dÞΦ1

in Table II. Furthermore, for simplicity, note that

we suppress flavor indices in Tables II, III, and V. Note that
the counting of the 228 operators (as well as any subset of
operators) does not include flavor indices.

Operators containing covariant derivatives acting on the
Higgs doublets Φ1;2 are constructed in an antisymmetric
way, i.e.

Φ†
1;2iD

↔

μΦ1;2 ≡ i
�
Φ†

1;2ðDμΦ1;2Þ − ðDμΦ1;2Þ†Φ1;2

�
;

Φ†
1;2iD

↔a
μΦ1;2 ≡ i

�
Φ†

1;2τ
aðDμΦ1;2Þ − ðDμΦ1;2Þ†τaΦ1;2

�
:

ð10Þ

If the doublets in the operator are identical, the above
equations are Hermitian. However, becauseΦ1 andΦ2 have
the same quantum numbers, non-Hermitian combinations

such as Φ†
1iD

↔

μΦ2 are also permitted. Other combinations
involving antisymmetric ϵ and covariant derivatives appear

asΦ1;2 · iD
↔

μΦ1;2 ¼ 2Φ1;2 · iDμΦ1;2. The symmetric combi-
nation, ðΦ†

1;2ðDμΦ1;2Þ þ ðDμΦ1;2Þ†Φ1;2Þ ¼ ∂μðΦ†
1;2Φ1;2Þ, is

used to construct the other independent combination of
operators. All other conventions and definitions on objects
other than the new Higgs doublets are defined in [2].
In general, the Wilson coefficients of operators in

the class of ψ2ϕ3 and ψ2Xϕ are complex, and any operator

labeled Oð21Þ
Φ contained in ψ2ϕ2D is non-Hermitian.

Derivative operators involving the same fermion object
and same Φ1;2 currents are Hermitian. For purely bosonic
operators X3 and X2ϕ2, all operators are Hermitian with the

exception of those labeled with Oð21Þ
Φ . ϕ6 operators labeled

with an odd number of Φ1 or Φ2 in the label are complex.

TABLE III. Operators with left- or right-handed fermion currents involving covariant derivatives in the standard
basis for a general 2HDM. There are a total of 34 operators.

ψ2ϕ2D Oð11Þ
Φe ¼ ðΦ†

1iD
↔

μΦ1ÞðēRγμeRÞ Oð11Þ
Φd ¼ ðΦ†

1iD
↔

μΦ1Þðd̄RγμdRÞ
Oð22Þ

Φe ¼ ðΦ†
2iD

↔

μΦ2ÞðēRγμeRÞ Oð22Þ
Φd ¼ ðΦ†

2iD
↔

μΦ2Þðd̄RγμdRÞ
Oð12Þ

Φe ¼ ðΦ†
1iD

↔

μΦ2ÞðēRγμeRÞ þ H:c: Oð12Þ
Φd ¼ ðΦ†

1iD
↔

μΦ2Þðd̄RγμdRÞ þ H:c:

Oð11Þ½1�
Φl ¼ ðΦ†

1iD
↔

μΦ1Þðl̄LγμlLÞ Oð11Þ
Φu ¼ ðΦ†

1iD
↔

μΦ1ÞðūRγμuRÞ
Oð22Þ½1�

Φl ¼ ðΦ†
2iD

↔

μΦ2Þðl̄LγμlLÞ Oð22Þ
Φu ¼ ðΦ†

2iD
↔

μΦ2ÞðūRγμuRÞ
Oð12Þ½1�

Φl ¼ ðΦ†
1iD

↔

μΦ2Þðl̄LγμlLÞ þ H:c: Oð12Þ
Φu ¼ ðΦ†

1iD
↔

μΦ2ÞðūRγμuRÞ þ H:c:

Oð11Þ½3�
Φl ¼ ðΦ†

1iD
↔a

μΦ1Þðl̄LτaγμlLÞ Oð11Þ½1�
Φq ¼ ðΦ†

1iD
↔

μΦ1Þðq̄LγμqLÞ
Oð22Þ½3�

Φl ¼ ðΦ†
2iD

↔a
μΦ2Þðl̄LτaγμlLÞ Oð22Þ½1�

Φq ¼ ðΦ†
2iD

↔

μΦ2Þðq̄LγμqLÞ
Oð12Þ½3�

Φl ¼ ðΦ†
1iD

↔a
μΦ2Þðl̄LτaγμlLÞ þ H:c: Oð12Þ½1�

Φq ¼ ðΦ†
1iD

↔

μΦ2Þðq̄LγμqLÞ þ H:c:

Oð11Þ½3�
Φq ¼ ðΦ†

1iD
↔a

μΦ1Þðq̄LτaγμqLÞ
Oð22Þ½3�

Φq ¼ ðΦ†
2iD

↔a
μΦ2Þðq̄LτaγμqLÞ

Oð12Þ½3�
Φq ¼ ðΦ†

1iD
↔a

μΦ2Þðq̄LτaγμqLÞ þ H:c:

Oð11Þ
Φud ¼ ðΦ1 · iDμΦ1ÞðūRγμdRÞ þ H:c:

Oð22Þ
Φud ¼ ðΦ2 · iDμΦ2ÞðūRγμdRÞ þ H:c:

Oð21Þ
Φud ¼ ðΦ2i ·D

↔

μΦ1ÞðūRγμdRÞ þ H:c:
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Lastly, ψ4 operators with identical pairings of fermion
fields in the first row of Table V are Hermitian.
Before we move forward, some special care is needed to

construct the ϕ4D2 operators. Notably, there seems to be
disagreements between Refs. [10,11] for the general
2HDM EFT, while in the limit the 2HDM is CP-conserv-
ing, there is an additional disagreement with [9] on those
operators. Disagreements between Refs. [9–11] were dis-
cussed in the last reference. However, we find disagreement
with all three references, and here we focus on the
disagreements with Ref. [11].
Through the counting of independent operators in the

Hilbert series of the 2HDM, [11] has correctly counted the
14þ 6 (Hermitian conjugation) ¼ 20 operators predicted.
However, operators containing the □ ¼ ∂

2 operator called

O11ð22Þ
□

¼ðΦ†
1Φ1Þ□ðΦ†

2Φ2Þ andO22ð11Þ
□

¼ðΦ†
2Φ2Þ□ðΦ†

1Φ1Þ
therein are not independent from each other due to
integration by parts, yielding a total derivative and the
latter combination. Furthermore, their operator labeled

O12ð1Þð2Þ
ϕD ¼ ðΦ†

1Φ2Þ½ðDμΦ1Þ†ðDμΦ2Þ� can be rewritten via
equations of motions in terms of box operator
ðΦ†

1Φ2Þ□ðΦ†
1Φ2Þ, terms involving ψ2ϕ3;ϕ6, and ϕ4, in

which the first is the Hermitian conjugate of theirO21ð21Þ
□

¼
ðΦ†

2Φ1Þ□ðΦ†
2Φ1Þ operator. A proper way to construct

linearly independent combinations is by separating
SUð2Þ invariant combinations through the derivative
operator [Eq. (10)] and its symmetric counterpart. We
can begin with constructing all 16 of the following triplet
combinations:

TABLE IV. All purely bosonic operators in the standard basis for a general 2HDM. There are a total of 76
operators.

X3 OW ¼ ϵabcWaν
μ Wbσ

ν Wcμ
σ OW̃ ¼ ϵabcW̃aν

μ Wbσ
ν Wcμ

σ

OG ¼ fabcGaν
μ Gbσ

ν Gcμ
σ OG̃ ¼ fabcG̃aν

μ Gbσ
ν Gcμ

σ

X2ϕ2
Oð11Þ

ΦG ¼ ðΦ†
1Φ1ÞGa

μνGaμν Oð11Þ
ΦW ¼ ðΦ†

1Φ1ÞWa
μνWaμν

Oð22Þ
ΦG ¼ ðΦ†

2Φ2ÞGa
μνGaμν Oð22Þ

ΦW ¼ ðΦ†
2Φ2ÞWa

μνWaμν

Oð21Þ
ΦG ¼ ðΦ†

2Φ1ÞGa
μνGaμν þ H:c: Oð21Þ

ΦW ¼ ðΦ†
2Φ1ÞWa

μνWaμν þ H:c:

Oð11Þ
ΦG̃

¼ ðΦ†
1Φ1ÞG̃a

μνGaμν Oð11Þ
ΦW̃

¼ ðΦ†
1Φ1ÞW̃a

μνWaμν

Oð22Þ
ΦG̃

¼ ðΦ†
2Φ2ÞG̃a

μνGaμν Oð22Þ
ΦW̃

¼ ðΦ†
2Φ2ÞW̃a

μνWaμν

Oð21Þ
ΦG̃

¼ ðΦ†
2Φ1ÞG̃a

μνGaμν þ H:c: Oð21Þ
ΦW̃

¼ ðΦ†
2Φ1ÞW̃a

μνWaμν þ H:c:

Oð11Þ
ΦB ¼ ðΦ†

1Φ1ÞBμνBμν Oð11Þ
ΦWB ¼ ðΦ†

1τ
aΦ1ÞWa

μνBμν

Oð22Þ
ΦB ¼ ðΦ†

2Φ2ÞBμνBμν Oð22Þ
ΦWB ¼ ðΦ†

2τ
aΦ2ÞWa

μνBμν

Oð21Þ
ΦB ¼ ðΦ†

2Φ1ÞBμνBμν þ H:c: Oð21Þ
ΦWB ¼ ðΦ†

2τ
aΦ1ÞWa

μνBμν þ H:c:

Oð11Þ
ΦB̃

¼ ðΦ†
1Φ1ÞB̃μνBμν Oð11Þ

ΦW̃B
¼ ðΦ†

1τ
aΦ1ÞW̃a

μνBμν

Oð22Þ
ΦB̃

¼ ðΦ†
2Φ2ÞB̃μνBμν Oð22Þ

ΦW̃B
¼ ðΦ†

2τ
aΦ2ÞW̃a

μνBμν

Oð21Þ
ΦB̃

¼ ðΦ†
2Φ1ÞB̃μνBμν þ H:c: Oð21Þ

ΦW̃B
¼ ðΦ†

2τ
aΦ1ÞW̃a

μνBμν þ H:c:

ϕ4D2
Oð11Þð11Þ

Φ∂
2 ¼ ∂μðΦ†

1Φ1Þ∂μðΦ†
1Φ1Þ Oð11Þð11Þ

ΦD ¼ ðΦ†
1D
↔

μΦ1ÞðΦ†
1D
↔μ

Φ1Þ
Oð22Þð22Þ

Φ∂
2 ¼ ∂μðΦ†

2Φ2Þ∂μðΦ†
2Φ2Þ Oð22Þð22Þ

ΦD ¼ ðΦ†
2D
↔

μΦ2ÞðΦ†
2D
↔μ

Φ2Þ
Oð11Þð22Þ

Φ∂
2 ¼ ∂μðΦ†

1Φ1Þ∂μðΦ†
2Φ2Þ Oð11Þð22Þ

ΦD ¼ ðΦ†
1D
↔

μΦ1ÞðΦ†
2D
↔μ

Φ2Þ
Oð21Þð21Þ

Φ∂
2 ¼ ∂μðΦ†

2Φ1Þ∂μðΦ†
2Φ1Þ þ H:c: Oð21Þð21Þ

ΦD ¼ ðΦ†
2D
↔

μΦ1ÞðΦ†
2D
↔μ

Φ1Þ þ H:c:

Oð21Þð12Þ
Φ∂

2 ¼ ∂μðΦ†
2Φ1Þ∂μðΦ†

1Φ2Þ Oð21Þð12Þ
ΦD ¼ ðΦ†

2D
↔

μΦ1ÞðΦ†
1D
↔μ

Φ2Þ
Oð21Þð11Þ

Φ∂
2 ¼ ∂μðΦ†

2Φ1Þ∂μðΦ†
1Φ1Þ þ H:c: Oð21Þð11Þ

ΦD ¼ ðΦ†
2D
↔

μΦ1ÞðΦ†
1D
↔μ

Φ1Þ þ H:c:

Oð21Þð22Þ
Φ∂

2 ¼ ∂μðΦ†
2Φ1Þ∂μðΦ†

2Φ2Þ þ H:c: Oð21Þð22Þ
ΦD ¼ ðΦ†

2D
↔

μΦ1ÞðΦ†
2D
↔μ

Φ2Þ þ H:c:

ϕ6
Oð11Þð11Þð11Þ

Φ ¼ ðΦ†
1Φ1Þ3 Oð11Þð21Þð21Þ

Φ ¼ ðΦ†
1Φ1ÞðΦ†

2Φ1Þ2 þ H:c:

Oð11Þð11Þð22Þ
Φ ¼ ðΦ†

1Φ1Þ2ðΦ†
2Φ2Þ Oð11Þð21Þð12Þ

Φ ¼ ðΦ†
1Φ1ÞðΦ†

2Φ1ÞðΦ†
1Φ2Þ

Oð11Þð22Þð22Þ
Φ ¼ ðΦ†

1Φ1ÞðΦ†
2Φ2Þ2 Oð22Þð21Þð21Þ

Φ ¼ ðΦ†
2Φ2ÞðΦ†

2Φ1Þ2 þ H:c:

Oð11Þð11Þð21Þ
Φ ¼ ðΦ†

1Φ1Þ2ðΦ†
2Φ1Þ þ H:c: Oð22Þð21Þð12Þ

Φ ¼ ðΦ†
2Φ2ÞðΦ†

2Φ1ÞðΦ†
1Φ2Þ

Oð22Þð22Þð21Þ
Φ ¼ ðΦ†

2Φ2Þ2ðΦ†
2Φ1Þ þ H:c: Oð21Þð21Þð21Þ

Φ ¼ ðΦ†
2Φ1Þ3 þ H:c:

Oð22Þð22Þð22Þ
Φ ¼ ðΦ†

2Φ2Þ3 Oð21Þð21Þð12Þ
Φ ¼ ðΦ†

2Φ1Þ2ðΦ†
1Φ2Þ þ H:c:

Oð11Þð22Þð21Þ
Φ ¼ ðΦ†

1Φ1ÞðΦ†
2Φ2ÞðΦ†

2Φ1Þ þ H:c:
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ðΦ†
1τ

aΦ1ÞððDμΦ1Þ†τaðDμΦ1ÞÞ; ðΦ†
2τ

aΦ2ÞððDμΦ2Þ†τaðDμΦ2ÞÞ;
ðΦ†

1τ
aΦ1ÞððDμΦ2Þ†τaðDμΦ2ÞÞ; ðΦ†

2τ
aΦ2ÞððDμΦ1Þ†τaðDμΦ1ÞÞ;

ðΦ†
2τ

aΦ1ÞððDμΦ2Þ†τaðDμΦ1ÞÞ þ H:c:; ðΦ†
2τ

aΦ1ÞððDμΦ1Þ†τaðDμΦ2ÞÞ þ H:c:;

ðΦ†
1τ

aΦ1ÞððDμΦ2Þ†τaðDμΦ1ÞÞ þ H:c:; ðΦ†
2τ

aΦ2ÞððDμΦ2Þ†τaðDμΦ1ÞÞ þ H:c:;

ðΦ†
2τ

aΦ1ÞððDμΦ1Þ†τaðDμΦ1ÞÞ þ H:c:; ðΦ†
2τ

aΦ1ÞððDμΦ2Þ†τaðDμΦ2ÞÞ þ H:c: ð11Þ

By exploiting the SUð2Þ relation ðτaÞijðτaÞkl ¼ 2δilδjk −
δijδkl, we obtain singlet terms in which by separating
derivatives in symmetric and antisymmetric combinations,
we then find the results listed in Table IV. These are
independent from one another and free of ambiguity from
where the partial derivatives act on. Note that operators

OðmnÞðpqÞ
Φ∂

2 in the class of ϕ4D2, ∂μðΦ†
mΦnÞ∂μðΦ†

pΦqÞ, can
be equivalently written with box operator on either sin-
glet pair via a total derivative: ðΦ†

mΦnÞ□ðΦ†
pΦqÞ or

ðΦ†
pΦqÞ□ðΦ†

mΦnÞ. However, we favor our notation not only
because it is the symmetric combination of covariant
derivative operators which is by definition orthogonal to

the antisymmetric combination, OðmnÞðpqÞ
ΦD , but also writing

those kinds of operators in that form helps collect dimension-
six terms contributing to field redefinitions of the physical
scalar spectrum after electroweak symmetry breaking.
Mass operators, ψ2ϕ3, found in the first row of Table II

now modify the masses of the SM fields, in addition to
the dimension-four Yukawa terms in Eq. (2). The mass
matrices for each type of fermion with explicit flavor
indices are given by

LM ¼ −ēL;aðMeÞabeR;b − d̄L;aðMdÞabdR;b
− ūL;aðMuÞabuR;b þ H:c:; ð12Þ

where

ðMeÞab ¼ vðyð1Þe;a cos β þ yð2Þe;a sin βÞδab
− v3

�
cos3βðCð11Þ

lΦ1
Þab þ sin2β cos βðCð22Þ

lΦ1
Þab þ sin βcos2βðCð12Þ

lΦ1
Þab þ sin βcos2βðCð21Þ

lΦ1
Þab

þ sin3βðCð22Þ
lΦ2

Þab þ sin βcos2βðCð11Þ
lΦ2

Þab þ sin2β cos βðCð12Þ
lΦ2

Þab þ sin2β cos βðCð21Þ
lΦ2

Þab
�
; ð13Þ

TABLE V. All four-fermion operators for a general 2HDM, identical to the SMEFT Warsaw basis. There are 38
operators, where entries in the second column of the second row are B-violating terms.

ψ4 Oll ¼ ðl̄LγμlLÞðl̄LγμlLÞ Oee ¼ ðēRγμeRÞðēRγμeRÞ
Oð1Þ

qq ¼ ðq̄LγμqLÞðq̄LγμqLÞ Odd ¼ ðd̄RγμdRÞðd̄RγμdRÞ
Oð3Þ

qq ¼ ðq̄LτaγμqLÞðq̄LτaγμqLÞ Ouu ¼ ðūRγμuRÞðūRγμuRÞ
Oð1Þ

lq ¼ ðl̄LγμlLÞðq̄LγμqLÞ Oed ¼ ðēRγμeRÞðd̄RγμdRÞ
Ole ¼ ðl̄LγμlLÞðēRγμeRÞ Oeu ¼ ðēRγμeRÞðūRγμuRÞ
Old ¼ ðl̄LγμlLÞðd̄RγμdRÞ Oð1Þ

ud ¼ ðūRγμuRÞðd̄RγμdRÞ
Olu ¼ ðl̄LγμlLÞðūRγμuRÞ Oð8Þ

ud ¼ ðūRλaγμuRÞðd̄RλaγμdRÞ
Oqe ¼ ðq̄LγμqLÞðēRγμeRÞ Oð1Þ

qd ¼ ðq̄LγμqLÞðd̄RγμdRÞ
Oð3Þ

lq ¼ ðl̄LτaγμlLÞðq̄LτaγμqLÞ Oð8Þ
qd ¼ ðq̄LλaγμqLÞðd̄RλaγμdRÞ

Oð1Þ
qu ¼ ðq̄LγμqLÞðūRγμuRÞ

Oð8Þ
qu ¼ ðq̄LλaγμqLÞðūRλaγμuRÞ

Oledq ¼ ðl̄LeRÞðd̄RqLÞ þ H:c: Oduq ¼ ϵαβγϵjkððdαRÞTCuβRÞððqγLjÞTClLkÞ þ H:c:

Oð1Þ
quqd ¼ ðq̄LuRÞ · ðq̄LdRÞ þ H:c: Oqqu ¼ ϵαβγϵjkððqαLjÞTCqβLkÞððuγRÞTCeRÞ þ H:c:

Oð8Þ
quqd ¼ ðq̄LλauRÞ · ðq̄LλadRÞ þ H:c: Oqqq ¼ ϵαβγϵjnϵkmððqαLjÞTCqβLkÞððqγLmÞTClLnÞ þ H:c:

Oð1Þ
lequ ¼ ðl̄LeRÞ · ðq̄LuRÞ þ H:c: Oduu ¼ ϵαβγððdαRÞTCuβRÞððuγRÞTCeRÞ þ H:c:

Oð3Þ
lequ ¼ ðl̄LσμνeRÞ · ðq̄LσμνuRÞ þ H:c:
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ðMdÞab ¼ vðyð1Þd;a cos β þ yð2Þd;a sin βÞδab
− v3

�
cos3βðCð11Þ

dΦ1
Þab þ sin2β cos βðCð22Þ

dΦ1
Þab þ sin βcos2βðCð12Þ

dΦ1
Þab þ sin βcos2βðCð21Þ

dΦ1
Þab

þ sin3βðCð22Þ
dΦ2

Þab þ sin βcos2βðCð11Þ
dΦ2

Þab þ sin2β cos βðCð12Þ
dΦ2

Þab þ sin2β cos βðCð21Þ
dΦ2

Þab
�
; ð14Þ

and

ðMuÞab ¼ vðyð1Þu;a cos β þ yð2Þu;a sin βÞδab
− v3

�
cos3βðCð11Þ

uΦ1
Þab þ sin2β cos βðCð22Þ

uΦ1
Þab þ sin βcos2βðCð12Þ

uΦ1
Þab þ sin βcos2βðCð21Þ

uΦ1
Þab

þ sin3βðCð22Þ
uΦ2

Þab þ sin βcos2βðCð11Þ
uΦ2

Þab þ sin2β cos βðCð12Þ
uΦ2

Þab þ sin2β cos βðCð21Þ
uΦ2

Þab
�
: ð15Þ

Rotating the fields to the mass eigenstate basis can be
done via bi-unitary transformations ψL → ULψ̂L and
ψR → URψ̂R, whereby the unitary matrices UL;R are such
that the diagonal entries of

M̂e ¼ Ue†
L MeUe

R ¼ diagðme;mμ; mτÞ;
M̂d ¼ Ud†

L MdUd
R ¼ diagðmd;ms;mbÞ;

M̂u ¼ Uu†
L MuUu

R ¼ diagðmu;mc;mtÞ; ð16Þ

are real and positive. To obtain the operators in Tables II
and III after field rotations, one can redefine the Yukawa
couplings and Wilson coefficients to ones with carrots via

ðŷð1;2Þðe;d;uÞÞab ¼
�
Uðe;d;uÞ†

L yð1;2Þðe;d;uÞU
ðe;d;uÞ
R

�
ab
;

ðĈð11;22;12Þ
ννΦ Þab ¼

�
UνT

L Cð11;22;12Þ
ννΦ Uν

L

�
ab
;

ðĈð11;22;12;21Þ
ðl;d;uÞΦð1;2Þ

Þab ¼
�
Uðe;d;uÞ†

L Cð11;22;12;21Þ
ðl;d;uÞΦð1;2Þ

Uðe;d;uÞ
R

�
ab
;

ðĈlðB;WÞΦð1;2Þ Þab ¼
�
Ue†

L ClðB;WÞΦð1;2ÞU
e
R

�
ab
;

ðĈdðB;W;GÞΦð1;2Þ Þab ¼
�
Ud†

L CdðB;W;GÞΦð1;2ÞU
d
R

�
ab
;

ðĈuðB;W;GÞΦð1;2Þ Þab ¼
�
Uu†

L CuðB;W;GÞΦð1;2ÞU
u
R

�
ab
;

ðĈð11;22;12Þ
Φðe;d;uÞ Þab ¼

�
Uðe;d;uÞ†

R Cð11;22;12Þ
Φðe;d;uÞ Uðe;d;uÞ

R

�
ab
;

ðĈð11;22;12Þ½1�
Φðl;qÞ Þab ¼

�
Uðe;dÞ†

L Cð11;22;12Þ½1�
Φðl;qÞ Uðe;dÞ

L

�
ab
;

ðĈð11;22;12Þ½3�
Φðl;qÞ Þab ¼

�
Uðe;dÞ†

L Cð11;22;12Þ½3�
Φðl;qÞ Uðe;dÞ

L

�
ab
;

ðĈð11;22;21Þ
Φud Þab ¼

�
Uu†

R Cð11;22;21Þ
Φud Ud

R

�
ab
: ð17Þ

Four-fermion operators in V are rotated just as in SMEFT
and can be found in Ref. [26].
Similarly, the Majorana neutrino mass matrix generated

by the dimension-five operators is given by

LM ¼ −
1

2
νTL;aðMνÞabCνL;b þ H:c:; ð18Þ

where

ðMνÞab ¼ −2v2
�
cos2βðCð11Þ

ννΦÞab þ sin2βðCð22Þ
ννΦÞab

þ sin β cos βðCð12Þ
ννΦÞab

�
: ð19Þ

The diagonal mass matrix is given by

M̂ν ¼ UνT
L MνUν

L ¼ diagðmν1 ; mν2 ; mν3Þ: ð20Þ

We can also introduce ν̄cL ¼ νTLC, in which case LM can be
written as −ν̄cLMννL=2þ H:c: (note that the Majorana
condition is ν ¼ νL þ νcL ¼ νc).

III. SPECIFIC TYPES OF 2HDMS

Different types of 2HDMs are motivated by a variety of
reasons. The type-I 2HDM is unique in the sense that all
fermionic masses are generated by a single Higgs doublet
Φ2, while the remaining Φ1 doublet affects the generation
of Z and W� masses [27]. The type-II 2HDM is among
the most simple and well studied; phenomenologically
popular [28] and well motivated in supersymmetric
models [29] where masses of the down quarks and leptons
are generated fromΦ1 while up-type quarks acquire masses
fromΦ2. The lepton-specific type of 2HDM (known also as
type-X) has been attractive in explaining neutrino mass
generation and dark matter [30,31]. In this case, the doublet
Φ1 is responsible for generating the lepton masses while the
remaining Φ2 generates all quark masses. For example,
both type-II and -X models have been known to generate
enhanced lepton couplings by factors of tan β, useful for
explaining anomalous magnetic dipole moments of the
electron and/or the muon [20,32–35] (note that type-X
models require a light scalar spectrum to accomplish this
while simultaneously, couplings of additional Higgses to
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quarks are suppressed, allowing for weaker constraints than
in type-II models). The last type of model is known as a
flipped 2HDM (or type-Y), where Φ2 is responsible for
generating the masses of the up and lepton sectors, while
Φ1 couples only to down-type quarks [36,37]. In this
model, lepton and up-type couplings can be suppressed
while down-type couplings can be simultaneously
enhanced. For a comprehensive review of all types of
2HDMs and their phenomenology, see [19].
In all types of 2HDMs, we assume the standard Z2

symmetry on the doublets Φ1 → −Φ1 and Φ2 → þΦ2 [8].
This requirement restricts terms involving λ6 and λ7 in the
scalar potential [Eq. (6)] (and possible softly broken effects
if enforced exactly). Note that there is a difference between
Refs. [9,10] with respect to resulting operators in CP-
conserving 2HDMs, where the former mandates no mixed
contracted pairs ðΦ†

1;2Φ2;1Þ and the latter uses the con-
vention Φ1 → þΦ1 and Φ2 → −Φ2. Specifying how each
of the doublets couple to SM fermions is provided in
Table VI, where we use the convention that Φ2 always
couples to the up-type sector. In any of the four models, the
Z2 symmetry prevents flavor changing neutral currents
among fermionic species at the tree level. The Yukawa
interactions for each type of model are

Type-I∶L⊃−yel̄LeRΦ2−ydq̄LdRΦ2−yuq̄LuR ·Φ
†
2þH:c:;

Type-II∶L⊃−yel̄LeRΦ1−ydq̄LdRΦ1−yuq̄LuR ·Φ
†
2þH:c:;

Type-X∶L⊃−yel̄LeRΦ1−ydq̄LdRΦ2−yuq̄LuR ·Φ
†
2þH:c:;

Type-Y∶L⊃−yel̄LeRΦ2−ydq̄LdRΦ1−yuq̄LuR ·Φ
†
2þH:c:;

ð21Þ

where the superscripts (1,2) on the Yukawa couplings are
omitted since there is only one type of Yukawa matrix for
each fermion. Under the Z2 symmetry of Φ1 and Φ2, there
are a total of 76 operators common in all 4 types of
2HDMs, collected in Table VII, and includes operators
involving left- or right-handed fermion currents. Note that
operators of those kinds in the general 2HDM which

involved odd pairs of Φ1Φ
ð†Þ
2 or Φð†Þ

1 Φ2 are now forbidden.
Model-specific operators are then collected in Table VIII

for type-I couplings, Table IX for type-II couplings,
Table X for type-X couplings, and Table XI for type-Y
couplings. A type-II 2HDM EFT is the most restrictive,
containing 24þ H:c: ¼ 48 specific operators, whereas the
type-I model is less restrictive having 31þ H:c: ¼ 62
specific operators. Note that all type-specific operators
are non-Hermitian.
In the case thatm2

12 and λ5 are real, the Higgs potential is
CP-conserving, which was first studied in the context of a
2HDM EFT in [9]. The authors comment on the couplings
of doublets to SM fermions, restricting the couplings to
only right-handed fields. After translating to their notation,
we find agreement with the operators in Ref. [9], with the

exception of several: Oð21Þ
Φud, which should be present in

type-II and -Y models and moreover, they report only

the mass operators Oð22Þ
ðl;d;uÞΦ2

and Oð11Þ
ðl;d;uÞΦ2

are present in a

type-I model,Oð11Þ
ðl;dÞΦ1

;Oð22Þ
ðl;dÞΦ1

;Oð22Þ
uΦ2

, andOð11Þ
uΦ2

in a type-II,

Oð22Þ
ðd;uÞΦ2

;Oð11Þ
ðd;uÞΦ2

;Oð11Þ
lΦ1

, andOð22Þ
lΦ1

in a type-X and finally in

a type-Y model, Oð22Þ
ðl;uÞΦ2

;Oð11Þ
ðl;uÞΦ2

;Oð11Þ
dΦ1

, and Oð22Þ
dΦ1

. The

additional ψ2ϕ3 operators we find were perhaps overlooked
by mandating no mixed contracted pairs ðΦ†

1;2Φ2;1Þ in the
operators. We find twice as many mass operators in every
type of model.

A. Comments on Hd and Hu notation
for the type-II 2HDM

It is well known that the Higgs potential of the minimal
supersymmetric SM (MSSM) is that of a type-II 2HDM
(see [38] for definitions). In the MSSM, the doublets are
defined in a more suggestive way by

Hd ¼
�
Hþ

d

H0
d

�
≡Φ1 ¼

�Φþ
1

Φ0
1

�
;

Hu ¼
�
H0

u

H−
u

�
≡ iσ2Φ†

2 ¼
�

Φ0�
2

−Φ−
2

�
; ð22Þ

where the subscripts denote which doublet explicitly
couples to the down ðHdÞ and up ðHuÞ sectors, and
iσ2 ¼ ϵ. The hypercharges are then YHd

¼ þ1=2 and
YHu

¼ −1=2. For a type-II 2HDM, one can make the
appropriate replacements in Table IX to this notation. These
notations and definitions in the context of a type-II 2HDM
as a low energy effective field theory were previously used
in [20,39], the former in the context of generating electric
and magnetic dipole moments of the muon after integrating
out heavy vectorlike leptons and the latter for signals of a
modified Yukawa coupling. The notation of the mass
operators therein are slightly different than presented here,

utilizing Hd;u explicitly: Oð11Þ
lΦ1

→ OlHd
¼ l̄LeRHdðH†

dHdÞ,
Oð22Þ

lΦ1
→ Oð1Þ

lHu
¼ l̄LeRHdðH†

uHuÞ,

TABLE VI. Z2 charge assignments of leptons, quarks, and
Higgs doublets in each type of 2HDM. The middle column
indicates which scalar doublet couples to each sector, where
by convention, Φ2 always couples to the up-type sector, while
Φ1 → −Φ1 and Φ2 → þΦ2.

Model u d e lL eR qL uR dR Φ1 Φ2

Type-I Φ2 Φ2 Φ2 þ þ þ þ þ − þ
Type-II Φ2 Φ1 Φ1 þ − þ þ − − þ
Type-X (Lepton-specific) Φ2 Φ2 Φ1 þ − þ þ þ − þ
Type-Y (Flipped) Φ2 Φ1 Φ2 þ þ þ þ − − þ
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Oð21Þ
lΦ2

→ Oð2Þ
lHu

¼ l̄LeR ·H†
uðHd ·HuÞ, and Oð12Þ

lΦ2
→ Oð3Þ

lHu
¼

l̄LeR ·H†
uðH†

d ·H
†
uÞ. By exploiting the SUð2Þ algebra

ϵijϵkl ¼ δikδjl − δilδjk on the second and third operators,
one can perform a basis change and define a new operator
as a linear combination of the two:

O0
lHu

¼ Oð1Þ
lHu

−Oð2Þ
lHu

¼ l̄LeRHuðH†
uHdÞ; ð23Þ

where indices are contracted purely with δij. After EWSB,
this operator does not contribute to the lepton’s mass. Note
that in the standard notation, this operator corresponds to

O0
lΦ ¼ Oð22Þ

lΦ1
−Oð21Þ

lΦ2
¼ l̄LeR ·Φ†

2ðΦ1 ·Φ2Þ: ð24Þ

One can also perform this basis change through the SUð2Þ
algebra on other operators in favor of new combinations.
Considering different bases may be useful when consid-
ering specific UV completions, for example, different
representations of vectorlike leptons restrict which kind
of (mass) operator can be generated at tree level. In a model
where only the operator in Eq. (23) is generated, one can
immediately see that working in the basis that contains this
operator shows that there is no contribution to the lepton’s
mass. Otherwise, in the standard basis, one would find a
precise cancellation after writing all contributions. Note
that in all kinds of models, it is expected that each mass
operator can be generated via loop corrections [20,39].
Furthermore, in the MSSM, the couplings to SM

fermions may appear as a type-II; however, they are not

TABLE VII. Common operators in all types of 2HDMs. Note that all X3 (4) and the first row of ψ4 operators (20)
are present, giving a total of 76 common operators.

ϕ4D2
Oð11Þð11Þ

Φ∂
2 ¼ ∂μðΦ†

1Φ1Þ∂μðΦ†
1Φ1Þ Oð21Þð12Þ

Φ∂
2 ¼ ∂μðΦ†

2Φ1Þ∂μðΦ†
1Φ2Þ

Oð22Þð22Þ
Φ∂

2 ¼ ∂μðΦ†
2Φ2Þ∂μðΦ†

2Φ2Þ Oð21Þð21Þ
Φ∂

2 ¼ ∂μðΦ†
2Φ1Þ∂μðΦ†

2Φ1Þ þ H:c:

Oð11Þð22Þ
Φ∂

2 ¼ ∂μðΦ†
1Φ1Þ∂μðΦ†

2Φ2Þ
Oð11Þð11Þ

ΦD ¼ ðΦ†
1D
↔

μΦ1ÞðΦ†
1D
↔μ

Φ1Þ Oð21Þð12Þ
ΦD ¼ ðΦ†

2D
↔

μΦ1ÞðΦ†
1D
↔μ

Φ2Þ
Oð22Þð22Þ

ΦD ¼ ðΦ†
2D
↔

μΦ2ÞðΦ†
2D
↔μ

Φ2Þ Oð21Þð21Þ
ΦD ¼ ðΦ†

2D
↔

μΦ1ÞðΦ†
2D
↔μ

Φ1Þ þ H:c:

Oð11Þð22Þ
ΦD ¼ ðΦ†

1D
↔

μΦ1ÞðΦ†
2D
↔μ

Φ2Þ
ϕ6

Oð11Þð11Þð11Þ
Φ ¼ ðΦ†

1Φ1Þ3 Oð11Þð21Þð21Þ
Φ ¼ ðΦ†

1Φ1ÞðΦ†
2Φ1Þ2 þ H:c:

Oð22Þð22Þð22Þ
Φ ¼ ðΦ†

2Φ2Þ3 Oð22Þð21Þð21Þ
Φ ¼ ðΦ†

2Φ2ÞðΦ†
2Φ1Þ2 þ H:c:

Oð11Þð11Þð22Þ
Φ ¼ ðΦ†

1Φ1Þ2ðΦ†
2Φ2Þ Oð11Þð21Þð12Þ

Φ ¼ ðΦ†
1Φ1ÞðΦ†

2Φ1ÞðΦ†
1Φ2Þ

Oð11Þð22Þð22Þ
Φ ¼ ðΦ†

1Φ1ÞðΦ†
2Φ2Þ2 Oð22Þð21Þð12Þ

Φ ¼ ðΦ†
2Φ2ÞðΦ†

2Φ1ÞðΦ†
1Φ2Þ

X2ϕ2
Oð11Þ

ΦG ¼ ðΦ†
1Φ1ÞGa

μνGaμν Oð11Þ
ΦG̃

¼ ðΦ†
1Φ1ÞG̃a

μνGaμν

Oð22Þ
ΦG ¼ ðΦ†

2Φ2ÞGa
μνGaμν Oð22Þ

ΦG̃
¼ ðΦ†

2Φ2ÞG̃a
μνGaμν

Oð11Þ
ΦW ¼ ðΦ†

1Φ1ÞWa
μνWaμν Oð11Þ

ΦW̃
¼ ðΦ†

1Φ1ÞW̃a
μνWaμν

Oð22Þ
ΦW ¼ ðΦ†

2Φ2ÞWa
μνWaμν Oð22Þ

ΦW̃
¼ ðΦ†

2Φ2ÞW̃a
μνWaμν

Oð11Þ
ΦB ¼ ðΦ†

1Φ1ÞBμνBμν Oð11Þ
ΦB̃

¼ ðΦ†
1Φ1ÞB̃μνBμν

Oð22Þ
ΦB ¼ ðΦ†

2Φ2ÞBμνBμν Oð22Þ
ΦB̃

¼ ðΦ†
2Φ2ÞB̃μνBμν

Oð11Þ
ΦWB ¼ ðΦ†

1τ
aΦ1ÞWa

μνBμν Oð11Þ
ΦW̃B

¼ ðΦ†
1τ

aΦ1ÞW̃a
μνBμν

Oð22Þ
ΦWB ¼ ðΦ†

2τ
aΦ2ÞWa

μνBμν Oð22Þ
ΦW̃B

¼ ðΦ†
2τ

aΦ2ÞW̃a
μνBμν

ψ2ϕ2D Oð11Þ
Φe ¼ ðΦ†

1iD
↔

μΦ1ÞðēRγμeRÞ Oð11Þ½1�
Φl ¼ ðΦ†

1iD
↔

μΦ1Þðl̄LγμlLÞ
Oð22Þ

Φe ¼ ðΦ†
2iD

↔

μΦ2ÞðēRγμeRÞ Oð22Þ½1�
Φl ¼ ðΦ†

2iD
↔

μΦ2Þðl̄LγμlLÞ
Oð11Þ

Φd ¼ ðΦ†
1iD

↔

μΦ1Þðd̄RγμdRÞ Oð11Þ½1�
Φq ¼ ðΦ†

1iD
↔

μΦ1Þðq̄LγμqLÞ
Oð22Þ

Φd ¼ ðΦ†
2iD

↔

μΦ2Þðd̄RγμdRÞ Oð22Þ½1�
Φq ¼ ðΦ†

2iD
↔

μΦ2Þðq̄LγμqLÞ
Oð11Þ

Φu ¼ ðΦ†
1iD

↔

μΦ1ÞðūRγμuRÞ Oð11Þ½3�
Φl ¼ ðΦ†

1iD
↔a

μΦ1Þðl̄LτaγμlLÞ
Oð22Þ

Φu ¼ ðΦ†
2iD

↔

μΦ2ÞðūRγμuRÞ Oð22Þ½3�
Φl ¼ ðΦ†

2iD
↔a

μΦ2Þðl̄LτaγμlLÞ
Oð11Þ½3�

Φq ¼ ðΦ†
1iD

↔a
μΦ1Þðq̄LτaγμqLÞ

Oð22Þ½3�
Φq ¼ ðΦ†

2iD
↔a

μΦ2Þðq̄LτaγμqLÞ
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enforced by a Z2 symmetry but rather the condition that the
superpotential is holomorphic with respect to doublets Hd
and Hu in Eq. (22). Holomorphicity in the operators will
drastically reduce the general list of 2HDM EFT operators
to 31 operators containing only Φ1 → Hd and Φ†

2 → Hu.

IV. THE 2HDM EFT IN THE HIGGS BASIS

From Eq. (8), one can see that the SM degrees of
freedom h;G;G� are mixed with new scalars H;A;H�,

which in general can have masses anywhere from the EW
scale up to the scale of new physics Λ. It is convenient to
work in the Higgs basis [5–8] where, in the alignment limit,
the SM fields and additional scalars are separated into two
doublets H1 and H2. We can rotate the doublets ðΦ1;Φ2Þ
via angle β by

�
H1

H2

�
¼

�
cos β sin β

− sin β cos β

��Φ1

Φ2

�
; ð25Þ

TABLE VIII. Type-I 2HDM-specific operators, each with a distinct Hermitian conjugate.

Type-I (31þ H:c: ¼ 62)

ψ2ϕ3
Oð21Þ

lΦ1
¼ l̄LeRΦ1ðΦ†

2Φ1Þ Oð21Þ
dΦ1

¼ q̄LdRΦ1ðΦ†
2Φ1Þ Oð21Þ

uΦ1
¼ q̄LuR ·Φ†

1ðΦ†
2Φ1Þ

Oð12Þ
lΦ1

¼ l̄LeRΦ1ðΦ†
1Φ2Þ Oð12Þ

dΦ1
¼ q̄LdRΦ1ðΦ†

1Φ2Þ Oð12Þ
uΦ1

¼ q̄LuR ·Φ†
1ðΦ†

1Φ2Þ
Oð22Þ

lΦ2
¼ l̄LeRΦ2ðΦ†

2Φ2Þ Oð22Þ
dΦ2

¼ q̄LdRΦ2ðΦ†
2Φ2Þ Oð22Þ

uΦ2
¼ q̄LuR ·Φ†

2ðΦ†
2Φ2Þ

Oð11Þ
lΦ2

¼ l̄LeRΦ2ðΦ†
1Φ1Þ Oð11Þ

dΦ2
¼ q̄LdRΦ2ðΦ†

1Φ1Þ Oð11Þ
uΦ2

¼ q̄LuR ·Φ†
2ðΦ†

1Φ1Þ
ψ2Xϕ OlBΦ2

¼ l̄LσμνeRΦ2Bμν OdBΦ2
¼ q̄LσμνdRΦ2Bμν OuBΦ2

¼ q̄LσμνuR ·Φ†
2Bμν

OlWΦ2
¼ l̄LσμνeRτaΦ2Wa

μν OdWΦ2
¼ q̄LσμνdRτaΦ2Wa

μν OuWΦ2
¼ q̄LσμνuRτa ·Φ

†
2W

a
μν

OdGΦ2
¼ q̄LσμνλadRΦ2Ga

μν OuGΦ2
¼ q̄LσμνλauR ·Φ†

2G
a
μν

ψ2ϕ2D Oð11Þ
Φud ¼ ðΦ1 · iDμΦ1ÞðūRγμdRÞ Oð22Þ

Φud ¼ ðΦ2 · iDμΦ2ÞðūRγμdRÞ
ψ4 Oledq ¼ ðl̄LeRÞðd̄RqLÞ Oduq ¼ ϵαβγϵjkððdαRÞTCuβRÞððqγLjÞTClLkÞ

Oð1Þ
quqd ¼ ðq̄LuRÞ · ðq̄LdRÞ Oqqu ¼ ϵαβγϵjkððqαLjÞTCqβLkÞððuγRÞTCeRÞ

Oð8Þ
quqd ¼ ðq̄LλauRÞ · ðq̄LλadRÞ Oqqq ¼ ϵαβγϵjnððqαLjÞTCqβLÞ · ððqγLÞTClLnÞ
Oð1Þ

lequ ¼ ðl̄LeRÞ · ðq̄LuRÞ Oduu ¼ ϵαβγððdαRÞTCuβRÞððuγRÞTCeRÞ
Oð3Þ

lequ ¼ ðl̄LσμνeRÞ · ðq̄LσμνuRÞ

TABLE IX. Type-II 2HDM-specific operators, each with a distinct Hermitian conjugate.

Type-II (24þ H:c: ¼ 48)

ψ2ϕ3
Oð11Þ

lΦ1
¼ l̄LeRΦ1ðΦ†

1Φ1Þ Oð11Þ
dΦ1

¼ q̄LdRΦ1ðΦ†
1Φ1Þ Oð21Þ

uΦ1
¼ q̄LuR ·Φ†

1ðΦ†
2Φ1Þ

Oð22Þ
lΦ1

¼ l̄LeRΦ1ðΦ†
2Φ2Þ Oð22Þ

dΦ1
¼ q̄LdRΦ1ðΦ†

2Φ2Þ Oð12Þ
uΦ1

¼ q̄LuR ·Φ†
1ðΦ†

1Φ2Þ
Oð21Þ

lΦ2
¼ l̄LeRΦ2ðΦ†

2Φ1Þ Oð21Þ
dΦ2

¼ q̄LdRΦ2ðΦ†
2Φ1Þ Oð22Þ

uΦ2
¼ q̄LuR ·Φ†

2ðΦ†
2Φ2Þ

Oð12Þ
lΦ2

¼ l̄LeRΦ2ðΦ†
1Φ2Þ Oð12Þ

dΦ2
¼ q̄LdRΦ2ðΦ†

1Φ2Þ Oð11Þ
uΦ2

¼ q̄LuR ·Φ†
2ðΦ†

1Φ1Þ
ψ2Xϕ OlBΦ1

¼ l̄LσμνeRΦ1Bμν OdBΦ1
¼ q̄LσμνdRΦ1Bμν OuBΦ2

¼ q̄LσμνuR ·Φ†
2Bμν

OlWΦ1
¼ l̄LσμνeRτaΦ1Wa

μν OdWΦ1
¼ q̄LσμνdRτaΦ1Wa

μν OuWΦ2
¼ q̄LσμνuRτa ·Φ

†
2W

a
μν

OdGΦ1
¼ q̄LσμνλadRΦ1Ga

μν OuGΦ2
¼ q̄LσμνλauR ·Φ†

2G
a
μν

ψ2ϕ2D Oð21Þ
Φud ¼ ðΦ2i ·D

↔

μΦ1ÞðūRγμdRÞ
ψ4 Oledq ¼ ðl̄LeRÞðd̄RqLÞ Oqqq ¼ ϵαβγϵjnððqαLjÞTCqβLÞ · ððqγLÞTClLnÞ

Oduu ¼ ϵαβγððdαRÞTCuβRÞððuγRÞTCeRÞ
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which leads to the following new doublets H1 and H2:

H1 ¼
� Gþ cosðβ − β̂�Þ þHþ sinðβ − β̂�Þ
vþ 1ffiffi

2
p ðh sinðβ − α̂Þ þH cosðβ − α̂Þ þ iG cosðβ − β̂Þ þ iA sinðβ − β̂ÞÞ

�
→

� Gþ

vþ 1ffiffi
2

p ðhþ iGÞ
�
þO

�
v4

Λ2M2

�
;

H2 ¼
� −Gþ sinðβ − β̂�Þ þHþ cosðβ − β̂�Þ

1ffiffi
2

p ðh cosðβ − α̂Þ −H sinðβ − α̂Þ − iG sinðβ − β̂Þ þ iA cosðβ − β̂ÞÞ

�
→

� Hþ

1ffiffi
2

p ð−H þ iAÞ
�
þO

�
v4

Λ2M2

�
; ð26Þ

where the arrow denotes evaluating β − α̂ → π=2 in the
alignment limit [21]. The alignment limit also enforces that
couplings to the light eigenstate h are SM-like, and the
masses of H, A, and H� are comparable. In this new basis
hH0

1i ¼ v and hH0
2i ¼ 0, where H1 now only contains

the SM degrees of freedom and H2 the remaining Higgs

fields, up to terms of order v4=Λ2M2. Misalignment of
the angles β ≠ β̂ð�Þ is expected when additional higher-
dimensional operators are present. Contributions from the
dimension-six operators are suppressed by v2=Λ2 in
addition to v2=M2, where M2 is m2

A or m2
H� depending

on which rotation angle is present in the approximation of

TABLE X. Type-X 2HDM-specific operators, each with a distinct Hermitian conjugate.

Type-X (26þ H:c: ¼ 52)

ψ2ϕ3
Oð11Þ

lΦ1
¼ l̄LeRΦ1ðΦ†

1Φ1Þ Oð21Þ
dΦ1

¼ q̄LdRΦ1ðΦ†
2Φ1Þ Oð21Þ

uΦ1
¼ q̄LuR ·Φ†

1ðΦ†
2Φ1Þ

Oð22Þ
lΦ1

¼ l̄LeRΦ1ðΦ†
2Φ2Þ Oð12Þ

dΦ1
¼ q̄LdRΦ1ðΦ†

1Φ2Þ Oð12Þ
uΦ1

¼ q̄LuR ·Φ†
1ðΦ†

1Φ2Þ
Oð21Þ

lΦ2
¼ l̄LeRΦ2ðΦ†

2Φ1Þ Oð22Þ
dΦ2

¼ q̄LdRΦ2ðΦ†
2Φ2Þ Oð22Þ

uΦ2
¼ q̄LuR ·Φ†

2ðΦ†
2Φ2Þ

Oð12Þ
lΦ2

¼ l̄LeRΦ2ðΦ†
1Φ2Þ Oð11Þ

dΦ2
¼ q̄LdRΦ2ðΦ†

1Φ1Þ Oð11Þ
uΦ2

¼ q̄LuR ·Φ†
2ðΦ†

1Φ1Þ
ψ2Xϕ OlBΦ1

¼ l̄LσμνeRΦ1Bμν OdBΦ2
¼ q̄LσμνdRΦ2Bμν OuBΦ2

¼ q̄LσμνuR ·Φ†
2Bμν

OlWΦ1
¼ l̄LσμνeRτaΦ1Wa

μν OdWΦ2
¼ q̄LσμνdRτaΦ2Wa

μν OuWΦ2
¼ q̄LσμνuRτa ·Φ

†
2W

a
μν

OdGΦ2
¼ q̄LσμνλadRΦ2Ga

μν OuGΦ2
¼ q̄LσμνλauR ·Φ†

2G
a
μν

ψ2ϕ2D Oð11Þ
Φud ¼ ðΦ1 · iDμΦ1ÞðūRγμdRÞ Oð22Þ

Φud ¼ ðΦ2 · iDμΦ2ÞðūRγμdRÞ
ψ4

Oð1Þ
quqd ¼ ðq̄LuRÞ · ðq̄LdRÞ Oduq ¼ ϵαβγϵjkððdαRÞTCuβRÞððqγLjÞTClLkÞ

Oð8Þ
quqd ¼ ðq̄LλauRÞ · ðq̄LλadRÞ Oqqq ¼ ϵαβγϵjnððqαLjÞTCqβLÞ · ððqγLÞTClLnÞ

TABLE XI. Type-Y 2HDM-specific operators, each with a distinct Hermitian conjugate.

Type-Y (25þ H:c: ¼ 50)

ψ2ϕ3
Oð21Þ

lΦ1
¼ l̄LeRΦ1ðΦ†

2Φ1Þ Oð11Þ
dΦ1

¼ q̄LdRΦ1ðΦ†
1Φ1Þ Oð21Þ

uΦ1
¼ q̄LuR ·Φ†

1ðΦ†
2Φ1Þ

Oð12Þ
lΦ1

¼ l̄LeRΦ1ðΦ†
1Φ2Þ Oð22Þ

dΦ1
¼ q̄LdRΦ1ðΦ†

2Φ2Þ Oð12Þ
uΦ1

¼ q̄LuR ·Φ†
1ðΦ†

1Φ2Þ
Oð22Þ

lΦ2
¼ l̄LeRΦ2ðΦ†

2Φ2Þ Oð21Þ
dΦ2

¼ q̄LdRΦ2ðΦ†
2Φ1Þ Oð22Þ

uΦ2
¼ q̄LuR ·Φ†

2ðΦ†
2Φ2Þ

Oð11Þ
lΦ2

¼ l̄LeRΦ2ðΦ†
1Φ1Þ Oð12Þ

dΦ2
¼ q̄LdRΦ2ðΦ†

1Φ2Þ Oð11Þ
uΦ2

¼ q̄LuR ·Φ†
2ðΦ†

1Φ1Þ
ψ2Xϕ OlBΦ2

¼ l̄LσμνeRΦ2Bμν OdBΦ1
¼ q̄LσμνdRΦ1Bμν OuBΦ2

¼ q̄LσμνuR ·Φ†
2Bμν

OlWΦ2
¼ l̄LσμνeRτaΦ2Wa

μν OdWΦ1
¼ q̄LσμνdRτaΦ1Wa

μν OuWΦ2
¼ q̄LσμνuRτa ·Φ

†
2W

a
μν

OdGΦ1
¼ q̄LσμνλadRΦ1Ga

μν OuGΦ2
¼ q̄LσμνλauR ·Φ†

2G
a
μν

ψ2ϕ2D Oð21Þ
Φud ¼ ðΦ2i ·D

↔

μΦ1ÞðūRγμdRÞ
ψ4

Oð1Þ
lequ ¼ ðl̄LeRÞ · ðq̄LuRÞ Oqqu ¼ ϵαβγϵjkððqαLjÞTCqβLkÞððuγRÞTCeRÞ

Oð3Þ
lequ ¼ ðl̄LσμνeRÞ · ðq̄LσμνuRÞ Oqqq ¼ ϵαβγϵjnððqαLjÞTCqβLÞ · ððqγLÞTClLnÞ
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cosðβ − β̂ð�ÞÞ ≃ 1þOððv4=Λ2M2Þ2Þ and sinðβ − β̂ð�ÞÞ≃
Oðv4=Λ2M2Þ. Inverting the transformations in Eq. (25), we
have

Φ1 ¼ cos βH1 − sin βH2; ð27Þ

Φ2 ¼ sin βH1 þ cos βH2: ð28Þ

The complete lists of operators in the Higgs basis are
provided in Tables XII–XVII, and their Wilson coefficients
written in terms of the coefficients in the standard basis are
provided in Appendixes B 3–B 8, for each table, respec-
tively. Since dimension-five and -six operators scale as 1=Λ
and 1=Λ2, respectively, the effects of the mismatch between
diagonalization angles are of higher order. There are

TABLE XII. Mass operators in the Higgs basis, all of which have a distinct Hermitian conjugate.

Oð11Þ
lH1

¼ l̄LeRH1ðH†
1H1Þ Oð11Þ

dH1
¼ q̄LdRH1ðH†

1H1Þ Oð11Þ
uH1

¼ q̄LuR ·H†
1ðH†

1H1Þ
Oð22Þ

lH1
¼ l̄LeRH1ðH†

2H2Þ Oð22Þ
dH1

¼ q̄LdRH1ðH†
2H2Þ Oð22Þ

uH1
¼ q̄LuR ·H†

1ðH†
2H2Þ

Oð21Þ
lH1

¼ l̄LeRH1ðH†
2H1Þ Oð21Þ

dH1
¼ q̄LdRH1ðH†

2H1Þ Oð21Þ
uH1

¼ q̄LuR ·H†
1ðH†

2H1Þ
Oð12Þ

lH1
¼ l̄LeRH1ðH†

1H2Þ Oð12Þ
dH1

¼ q̄LdRH1ðH†
1H2Þ Oð12Þ

uH1
¼ q̄LuR ·H†

1ðH†
1H2Þ

Oð22Þ
lH2

¼ l̄LeRH2ðH†
2H2Þ Oð22Þ

dH2
¼ q̄LdRH2ðH†

2H2Þ Oð22Þ
uH2

¼ q̄LuR ·H†
2ðH†

2H2Þ
Oð11Þ

lH2
¼ l̄LeRH2ðH†

1H1Þ Oð11Þ
dH2

¼ q̄LdRH2ðH†
1H1Þ Oð11Þ

uH2
¼ q̄LuR ·H†

2ðH†
1H1Þ

Oð21Þ
lH2

¼ l̄LeRH2ðH†
2H1Þ Oð21Þ

dH2
¼ q̄LdRH2ðH†

2H1Þ Oð21Þ
uH2

¼ q̄LuR ·H†
2ðH†

2H1Þ
Oð12Þ

lH2
¼ l̄LeRH2ðH†

1H2Þ Oð12Þ
dH2

¼ q̄LdRH2ðH†
1H2Þ Oð12Þ

uH2
¼ q̄LuR ·H†

2ðH†
1H2Þ

TABLE XIII. Dipole operators in the Higgs basis, all of which have a distinct Hermitian conjugate.

OlBH1
¼ l̄LσμνeRH1Bμν OdBH1

¼ q̄LσμνdRH1Bμν OuBH1
¼ q̄LσμνuR ·H†

1Bμν

OlWH1
¼ l̄LσμνeRτaH1Wa

μν OdWH1
¼ q̄LσμνdRτaH1Wa

μν OuWH1
¼ q̄LσμνuRτa ·H

†
1W

a
μν

OlBH2
¼ l̄LσμνeRH2Bμν OdGH1

¼ q̄LσμνλadRH1Ga
μν OuGH1

¼ q̄LσμνλauR ·H†
1G

a
μν

OlWH2
¼ l̄LσμνeRτaH2Wa

μν OdBH2
¼ q̄LσμνdRH2Bμν OuBH2

¼ q̄LσμνuR ·H†
2Bμν

OdWH2
¼ q̄LσμνdRτaH2Wa

μν OuWH2
¼ q̄LσμνuRτa ·H

†
2W

a
μν

OdGH2
¼ q̄LσμνλadRH2Ga

μν OuGH2
¼ q̄LσμνλauR ·H†

2G
a
μν

TABLE XIV. Derivative operators with fermionic currents in the Higgs basis.

Oð11Þ
He ¼ ðH†

1iD
↔

μH1ÞðēRγμeRÞ Oð11Þ
Hd ¼ ðH†

1iD
↔

μH1Þðd̄RγμdRÞ
Oð22Þ

He ¼ ðH†
2iD

↔

μH2ÞðēRγμeRÞ Oð22Þ
Hd ¼ ðH†

2iD
↔

μH2Þðd̄RγμdRÞ
Oð12Þ

He ¼ ðH†
1iD

↔

μH2ÞðēRγμeRÞ þ H:c: Oð12Þ
Hd ¼ ðH†

1iD
↔

μH2Þðd̄RγμdRÞ þ H:c:

Oð11Þ½1�
Hl ¼ ðH†

1iD
↔

μH1Þðl̄LγμlLÞ Oð11Þ
Hu ¼ ðH†

1iD
↔

μH1ÞðūRγμuRÞ
Oð22Þ½1�

Hl ¼ ðH†
2iD

↔

μH2Þðl̄LγμlLÞ Oð22Þ
Hu ¼ ðH†

2iD
↔

μH2ÞðūRγμuRÞ
Oð12Þ½1�

Hl ¼ ðH†
1iD

↔

μH2Þðl̄LγμlLÞ þ H:c: Oð12Þ
Hu ¼ ðH†

1iD
↔

μH2ÞðūRγμuRÞ þ H:c:

Oð11Þ½3�
Hl ¼ ðH†

1iD
↔a

μH1Þðl̄LτaγμlLÞ Oð11Þ½1�
Hq ¼ ðH†

1iD
↔

μH1Þðq̄LγμqLÞ
Oð22Þ½3�

Hl ¼ ðH†
2iD

↔a
μH2Þðl̄LτaγμlLÞ Oð22Þ½1�

Hq ¼ ðH†
2iD

↔

μH2Þðq̄LγμqLÞ
Oð12Þ½3�

Hl ¼ ðH†
1iD

↔a
μH2Þðl̄LτaγμlLÞ þ H:c: Oð12Þ½1�

Hq ¼ ðH†
1iD

↔

μH2Þðq̄LγμqLÞ þ H:c:

Oð11Þ½3�
Hq ¼ ðH†

1iD
↔a

μH1Þðq̄LτaγμqLÞ
Oð22Þ½3�

Hq ¼ ðH†
2iD

↔a
μH2Þðq̄LτaγμqLÞ

Oð12Þ½3�
Hq ¼ ðH†

1iD
↔a

μH2Þðq̄LτaγμqLÞ þ H:c:

Oð11Þ
Hud ¼ ðH1 · iDμH1ÞðūRγμdRÞ þ H:c:

Oð22Þ
Hud ¼ ðH2 · iDμH2ÞðūRγμdRÞ þ H:c:

Oð21Þ
Hud ¼ ðH2i ·D

↔

μH1ÞðūRγμdRÞ þ H:c:
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exactly the same number of operators in the Higgs basis as
the standard basis at dimension-six, 228 (including
Hermitian conjugates). However, in a specified type of
2HDM, all of the operators except four-fermion operators
are identical; the type of model only restricts which Wilson
coefficients contribute to operators in the Higgs basis.
For convenience, the notation is identical to the general
2HDM of the main text with the replacement of Φ → H in
the label.

A. Advantages of the Higgs basis

The convenience of the Higgs basis originates from the
separation of the SM fields (contained in H1 with the
characteristic scale M1 ≃ v) from the additional scalars,
H, A, and H� contained in H2 with masses at a different
scale M2. In addition to numerous calculations in the
2HDM, the Higgs basis has also been used to obtain
SMEFT from the 2HDM in the alignment limit [16–18]

TABLE XV. Derivative operators with scalar doublets in the Higgs basis.

Oð11Þð11Þ
H∂

2 ¼ ∂μðH†
1H1Þ∂μðH†

1H1Þ Oð11Þð11Þ
HD ¼ ðH†

1D
↔

μH1ÞðH†
1D
↔μ

H1Þ
Oð22Þð22Þ

H∂
2 ¼ ∂μðH†

2H2Þ∂μðH†
2H2Þ Oð22Þð22Þ

HD ¼ ðH†
2D
↔

μH2ÞðH†
2D
↔μ

H2Þ
Oð11Þð22Þ

H∂
2 ¼ ∂μðH†

1H1Þ∂μðH†
2H2Þ Oð11Þð22Þ

HD ¼ ðH†
1D
↔

μH1ÞðH†
2D
↔μ

H2Þ
Oð21Þð21Þ

H∂
2 ¼ ∂μðH†

2H1Þ∂μðH†
2H1Þ þ H:c: Oð21Þð21Þ

HD ¼ ðH†
2D
↔

μH1ÞðH†
2D
↔μ

H1Þ þ H:c:

Oð21Þð12Þ
H∂

2 ¼ ∂μðH†
2H1Þ∂μðH†

1H2Þ Oð21Þð12Þ
HD ¼ ðH†

2D
↔

μH1ÞðH†
1D
↔μ

H2Þ
Oð21Þð11Þ

H∂
2 ¼ ∂μðH†

2H1Þ∂μðH†
1H1Þ þ H:c: Oð21Þð11Þ

HD ¼ ðH†
2D
↔

μH1ÞðH†
1D
↔μ

H1Þ þ H:c:

Oð21Þð22Þ
H∂

2 ¼ ∂μðH†
2H1Þ∂μðH†

2H2Þ þ H:c: Oð21Þð22Þ
HD ¼ ðH†

2D
↔

μH1ÞðH†
2D
↔μ

H2Þ þ H:c:

TABLE XVI. Scalar operators in the Higgs basis.

Oð11Þð11Þð11Þ
H ¼ ðH†

1H1Þ3 Oð11Þð21Þð21Þ
H ¼ ðH†

1H1ÞðH†
2H1Þ2 þ H:c:

Oð11Þð11Þð22Þ
H ¼ ðH†

1H1Þ2ðH†
2H2Þ Oð11Þð21Þð12Þ

H ¼ ðH†
1H1ÞðH†

2H1ÞðH†
1H2Þ

Oð11Þð22Þð22Þ
H ¼ ðH†

1H1ÞðH†
2H2Þ2 Oð22Þð21Þð21Þ

H ¼ ðH†
2H2ÞðH†

2H1Þ2 þ H:c:

Oð11Þð11Þð21Þ
H ¼ ðH†

1H1Þ2ðH†
2H1Þ þ H:c: Oð22Þð21Þð12Þ

H ¼ ðH†
2H2ÞðH†

2H1ÞðH†
1H2Þ

Oð22Þð22Þð21Þ
H ¼ ðH†

2H2Þ2ðH†
2H1Þ þ H:c: Oð21Þð21Þð21Þ

H ¼ ðH†
2H1Þ3 þ H:c:

Oð22Þð22Þð22Þ
H ¼ ðH†

2H2Þ3 Oð21Þð21Þð12Þ
H ¼ ðH†

2H1Þ2ðH†
1H2Þ þ H:c:

Oð11Þð22Þð21Þ
H ¼ ðH†

1H1ÞðH†
2H2ÞðH†

2H1Þ þ H:c:

TABLE XVII. Mixed bosonic operators in the Higgs basis.

Oð11Þ
HG ¼ ðH†

1H1ÞGa
μνGaμν Oð11Þ

HW ¼ ðH†
1H1ÞWa

μνWaμν

Oð22Þ
HG ¼ ðH†

2H2ÞGa
μνGaμν Oð22Þ

HW ¼ ðH†
2H2ÞWa

μνWaμν

Oð21Þ
HG ¼ ðH†

2H1ÞGa
μνGaμν þ H:c: Oð21Þ

HW ¼ ðH†
2H1ÞWa

μνWaμν þ H:c:

Oð11Þ
HG̃

¼ ðH†
1H1ÞG̃a

μνGaμν Oð11Þ
HW̃

¼ ðH†
1H1ÞW̃a

μνWaμν

Oð22Þ
HG̃

¼ ðH†
2H2ÞG̃a

μνGaμν Oð22Þ
HW̃

¼ ðH†
2H2ÞW̃a

μνWaμν

Oð21Þ
HG̃

¼ ðH†
2H1ÞG̃a

μνGaμν þ H:c: Oð21Þ
HW̃

¼ ðH†
2H1ÞW̃a

μνWaμν þ H:c:

Oð11Þ
HB ¼ ðH†

1H1ÞBμνBμν Oð11Þ
HWB ¼ ðH†

1τ
aH1ÞWa

μνBμν

Oð22Þ
HB ¼ ðH†

2H2ÞBμνBμν Oð22Þ
HWB ¼ ðH†

2τ
aH2ÞWa

μνBμν

Oð21Þ
HB ¼ ðH†

2H1ÞBμνBμν þ H:c: Oð21Þ
HWB ¼ ðH†

2τ
aH1ÞWa

μνBμν þ H:c:

Oð11Þ
HB̃

¼ ðH†
1H1ÞB̃μνBμν Oð11Þ

HW̃B
¼ ðH†

1τ
aH1ÞW̃a

μνBμν

Oð22Þ
HB̃

¼ ðH†
2H2ÞB̃μνBμν Oð22Þ

HW̃B
¼ ðH†

2τ
aH2ÞW̃a

μνBμν

Oð21Þ
HB̃

¼ ðH†
2H1ÞB̃μνBμν þ H:c: Oð21Þ

HW̃B
¼ ðH†

2τ
aH1ÞW̃a

μνBμν þ H:c:

RADOVAN DERMISEK and KEITH HERMANEK PHYS. REV. D 110, 035026 (2024)

035026-14



by integrating out the H2 doublet at the scaleM2 ≃ Λ ≫ v.
Here we will point out further advantages of the Higgs basis
when working within the 2HDM EFT. These include the
separation of operators that modify SM couplings and
masses from operators that contribute to scattering proc-
esses only, transparent correlations between scattering
processes resulting from the same operator, and derivation
of correlations between different operators in specific UV
completions.
An example of the separation of operators that modifies

the SM couplings and masses is given in Fig. 1. In the
standard basis, there are 8 mass operators, ψ2ϕ3, for each
fermion type (see Table II). Correspondingly, there are 8
mass operators in the Higgs basis. However, although all 8
operators in the standard basis modify the fermion mass
and the Yukawa coupling, only one operator in the Higgs
basis [Fig. 1(a)] does this. All other operators contribute
only to scattering processes involving at least one addi-
tional Higgs boson.
Furthermore, the correlations between different scatter-

ing processes resulting from the same operator are obvious
in the Higgs basis. The coefficients under the diagrams in

Fig. 1 are proportionality factors assuming the operators

result from the Oð11Þ
ψΦ1

operator in the standard basis.
Proportionality factors for other cases can be easily read

out from Appendix B 3. Thus, if the Oð11Þ
ψΦ1

is the dominant
operator (as already mentioned, specific UV completions
often generate only one mass operator at tree level [20,39]),
we can immediately see a number of interesting correla-
tions. For example, σðψψ̄→HHHÞ=σðψψ̄→hhhÞ∝ tan6β,
and similar tan6 β enhancement is expected for other heavy
tri-Higgs final states: AAA, HAA, AHH, HHþH−, or
AHþH−. Correlations with many other processes featuring
mixed h, H, A, and H� final states can be readily obtained.
Enhancements of this type were recently studied in the
connection with the sensitivity to the muon Yukawa
coupling at a muon collider [39], but are clearly not limited
to muons.
Working in the Higgs basis is also crucial when deriving

correlations between different operators in specific UV
completions. To illustrate this, consider a specific UV
completion that generates Oð11Þ

ψΦ1
via tree-level mixing of

SM fermions with new vectorlike fermion fields, depicted

FIG. 1. Top: diagram of the Oð11Þ
ψΦ1

dimension-six mass operator. Bottom: the same operator decomposed in the Higgs basis. There are
a total of eight diagrams (a)–(h), and their correspondingWilson coefficients are proportional to factors of cos β for eachH1 and sin β for
every H2 (indicated under the diagrams).
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in Fig. 2 [40]. Such a UV completion will also generate
dipole operators leading to dipole moments of the fer-
mion that mixes with new fermions. To calculate the
dipole operators, consider a subset of the diagrams gen-
erating mass operators with H1 and close the loop on pairs
of remaining H†

1H1 and H†
2H2 in an SUð2ÞL ×Uð1ÞY-

invariant way when possible. Then, dress the loop of each
diagram with the B and Wa fields. The resulting diagrams
are shown in Fig. 3 where the labels indicate the diagrams
from which they were obtained. These diagrams generate
the dipole operators OψðB;WÞH1

in Table XIII. Moreover,
since dipole operators are obtained from the mass

operators, their Wilson coefficients are correlated.3 This
connection between mass and dipole operators, and
the resulting correlations between the modification of the
Yukawa coupling and electric and magnetic dipole

FIG. 2. Top: tree-level diagram generating Oð11Þ
ψΦ1

mass operator in a UV completion with vectorlike fermions. Bottom: The same
operator decomposed in the Higgs basis. There are a total of eight diagrams (a)–(h), and their corresponding Wilson coefficients are
proportional to factors of cos β for each H1 and sin β for every H2 (indicated under the diagrams).

3The loop functions can be evaluated thanks to the separation
of SM fields from heavy Higgses. Note also, that it is straightfor-
ward to see that the loops involving H2 are tan2 β enhanced
compared to loops involving H1. The same results can be
obtained by the complete calculation in the mass eigenstate
basis in a given UV completion [20,34,35] which is however
much more complicated and does not provide a simple under-
standing of the results.
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moments was extensively studied for the muon in
Refs. [20,40,41]. Similarly, we may also consider the
subset of mass diagrams containing H2 and dress the
closed loops of the remaining H†

1H1 and H†
2H2 pairs with

B and Wa fields, generating the OψðB;WÞH2
operators in

Table XIII. However, these operators will only affect
scattering processes since H2 does not acquire a VEV in
this basis. This is yet another example of the separation
of operators that illustrates the usefulness of the
Higgs basis.

V. CONCLUSIONS

We have constructed the general 2HDM EFT in a
Warsaw-like basis and found 228 linearly independent
operators of mass dimension-six. We have also constructed
specific versions of 2HDM EFTs, corresponding to four
types of 2HDMs: type-I, -II, -X, and -Y, distinguished by
Z2 symmetries that restrict the couplings of Higgs doublets
to SM fermions. We demonstrated that in all specific types
of 2HDM EFTs, there are 76 common operators due to
imposing a Z2 symmetry on the Higgs doublets, Φ1 →
−Φ1 andΦ2 → þΦ2, while the Z2 charges of fermions lead
to a different number of model specific operators: the type-I
model predicts 62 operators, type-II predicts 48 operators,
type-X comes with 52 operators, and type-Y has 50 model
specific operators. We have also discussed disagreements
with previous works on 2HDM EFT [9–11]. These include
most notably twice as many operators which modify quark
and lepton masses, as well as operators involving covariant
derivatives acting on either doublet contracted with right-
handed quark currents in the case of a CP-conserving

Higgs potential, compared to Ref. [9], and disagreements
with Ref. [11] in constructing independent derivative
operators involving only the Higgs doublets.
Furthermore, we have transformed the general 2HDM

EFT to the Higgs basis and provided matching of the
Wilson coefficients between the two descriptions. In the
Higgs basis, in the alignment limit favored in all types of
2HDMs [42], the SM degrees of freedom are contained in
one doublet, H1, and all additional Higgses are in another
doublet, H2. There is exactly the same number of inde-
pendent dimension-six operators, 228, as in the general
2HDM in the standard basis. For specific types of 2HDM
EFTs, all of the operators except four-fermion operators are
now identical; the type of model only restricts which
Wilson coefficients contribute to operators in the Higgs
basis. On specific examples, we have illustrated the
advantages of working with the 2HDM EFT in the
Higgs basis that included the separation of operators that
modify SM couplings and masses from operators that
contribute to scattering processes only, transparent corre-
lations between scattering processes resulting from the
same operator, and derivation of correlations between
different operators in specific UV completions.
Generally, ϕ6 terms affect the scalar potential, and thus

the vacuum and stability conditions are modified compared
to those in the renormalizable 2HDM [21]. For complete-
ness, we have derived general vacuum and stability
conditions of the scalar potential in the presence of
dimension-six terms.
The SMEFT, parametrizing possible effects of new

physics with characteristic scale far above the EW
scale has led to a broad theoretical and experimental

FIG. 3. A subset of diagrams in Fig. 2, whereH†
1H1 orH

†
2H2 pairs are closed in SUð2Þ-invariant ways. The loops are dressed with a B

or Wa fields, generating the dipole operators OψðB;WÞH1
.
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effort to constrain possible effects of new physics. New
contact interactions resulting from nonrenormalizable
operators [26] could lead to numerous signals at the
LHC and future colliders [43]. By power counting, proc-
esses mediated by these contact interactions grow with
energy, and can supersede the SM background, until the
theory breaks down by perturbativity and unitarity, con-
straining the involved Wilson coefficients [44–46].
Traditional techniques of partial wave analysis and analy-
ticity of the amplitude [47–49] have been successful in
limiting the parameter space of these energy-growing
processes in the SMEFT and could be tailored to 2HDM
EFT that predicts a significantly larger number of new
contact interactions. Furthermore, studying the effects of
renormalization group equations and one-loop mixing of
the SMEFToperators [50–55] could be also extended to the
2HDM EFT.
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APPENDIX A: CORRECTIONS
TO THE SCALAR POTENTIAL

In this appendix, we provide details and conditions about
how the presence of higher-dimensional terms affect the two
vacua and stability of the scalar potential. The inclusion of
higher-dimensional operators from the class ϕ6 in the theory
will introduce corrections to the potential, which now reads
as V 0ðΦ1;Φ2Þ ¼ VðΦ1;Φ2Þ −

P
i¼ϕ6 CiOi. Extemizing the

potential of Eq. (6) while including all ϕ6 operators in
Table III and defining sin β≡ sβ; cos β≡ cβ and tan β≡ tβ,
we find at the vacuum v

1

v1

∂V 0

∂Φ1

				
v
¼ m2

1 þ tβðm2
12Þ� þ v2ðc2βλ1 þ s2βðλ3 þ λ4 þ λ�5Þ þ sβcβðλ6 þ 2λ�6Þ þ s2βtβλ

�
7Þ

− v4
�
3c4βC

ð11Þð11Þð11Þ
Φ þ 3s3βcβC

ð21Þð21Þð21Þ
Φ þ 2s3βcβC

ð21Þð21Þð12Þ
Φ þ s3βcβC

ð21Þð21Þð12Þ�
Φ

þ 2s3βcβC
ð11Þð22Þð21Þ
Φ þ s3βcβC

ð11Þð22Þð21Þ�
Φ þ 2s2βc

2
βC

ð11Þð11Þð22Þ
Φ þ 3s2βc

2
βC

ð11Þð21Þð21Þ
Φ

þ s2βc
2
βC

ð11Þð21Þð21Þ�
Φ þ 2s2βc

2
βC

ð11Þð21Þð12Þ
Φ þ s4βC

ð11Þð22Þð22Þ
Φ þ 2s4βC

ð22Þð21Þð21Þ
Φ

þ s4βC
ð22Þð21Þð12Þ
Φ þ 3sβc3βC

ð11Þð11Þð21Þ
Φ þ 2sβc3βC

ð11Þð11Þð21Þ�
Φ þ s4βtβC

ð22Þð22Þð21Þ
Φ

�
¼ 0; ðA1Þ

1

v2

∂V 0

∂Φ2

				
v
¼ m2

2 þ
m2

12

tβ
þ v2

�
s2βλ2 þ c2βðλ3 þ λ4 þ λ5Þ þ

c2β
tβ
λ6 þ sβcβð2λ7 þ λ�7Þ

�

− v4
�
3s4βC

ð22Þð22Þð22Þ
Φ þ 3sβc3βC

ð21Þð21Þð21Þ�
Φ þ sβc3βC

ð21Þð21Þð12Þ
Φ þ 2sβc3βC

ð21Þð21Þð12Þ�
Φ

þ sβc3βC
ð11Þð22Þð21Þ
Φ þ 2sβc3βC

ð11Þð22Þð21Þ�
Φ þ c4βC

ð11Þð11Þð22Þ
Φ þ 2c4βC

ð11Þð21Þð21Þ�
Φ

þ c4βC
ð11Þð21Þð12Þ
Φ þ 2s2βc

2
βC

ð11Þð22Þð22Þ
Φ þ s2βc

2
βC

ð22Þð21Þð21Þ
Φ þ 3s2βc

2
βC

ð22Þð21Þð21Þ�
Φ

þ 2s2βc
2
βC

ð22Þð21Þð12Þ
Φ þ c4β

tβ
Cð11Þð11Þð21Þ�
Φ þ 2s3βcβC

ð22Þð22Þð21Þ
Φ þ 3s3βcβC

ð22Þð22Þð21Þ�
Φ

�
¼ 0: ðA2Þ

Since the parameters m2
1; m

2
2; λ1; λ2; λ3, and λ4 and Wilson coefficients Cð11Þð11Þð11Þ

Φ , Cð22Þð22Þð22Þ
Φ , Cð11Þð11Þð22Þ

Φ , Cð11Þð21Þð12Þ
Φ ,

Cð11Þð22Þð22Þ
Φ , and Cð22Þð21Þð12Þ

Φ are Hermitian, the phases of the remaining contributions can be constrained from either extrema
condition:

−Im½m2
12� ¼ v2ðsβcβIm½λ5� þ c2βIm½λ6� þ s2βIm½λ7�Þ

þ v4
�
3s2βc

2
βIm½Cð21Þð21Þð21Þ

Φ � þ s2βc
2
βIm½Cð21Þð21Þð12Þ

Φ � þ s2βc
2
βIm½Cð11Þð22Þð21Þ

Φ �

þ 2sβc3βIm½Cð11Þð21Þð21Þ
Φ � þ 2s3βcβIm½Cð22Þð21Þð21Þ

Φ � þ c4βIm½Cð11Þð11Þð21Þ
Φ � þ s4βIm½Cð22Þð22Þð21Þ

Φ �
�
: ðA3Þ

For a complex scalar functionof twovariables, the conditions for positive concavity needed to guarantee these extrema are truly
minima are
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∂
2V 0

∂Φ†
1
∂Φ1

∂
2V 0

∂Φ†
1
∂Φ2

∂
2V 0

∂Φ†
2
∂Φ1

∂
2V 0

∂Φ†
2
∂Φ2

						

						
v

¼
�

∂
2V 0

∂Φ†
1∂Φ1

��
∂
2V 0

∂Φ†
2∂Φ2

�
−
				

∂
2V 0

∂Φ†
1∂Φ2

				
2
				
v
> 0;

∂
2V 0

∂Φ†
1∂Φ2

				
v
¼

�
∂
2V 0

∂Φ†
2∂Φ1

��				
v
;

∂
2V 0

∂Φ†
1;2∂Φ1;2

				
v
> 0: ðA4Þ

The partial second derivatives at the vacuum are

∂
2V 0

∂Φ†
1∂Φ1

				
v
¼ m2

1 þ v2ð2c2βλ1 þ s2βðλ3 þ λ4Þ þ 4sβcβRe½λ6�Þ

− v4
�
9c4βC

ð11Þð11Þð11Þ
Φ þ 4s3βcβRe½Cð21Þð21Þð12Þ

Φ � þ 4s3βcβRe½Cð11Þð22Þð21Þ
Φ � þ 4s2βc

2
βC

ð11Þð11Þð22Þ
Φ þ s4βC

ð11Þð22Þð22Þ
Φ

þ 6s2βc
2
βRe½Cð11Þð21Þð21Þ

Φ � þ 4s2βc
2
βC

ð11Þð21Þð12Þ
Φ þ s4βC

ð22Þð21Þð12Þ
Φ þ 12sβc3βRe½Cð11Þð11Þð21Þ

Φ �
�
; ðA5Þ

∂
2V 0

∂Φ†
2∂Φ2

				
v
¼ m2

2 þ v2ð2s2βλ2 þ c2βðλ3 þ λ4Þ þ 4sβcβRe½λ7�Þ

− v4
�
9s4βC

ð22Þð22Þð22Þ
Φ þ 4sβc3βRe½Cð21Þð21Þð12Þ

Φ � þ 4sβc3βRe½Cð11Þð22Þð21Þ
Φ � þ c4βC

ð11Þð11Þð22Þ
Φ þ 4s2βc

2
βC

ð11Þð22Þð22Þ
Φ

þ 6s2βc
2
βRe½Cð22Þð21Þð21Þ

Φ � þ c4βC
ð11Þð21Þð12Þ
Φ þ 4s2βc

2
βC

ð22Þð21Þð12Þ
Φ þ 12s3βcβRe½Cð22Þð22Þð21Þ

Φ �
�
; ðA6Þ

and

∂
2V 0

∂Φ†
2∂Φ1

				
v
¼

�
∂
2V 0

∂Φ†
1∂Φ2

��				
v
¼ ðm2

12Þ� þ v2ðsβcβðλ3 þ λ4 þ 2λ�5Þ þ 2c2βλ
�
6 þ 2s2βλ

�
7Þ

− v4
�
9s2βc

2
βC

ð21Þð21Þð21Þ
Φ þ 4s2βc

2
βC

ð21Þð21Þð12Þ
Φ þ s2βc

2
βC

ð21Þð21Þð12Þ�
Φ þ 4s2βc

2
βC

ð11Þð22Þð21Þ
Φ

þ s2βc
2
βC

ð11Þð22Þð21Þ�
Φ þ 2sβc3βC

ð11Þð11Þð22Þ
Φ þ 2s3βcβC

ð11Þð22Þð22Þ
Φ þ 6sβc3βC

ð11Þð21Þð21Þ
Φ

þ 6s3βcβC
ð22Þð21Þð21Þ
Φ þ 2sβc3βC

ð11Þð21Þð12Þ
Φ þ 2s3βcβC

ð22Þð21Þð12Þ
Φ þ 3c4βC

ð11Þð11Þð21Þ
Φ þ 3s4βcβC

ð22Þð22Þð21Þ
Φ

�
: ðA7Þ

Finally, the presence of ϕ6 operators may asymptotically grow over the dimension-four terms in the potential, provided the
Wilson coefficients of the operators are sufficiently large. Mandating the modified potential V 0 is bounded below in all
directions by large values of fields, we can marginalize over them in field space. Defining A≡Φ†

1Φ1; B≡Φ†
2Φ2;

C≡ Re½Φ†
1Φ2�, and D≡ Im½Φ†

1Φ2� whereby C ¼ ξD and AB ≥ C2 þD2 and keeping terms which grow asymptotically,
we first set C ¼ D ¼ 0 and find

1

2
λ1A2 þ 1

2
λ2B2 þ λ3AB −

�
A3Cð11Þð11Þð11Þ

Φ þ B3Cð22Þð22Þð22Þ
Φ þ A2BCð11Þð11Þð22Þ

Φ þ AB2Cð11Þð22Þð22Þ
Φ

�
> 0: ðA8Þ

If we define A0 ≡ λ1=21 A≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A02 þ B02p

sζ, B0 ≡ λ1=22 B≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A02 þ B02p

cζ by parametrizing on a right triangle, this condition
can be written as
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ðλ1λ2Þ3=2 þ 2λ1λ2λ3sζcζ − 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A02 þ B02

p h
s3ζλ

3=2
2 Cð11Þð11Þð11Þ

Φ þ c3ζλ
3=2
1 Cð22Þð22Þð22Þ

Φ þ s2ζcζλ
1=2
1 λ2C

ð11Þð11Þð22Þ
Φ

þ sζc2ζλ1λ
1=2
2 Cð11Þð22Þð22Þ

Φ

i
> 0: ðA9Þ

By setting ζ ¼ π=2 and 0, respectively, we find

λ1 − 2ACð11Þð11Þð11Þ
Φ > 0; λ2 − 2BCð22Þð22Þð22Þ

Φ > 0; ðA10Þ

and by setting ζ ¼ π=4, we have A0 ¼ B0 and the above condition can bewritten in terms of either A0 ¼ λ1=21 A or B0 ¼ λ1=22 B.
For all values of A and B, we find

ðλ1λ2Þ3=2 þ λ1λ2λ3 − A
h
Cð11Þð11Þð11Þ
Φ λ1=21 λ3=22 þ Cð22Þð22Þð22Þ

Φ λ21 þCð11Þð11Þð22Þ
Φ λ1λ2 þ Cð11Þð22Þð22Þ

Φ λ3=21 λ1=22

i
> 0;

ðλ1λ2Þ3=2 þ λ1λ2λ3 − B
h
Cð11Þð11Þð11Þ
Φ λ22 þ Cð22Þð22Þð22Þ

Φ λ3=21 λ1=22 þCð11Þð11Þð22Þ
Φ λ1=21 λ3=22 þ Cð11Þð22Þð22Þ

Φ λ1λ2
i
> 0: ðA11Þ

Marginalizing over other values of field space when AB ¼
C2 þD2 for λ1=21 A ¼ λ1=22 B leads to a complicated poly-
nomial in ξ that cannot be solved analytically for all values
of ξ. Notice that in the limit all Wilson coefficients are zero,
we recover the same conditions on the dimension-four
scalar potential [21].

APPENDIX B: MATCHING TO THE
HIGGS BASIS

In this appendix, we list the translation of all terms from
the standard basis to the Higgs basis using Eqs. (27) and
(28). For dimension-six terms, once the type of 2HDM is

specified in Tables VI and VIII–X, or XI, one can set the
irrelevant Wilson coefficients to zero in this basis. For
compactness, we suppress flavor indices for higher-dimen-
sional operators, where we define ψ̄Ciψ ≡ ψ̄aðCiÞabψb and
ψ̄C�

iψ ≡ ψ̄aðC�
i Þbaψb. Note that for flavor-diagonal terms

below, the combination of Wilson coefficients reduces to
Ci þ C�

i ¼ 2Re½Ci�. For convenience, the notation is iden-
tical to the general 2HDM of the main text with the
replacement of Φ → H in the label.

1. Dimension-four terms

The scalar potential [Eq. (6)] translated to the Higgs
basis is

VðH1; H2Þ ¼ M2
1ðH†

1H1Þ þM2
2ðH†

2H2Þ þ ðM2
12H

†
1H2 þ H:c:Þ þ 1

2
Λ1ðH†

1H1Þ2 þ
1

2
Λ2ðH†

2H2Þ2 þ Λ3ðH†
1H1ÞðH†

2H2Þ

þ Λ4ðH†
1H2ÞðH†

2H1Þ þ
�
1

2
Λ5ðH†

1H2Þ2 þ Λ6ðH†
1H1ÞH†

1H2 þ Λ7ðH†
2H2ÞH†

1H2 þ H:c:

�
; ðB1Þ

where the new quartic couplings are, if we use the shorthand notation λ345 ≡ λ3 þ λ4 þ Re½λ5�,

Λ1 ¼ λ1c4β þ λ2s4β þ 2λ345s2βc
2
β þ 4sβcβðc2βRe½λ6� þ s2βRe½λ7�Þ;

Λ2 ¼ λ1s4β þ λ2c4β þ 2λ345s2βc
2
β − 4sβcβðs2βRe½λ6� þ c2βRe½λ7�Þ;

Λ3 ¼ ðλ1 þ λ2 − 2λ345Þs2βc2β þ λ3 − 2sβcβðc2β − s2βÞRe½λ6 − λ7�;
Λ4 ¼ ðλ1 þ λ2 − 2λ345Þs2βc2β þ λ4 − 2sβcβðc2β − s2βÞRe½λ6 − λ7�;
Λ5 ¼ ðλ1 þ λ2 − 2λ345Þs2βc2β þ c2βλ5 þ s2βλ

�
5 − 2sβcβðc2βðλ6 − λ7Þ − s2βðλ�6 − λ�7ÞÞ;

Λ6 ¼ −ðλ1 − λ3 − λ4 − λ5Þsβc3β þ ðλ2 − λ3 − λ4 − λ�5Þs3βcβ þ c2βððc2β − s2βÞλ6 − 2s2βλ
�
6Þ þ s2βððc2β − s2βÞλ�7 þ 2c2βλ7Þ;

Λ7 ¼ −ðλ1 − λ3 − λ4 − λ�5Þs3βcβ þ ðλ2 − λ3 − λ4 − λ5Þsβc3β þ s2βððc2β − s2βÞλ�6 þ 2c2βλ6Þ þ c2βððc2β − s2βÞλ7 − 2s2βλ
�
7Þ: ðB2Þ
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Note that in general, each doubletΦ1;2 can contain possible
phases and by performing a Uð1ÞY rotation on Φ2, the
phase ξ can be placed on the VEVof Φ2∶ v2eiξ. Additional
symmetries of the scalar potential in the Higgs basis
include Uð1Þ transformations of Higgs flavors H1 →
e−iχ and H2 → eiχH2, introducing another arbitrary phase
χ. For our discussion, it suffices to neglect all possible
phase factors. Otherwise, these would introduce additional
phase factors on m2

12; λ5; λ6; λ7, and M2
12;Λ5;Λ6, and Λ7

(see [8] for a detailed discussion). The dimensionful
parameters listed below can be simplified as

M2
1¼m2

1c
2
βþm2

2s
2
βþ2sβcβRe½m2

12�¼−v2Λ1;

M2
2¼m2

1s
2
βþm2

2c
2
β−2sβcβRe½m2

12�
M2

12¼−ðm2
1−m2

2Þsβcβþm2
12c

2
β−ðm2

12Þ�s2β¼−v2Λ6: ðB3Þ

Kinetic terms involving the doublets H1 and H2 are

L ⊃ ð1þ 2sβcβRe½η�ÞðDμH1Þ†DμH1

þ ð1 − 2sβcβRe½η�ÞðDμH2Þ†DμH2

þ ðηc2β − η�s2βÞðDμH1Þ†DμH2 þ H:c: ðB4Þ

If the Z2 symmetry is enforced in the standard basis, η → 0.
The Yukawa interactions in this basis are

L⊃−ðyð1Þe cβþyð2Þe sβÞl̄LeRH1−ð−yð1Þe sβþyð2Þe cβÞl̄LeRH2

−ðyð1Þd cβþyð2Þd sβÞq̄LdRH1−ð−yð1Þd sβþyð2Þd cβÞq̄LdRH2

−ðyð1Þu cβþyð2Þu sβÞq̄LuRH†
1−ð−yð1Þu sβþyð2Þu cβÞq̄LuR ·H†

2

þH:c: ðB5Þ

2. Dimension-five terms

The Weinberg-like operators in the Higgs basis become

Oð11Þ
ννH ¼ ðH1 · lLÞTCðH1 · lLÞ; ðB6Þ

Oð22Þ
ννH ¼ ðH2 · lLÞTCðH2 · lLÞ; ðB7Þ

Oð12Þ
ννH ¼ ðH1 · lLÞTCðH2 · lLÞ; ðB8Þ

whose Wilson coefficients are

Cð11Þ
ννH ¼ c2βC

ð11Þ
ννΦ þ s2βC

ð22Þ
ννΦ þ sβcβC

ð12Þ
ννΦ ; ðB9Þ

Cð22Þ
ννH ¼ s2βC

ð11Þ
ννΦ þ c2βC

ð22Þ
ννΦ − sβcβC

ð12Þ
ννΦ ; ðB10Þ

Cð12Þ
ννH ¼ −sβcβC

ð11Þ
ννΦ þ sβcβC

ð22Þ
ννΦ þ ðc2β − s2βÞCð12Þ

ννΦ : ðB11Þ

3. Dimension-six terms–class ψ2ϕ3 operators

Operators in the class of ψ2ϕ3 translated to the Higgs
basis are given in Table XII, whose Wilson coefficients are

Cð11Þ
ðl;d;uÞH1

¼ c3βC
ð11Þ
ðl;d;uÞΦ1

þ s2βcβC
ð22Þ
ðl;d;uÞΦ1

þ sβc2βC
ð21Þ
ðl;d;uÞΦ1

þ sβc2βC
ð12Þ
ðl;d;uÞΦ1

þs3βC
ð22Þ
ðl;d;uÞΦ2

þ sβc2βC
ð11Þ
ðl;d;uÞΦ2

þ s2βcβC
ð21Þ
ðl;d;uÞΦ2

þ s2βcβC
ð12Þ
ðl;d;uÞΦ2

; ðB12Þ

Cð22Þ
ðl;d;uÞH1

¼ s2βcβC
ð11Þ
ðl;d;uÞΦ1

þ c3βC
ð22Þ
ðl;d;uÞΦ1

− sβc2βC
ð21Þ
ðl;d;uÞΦ1

− sβc2βC
ð12Þ
ðl;d;uÞΦ1

þsβc2βC
ð22Þ
ðl;d;uÞΦ2

þ s3βC
ð11Þ
ðl;d;uÞΦ2

− s2βcβC
ð21Þ
ðl;d;uÞΦ2

− s2βcβC
ð12Þ
ðl;d;uÞΦ2

; ðB13Þ

Cð21Þ
ðl;d;uÞH1

¼ −sβc2βC
ð11Þ
ðl;d;uÞΦ1

þ sβc2βC
ð22Þ
ðl;d;uÞΦ1

þ c3βC
ð21Þ
ðl;d;uÞΦ1

− s2βcβC
ð12Þ
ðl;d;uÞΦ1

þs2βcβC
ð22Þ
ðl;d;uÞΦ2

− s2βcβC
ð11Þ
ðl;d;uÞΦ2

þ sβc2βC
ð21Þ
ðl;d;uÞΦ2

− s3βC
ð12Þ
ðl;d;uÞΦ2

; ðB14Þ

Cð12Þ
ðl;d;uÞH1

¼ −sβc2βC
ð11Þ
ðl;d;uÞΦ1

þ sβc2βC
ð22Þ
ðl;d;uÞΦ1

− s2βcβC
ð21Þ
ðl;d;uÞΦ1

þ c3βC
ð12Þ
ðl;d;uÞΦ1

þs2βcβC
ð22Þ
ðl;d;uÞΦ2

− s2βcβC
ð11Þ
ðl;d;uÞΦ2

− s3βC
ð21Þ
ðl;d;uÞΦ2

þ sβc2βC
ð12Þ
ðl;d;uÞΦ2

; ðB15Þ

Cð22Þ
ðl;d;uÞH2

¼ −s3βC
ð11Þ
ðl;d;uÞΦ1

− sβc2βC
ð22Þ
ðl;d;uÞΦ1

þ s2βcβC
ð21Þ
ðl;d;uÞΦ1

þ s2βcβC
ð12Þ
ðl;d;uÞΦ1

þc3βC
ð22Þ
ðl;d;uÞΦ2

þ s2βcβC
ð11Þ
ðl;d;uÞΦ2

− sβc2βC
ð21Þ
ðl;d;uÞΦ2

− sβc2βC
ð12Þ
ðl;d;uÞΦ2

; ðB16Þ
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Cð11Þ
ðl;d;uÞH2

¼ −sβc2βC
ð11Þ
ðl;d;uÞΦ1

− s3βC
ð22Þ
ðl;d;uÞΦ1

− s2βcβC
ð21Þ
ðl;d;uÞΦ1

− s2βcβC
ð12Þ
ðl;d;uÞΦ1

þs2βcβC
ð22Þ
ðl;d;uÞΦ2

þ c3βC
ð11Þ
ðl;d;uÞΦ2

þ sβc2βC
ð21Þ
ðl;d;uÞΦ2

þ sβc2βC
ð12Þ
ðl;d;uÞΦ2

; ðB17Þ

Cð21Þ
ðl;d;uÞH2

¼ s2βcβC
ð11Þ
ðl;d;uÞΦ1

− s2βcβC
ð22Þ
ðl;d;uÞΦ1

− sβc2βC
ð21Þ
ðl;d;uÞΦ1

þ s3βC
ð12Þ
ðl;d;uÞΦ1

þsβc2βC
ð22Þ
ðl;d;uÞΦ2

− sβc2βC
ð11Þ
ðl;d;uÞΦ2

þ c3βC
ð21Þ
ðl;d;uÞΦ2

− s2βcβC
ð12Þ
ðl;d;uÞΦ2

; ðB18Þ

and

Cð12Þ
ðl;d;uÞH2

¼ s2βcβC
ð11Þ
ðl;d;uÞΦ1

− s2βcβC
ð22Þ
ðl;d;uÞΦ1

þ s3βC
ð21Þ
ðl;d;uÞΦ1

− sβc2βC
ð12Þ
ðl;d;uÞΦ1

þsβc2βC
ð22Þ
ðl;d;uÞΦ2

− sβc2βC
ð11Þ
ðl;d;uÞΦ2

− s2βcβC
ð21Þ
ðl;d;uÞΦ2

þ c3βC
ð12Þ
ðl;d;uÞΦ2

: ðB19Þ

4. Class ψ2Xϕ operators

Operators in the ψ2Xϕ class translated to the Higgs basis are given in Table XIII, whose Wilson coefficients are

Cðl;d;uÞBH1
¼ cβCðl;d;uÞBΦ1

þ sβCðl;d;uÞBΦ2
; ðB20Þ

Cðl;d;uÞBH2
¼ −sβCðl;d;uÞBΦ1

þ cβCðl;d;uÞBΦ2
; ðB21Þ

Cðl;d;uÞWH1
¼ cβCðl;d;uÞWΦ1

þ sβCðl;d;uÞWΦ2
; ðB22Þ

Cðl;d;uÞWH2
¼ −sβCðl;d;uÞWΦ1

þ cβCðl;d;uÞWΦ2
; ðB23Þ

Cðd;uÞGH1
¼ cβCðd;uÞGΦ1

þ sβCðd;uÞGΦ2
; ðB24Þ

and

Cðd;uÞGH2
¼ −sβCðd;uÞGΦ1

þ cβCðd;uÞGΦ2
: ðB25Þ

5. Class ψ2ϕ2D operators

Operators in the ψ2ϕ2D class defined in the Higgs basis are provided in Table XIV, with the following Wilson
coefficients:

Cð11Þ
Hðe;d;uÞ ¼ c2βC

ð11Þ
Φðe;d;uÞ þ s2βC

ð22Þ
Φðe;d;uÞ þ sβcβðCð12Þ

Φðe;d;uÞ þ Cð12Þ�
Φðe;d;uÞÞ; ðB26Þ

Cð22Þ
Hðe;d;uÞ ¼ s2βC

ð11Þ
Φðe;d;uÞ þ c2βC

ð22Þ
Φðe;d;uÞ − sβcβðCð12Þ

Φðe;d;uÞ þ Cð12Þ�
Φðe;d;uÞÞ; ðB27Þ

Cð12Þ
Hðe;d;uÞ ¼ −sβcβC

ð11Þ
Φðe;d;uÞ þ sβcβC

ð22Þ
Φðe;d;uÞ þ c2βC

ð12Þ
Φðe;d;uÞ − s2βC

ð12Þ�
Φðe;d;uÞ; ðB28Þ

Cð11Þ½1;3�
Hðl;qÞ ¼ c2βC

ð11Þ½1;3�
Φðl;qÞ þ s2βC

ð22Þ½1;3�
Φðl;qÞ þ sβcβðCð12Þ½1;3�

Φðl;qÞ þ Cð12Þ½1;3��
Φðl;qÞ Þ; ðB29Þ

Cð22Þ½1;3�
Hðl;qÞ ¼ s2βC

ð11Þ½1;3�
Φðl;qÞ þ c2βC

ð22Þ½1;3�
Φðl;qÞ − sβcβðCð12Þ½1;3�

Φðl;qÞ þ Cð12Þ½1;3��
Φðl;qÞ Þ; ðB30Þ

Cð12Þ½1;3�
Hðl;qÞ ¼ −sβcβC

ð11Þ½1;3�
Φðl;qÞ þ sβcβC

ð22Þ½1;3�
Φðl;qÞ þ c2βC

ð12Þ½1;3�
Φðl;qÞ − s2βC

ð12Þ½1;3��
Φðl;qÞ ; ðB31Þ

Cð11Þ
Hud ¼ c2βC

ð11Þ
Φud þ s2βC

ð22Þ
Φud þ 2sβcβC

ð21Þ
Φud; ðB32Þ

Cð22Þ
Hud ¼ s2βC

ð11Þ
Φud þ c2βC

ð22Þ
Φud − 2sβcβC

ð21Þ
Φud; ðB33Þ
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and

Cð21Þ
Hud ¼ −sβcβC

ð11Þ
Φud þ sβcβC

ð22Þ
Φud þ ðc2β − s2βÞCð21Þ

Φud: ðB34Þ

6. Class ϕ4D2 operators

The ϕ4D2 class of operators translated to the Higgs basis are listed in Table XV, with Wilson coefficients

Cð11Þð11Þ
Hð∂2;DÞ ¼ c4βC

ð11Þð11Þ
Φð∂2;DÞ þ s4βC

ð22Þð22Þ
Φð∂2;DÞ þ 2s2βc

2
βC

ð11Þð22Þ
Φð∂2;DÞ þ s2βc

2
βðCð21Þð21Þ

Φð∂2;DÞ þ Cð21Þð21Þ�
Φð∂2;DÞ Þ þ s2βc

2
βðCð21Þð12Þ

Φð∂2;DÞ þ Cð21Þð12Þ�
Φð∂2;DÞ Þ

þ 2sβc3βðCð21Þð11Þ
Φð∂2;DÞ þ Cð21Þð11Þ�

Φð∂2;DÞ Þ þ 2s3βcβðCð21Þð22Þ
Φð∂2;DÞ þ Cð21Þð22Þ�

Φð∂2;DÞ Þ; ðB35Þ

Cð22Þð22Þ
Hð∂2;DÞ ¼ s4βC

ð11Þð11Þ
Φð∂2;DÞ þ c4βC

ð22Þð22Þ
Φð∂2;DÞ þ 2s2βc

2
βC

ð11Þð22Þ
Φð∂2;DÞ þ s2βc

2
βðCð21Þð21Þ

Φð∂2;DÞ þ Cð21Þð21Þ�
Φð∂2;DÞ Þ þ s2βc

2
βðCð21Þð12Þ

Φð∂2;DÞ þ Cð21Þð12Þ�
Φð∂2;DÞ Þ

− 2s3βcβðCð21Þð11Þ
Φð∂2;DÞ þ Cð21Þð11Þ�

Φð∂2;DÞ Þ − 2sβc3βðCð21Þð22Þ
Φð∂2;DÞ þ Cð21Þð22Þ�

Φð∂2;DÞ Þ; ðB36Þ

Cð11Þð22Þ
Hð∂2;DÞ ¼ s2βc

2
βC

ð11Þð11Þ
Φð∂2;DÞ þ s2βc

2
βC

ð22Þð22Þ
Φð∂2;DÞ þ ðc4β þ s4βÞCð11Þð22Þ

Φð∂2;DÞ − s2βc
2
βðCð21Þð21Þ

Φð∂2;DÞ þ Cð21Þð21Þ�
Φð∂2;DÞ Þ − 2s2βc

2
βC

ð21Þð12Þ
Φð∂2;DÞ

þ ðs3βcβ − sβc3βÞðCð21Þð11Þ
Φð∂2;DÞ þ Cð21Þð11Þ�

Φð∂2;DÞ Þ þ ðsβc3β − s3βcβÞðCð21Þð22Þ
Φð∂2;DÞ þ Cð21Þð22Þ�

Φð∂2;DÞ Þ; ðB37Þ

Cð21Þð21Þ
Hð∂2;DÞ ¼ s2βc

2
βC

ð11Þð11Þ
Φð∂2;DÞ þ s2βc

2
βC

ð22Þð22Þ
Φð∂2;DÞ − 2s2βc

2
βC

ð11Þð22Þ
Φð∂2;DÞ þ c4βC

ð21Þð21Þ
Φð∂2;DÞ þ s4βC

ð21Þð21Þ�
Φð∂2;DÞ − 2s2βc

2
βC

ð21Þð12Þ
Φð∂2;DÞ

− 2sβc3βC
ð21Þð11Þ
Φð∂2;DÞ þ 2s3βcβC

ð21Þð11Þ�
Φð∂2;DÞ þ 2sβc3βC

ð21Þð22Þ
Φð∂2;DÞ − 2s3βcβC

ð21Þð22Þ�
Φð∂2;DÞ ; ðB38Þ

Cð21Þð12Þ
Hð∂2;DÞ ¼ s2βc

2
βC

ð11Þð11Þ
Φð∂2;DÞ þ s2βc

2
βC

ð22Þð22Þ
Φð∂2;DÞ − 2s2βc

2
βC

ð11Þð22Þ
Φð∂2;DÞ − s2βc

2
βðCð21Þð21Þ

Φð∂2;DÞ þ Cð21Þð21Þ�
Φð∂2;DÞ Þ þ ðc4β þ s4βÞCð21Þð12Þ

Φð∂2;DÞ

þ ðs3βcβ − sβc3βÞðCð21Þð11Þ
Φð∂2;DÞ þ Cð21Þð11Þ�

Φð∂2;DÞ Þ þ ðsβc3β − s3βcβÞðCð21Þð22Þ
Φð∂2;DÞ þ Cð21Þð22Þ�

Φð∂2;DÞ Þ; ðB39Þ

Cð21Þð11Þ
Hð∂2;DÞ ¼ −sβc3βC

ð11Þð11Þ
Φð∂2;DÞ þ s3βcβC

ð22Þð22Þ
Φð∂2;DÞ þ ðsβc3β − s3βcβÞCð11Þð22Þ

Φð∂2;DÞ þ sβc3βC
ð21Þð21Þ
Φð∂2;DÞ − s3βcβC

ð21Þð21Þ�
Φð∂2;DÞ þ ðsβc3β − s3βcβÞCð21Þð12Þ

Φð∂2;DÞ

þ ðc4β − s2βc
2
βÞCð21Þð11Þ

Φð∂2;DÞ − 2s2βc
2
βC

ð21Þð11Þ�
Φð∂2;DÞ þ 2s2βc

2
βC

ð21Þð22Þ
Φð∂2;DÞ þ ðs2βc2β − s4βÞCð21Þð22Þ�

Φð∂2;DÞ ; ðB40Þ

Cð21Þð22Þ
Hð∂2;DÞ ¼ −s3βcβC

ð11Þð11Þ
Φð∂2;DÞ þ sβc3βC

ð22Þð22Þ
Φð∂2;DÞ þ ðs3βcβ − sβc3βÞCð11Þð22Þ

Φð∂2;DÞ − sβc3βC
ð21Þð21Þ
Φð∂2;DÞ þ s3βcβC

ð21Þð21Þ�
Φð∂2;DÞ þ ðs3βcβ − sβc3βÞCð21Þð12Þ

Φð∂2;DÞ

þ 2s2βc
2
βC

ð21Þð11Þ
Φð∂2;DÞ þ ðs2βc2β − s4βÞCð21Þð11Þ�

Φð∂2;DÞ þ ðc4β − s2βc
2
βÞCð21Þð22Þ

Φð∂2;DÞ − 2s2βc
2
βC

ð21Þð22Þ�
Φð∂2;DÞ : ðB41Þ

7. Class ϕ6 operators

The ϕ6 class of operators in the Higgs basis are listed in Table XVI, with Wilson coefficients

Cð11Þð11Þð11Þ
H ¼ c6βC

ð11Þð11Þð11Þ
Φ þ s2βc

4
βC

ð11Þð11Þð22Þ
Φ þ s4βc

2
βC

ð11Þð22Þð22Þ
Φ þ sβc5βðCð11Þð11Þð21Þ

Φ þ Cð11Þð11Þð21Þ�
Φ Þ þ s5βcβðCð22Þð22Þð21Þ

Φ

þ Cð22Þð22Þð21Þ�
Φ Þ þ s6βC

ð22Þð22Þð22Þ
Φ þ s2βc

4
βðCð11Þð21Þð21Þ

Φ þ Cð11Þð21Þð21Þ�
Φ Þ þ s2βc

4
βC

ð11Þð21Þð12Þ
Φ þ s4βc

2
βðCð22Þð21Þð21Þ

Φ

þ Cð22Þð21Þð21Þ�
Φ Þ þ s4βc

2
βC

ð22Þð21Þð12Þ
Φ þ s3βc

3
βðCð21Þð21Þð21Þ

Φ þ Cð21Þð21Þð21Þ�
Φ Þ þ s3βc

3
βðCð21Þð21Þð12Þ

Φ þ Cð21Þð21Þð12Þ�
Φ Þ

þ s3βc
3
βðCð11Þð22Þð21Þ

Φ þ Cð11Þð22Þð21Þ�
Φ Þ; ðB42Þ
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Cð11Þð11Þð22Þ
H ¼ 3s2βc

4
βC

ð11Þð11Þð11Þ
Φ þ ðc6β þ 2s4βc

2
βÞCð11Þð11Þð22Þ

Φ þ ðs6β þ 2s2βc
4
βÞCð11Þð22Þð22Þ

Φ

þ ð−sβc5β þ 2s3βc
3
βÞðCð11Þð11Þð21Þ

Φ þ Cð11Þð11Þð21Þ�
Φ Þ þ ð−s5βcβ þ 2s3βc

3
βÞðCð22Þð22Þð21Þ

Φ þ Cð22Þð22Þð21Þ�
Φ Þ

þ 3s4βc
2
βC

ð22Þð22Þð22Þ
Φ þ ðs4βc2β − 2s2βc

4
βÞðCð11Þð21Þð21Þ

Φ þ Cð11Þð21Þð21Þ�
Φ Þ þ ðs4βc2β − 2s2βc

4
βÞCð11Þð21Þð12Þ

Φ

þ ðs2βc4β − 2s4βc
2
βÞðCð22Þð21Þð21Þ

Φ þ Cð22Þð21Þð21Þ�
Φ Þ þ ðs2βc4β − 2s4βc

2
βÞCð22Þð21Þð12Þ

Φ

− 3s3βc
3
βðCð21Þð21Þð21Þ

Φ þ Cð21Þð21Þð21Þ�
Φ Þ − 3s3βc

3
βðCð21Þð21Þð12Þ

Φ þ Cð21Þð21Þð12Þ�
Φ Þ

þ ð−s3βc3β þ s5βcβ þ sβc5βÞðCð11Þð22Þð21Þ
Φ þ Cð11Þð22Þð21Þ�

Φ Þ; ðB43Þ

Cð11Þð22Þð22Þ
H ¼ 3s4βc

2
βC

ð11Þð11Þð11Þ
Φ þ ðs6β þ 2s2βc

4
βÞCð11Þð11Þð22Þ

Φ þ ðc6β þ 2s4βc
2
βÞCð11Þð22Þð22Þ

Φ

þ ðs5βcβ − 2s3βc
3
βÞðCð11Þð11Þð21Þ

Φ þ Cð11Þð11Þð21Þ�
Φ Þ þ ðsβc5β − 2s3βc

3
βÞðCð22Þð22Þð21Þ

Φ þ Cð22Þð22Þð21Þ�
Φ Þ

þ 3s2βc
4
βC

ð22Þð22Þð22Þ
Φ þ ðs2βc4β − 2s4βc

2
βÞðCð11Þð21Þð21Þ

Φ þ Cð11Þð21Þð21Þ�
Φ Þ þ ðs2βc4β − 2s4βc

2
βÞCð11Þð21Þð12Þ

Φ

þ ðs4βc2β − 2s2βc
4
βÞðCð22Þð21Þð21Þ

Φ þ Cð22Þð21Þð21Þ�
Φ Þ þ ðs4βc2β − 2s2βc

4
βÞCð22Þð21Þð12Þ

Φ

þ 3s3βc
3
βðCð21Þð21Þð21Þ

Φ þ Cð21Þð21Þð21Þ�
Φ Þ þ 3s3βc

3
βðCð21Þð21Þð12Þ

Φ þ Cð21Þð21Þð12Þ�
Φ Þ

þ ðs3βc3β − s5βcβ − sβc5βÞðCð11Þð22Þð21Þ
Φ þ Cð11Þð22Þð21Þ�

Φ Þ; ðB44Þ

Cð11Þð11Þð21Þ
H ¼ −3sβc5βC

ð11Þð11Þð11Þ
Φ þ ðsβc5β − 2s3βc

3
βÞCð11Þð11Þð22Þ

Φ þ ð−s5βcβ þ 2s3βc
3
βÞCð11Þð22Þð22Þ

Φ þ ðc6β − 2s2βc
4
βÞCð11Þð11Þð21Þ

Φ

− 3s2βc
4
βC

ð11Þð11Þð21Þ�
Φ þ 3s4βc

2
βC

ð22Þð22Þð21Þ
Φ þ ð−s6β þ 2s4βc

2
βÞCð22Þð22Þð21Þ�

Φ þ 3s5βcβC
ð22Þð22Þð22Þ
Φ

þ ð−s3βc3β þ 2sβc5βÞCð11Þð21Þð21Þ
Φ − 3s3βc

3
βC

ð11Þð21Þð21Þ�
Φ þ ð−2s3βc3β þ sβc5βÞCð11Þð21Þð12Þ

Φ þ 3s3βc
3
βC

ð22Þð21Þð21Þ
Φ

þ ðs3βc3β − 2s5βcβÞCð22Þð21Þð21Þ�
Φ þ ð2s3βc3β − s5βcβÞCð22Þð21Þð12Þ

Φ þ 3s2βc
4
βC

ð21Þð21Þð21Þ
Φ − 3s4βc

2
βC

ð21Þð21Þð21Þ�
Φ

þ ð−s4βc2β þ 2s2βc
4
βÞCð21Þð21Þð12Þ

Φ þ ðs2βc4β − 2s4βc
2
βÞCð21Þð21Þð12Þ�

Φ þ ð2s2βc4β − s4βc
2
βÞCð11Þð22Þð21Þ

Φ

þ ð−2s4βc2β þ s2βc
4
βÞCð11Þð22Þð21Þ�

Φ ; ðB45Þ

Cð22Þð22Þð21Þ
H ¼ −3s5βcβC

ð11Þð11Þð11Þ
Φ þ ðs5βcβ − 2s3βc

3
βÞCð11Þð11Þð22Þ

Φ þ ð−sβc5β þ 2s3βc
3
βÞCð11Þð22Þð22Þ

Φ þ 3s4βc
2
βC

ð11Þð11Þð21Þ
Φ

þ ð−s6β þ 2s4βc
2
βÞCð11Þð11Þð21Þ�

Φ þ ðc6β − 2s2βc
4
βÞCð22Þð22Þð21Þ

Φ − 3s2βc
4
βC

ð22Þð22Þð21Þ�
Φ þ 3sβc5βC

ð22Þð22Þð22Þ
Φ

− 3s3βc
3
βC

ð11Þð21Þð21Þ
Φ þ ð−s3βc3β þ 2s5βcβÞCð11Þð21Þð21Þ�

Φ þ ð−2s3βc3β þ s5βcβÞCð11Þð21Þð12Þ
Φ

þ ðs3βc3β − 2sβc5βÞCð22Þð21Þð21Þ
Φ þ 3s3βc

3
βC

ð22Þð21Þð21Þ�
Φ þ ð2s3βc3β − sβc5βÞCð22Þð21Þð12Þ

Φ þ 3s2βc
4
βC

ð21Þð21Þð21Þ
Φ

− 3s4βc
2
βC

ð21Þð21Þð21Þ�
Φ þ ð−s4βc2β þ 2s2βc

4
βÞCð21Þð21Þð12Þ

Φ þ ðs2βc4β − 2s4βc
2
βÞCð21Þð21Þð12Þ�

Φ

þ ð2s2βc4β − s4βc
2
βÞCð11Þð22Þð21Þ

Φ þ ð−2s4βc2β þ s2βc
4
βÞCð11Þð22Þð21Þ�

Φ ; ðB46Þ

Cð22Þð22Þð22Þ
H ¼ s6βC

ð11Þð11Þð11Þ
Φ þ s4βc

2
βC

ð11Þð11Þð22Þ
Φ þ s2βc

4
βC

ð11Þð22Þð22Þ
Φ − s5βcβðCð11Þð11Þð21Þ

Φ þ Cð11Þð11Þð21Þ�
Φ Þ

− sβc5βðCð22Þð22Þð21Þ
Φ þ Cð11Þð11Þð21Þ�

Φ Þ þ c6βC
ð22Þð22Þð22Þ
Φ þ s4βc

2
βðCð11Þð21Þð21Þ

Φ þ Cð11Þð21Þð21Þ�
Φ Þ

þ s4βc
2
βC

ð11Þð21Þð12Þ
Φ þ s2βc

4
βðCð22Þð21Þð21Þ

Φ þ Cð22Þð21Þð21Þ�
Φ Þ þ s2βc

4
βC

ð22Þð21Þð12Þ
Φ

− s3βc
3
βðCð21Þð21Þð21Þ

Φ þ Cð21Þð21Þð21Þ�
Φ Þ − s3βc

3
βðCð21Þð21Þð12Þ

Φ þ Cð21Þð21Þð12Þ�
Φ Þ

− s3βc
3
βðCð11Þð22Þð21Þ

Φ þ Cð11Þð22Þð21Þ�
Φ Þ; ðB47Þ
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Cð11Þð21Þð21Þ
H ¼ 3s2βc

4
βC

ð11Þð11Þð11Þ
Φ þ ð−2s2βc4β þ s4βc

2
βÞCð11Þð11Þð22Þ

Φ þ ð−2s4βc2β þ s2βc
4
βÞCð11Þð22Þð22Þ

Φ þ ðs3βc3β − 2sβc5βÞCð11Þð11Þð21Þ
Φ

þ 3s3βc
3
βC

ð11Þð11Þð21Þ�
Φ þ 3s3βc

3
βC

ð22Þð22Þð21Þ
Φ þ ðs3βc3β − 2s5βcβÞCð22Þð22Þð21Þ�

Φ þ 3s4βc
2
βC

ð22Þð22Þð22Þ
Φ

þ ðc6β − 2s2βc
4
βÞCð11Þð21Þð21Þ

Φ þ 3s4βc
2
βC

ð11Þð21Þð21Þ�
Φ þ ð−2s2βc4β þ s4βc

2
βÞCð11Þð21Þð12Þ

Φ þ 3s2βc
4
βC

ð22Þð21Þð21Þ
Φ

þ ðs6β − 2s4βc
2
βÞCð22Þð21Þð21Þ�

Φ þ ðs2βc4β − 2s4βc
2
βÞCð22Þð21Þð12Þ

Φ þ 3sβc5βC
ð21Þð21Þð21Þ
Φ þ 3s5βcβC

ð21Þð21Þð21Þ�
Φ

þ ðsβc5β − 2s3βc
3
βÞCð21Þð21Þð12Þ

Φ þ ðs5βcβ − 2s3βc
3
βÞCð21Þð21Þð12Þ�

Φ þ ð−2s3βc3β þ sβc5βÞCð11Þð22Þð21Þ
Φ

þ ð−2s3βc3β þ s5βcβÞCð11Þð22Þð21Þ�
Φ ; ðB48Þ

Cð11Þð21Þð12Þ
H ¼ 6s2βc

4
βC

ð11Þð11Þð11Þ
Φ þ ð−4s2βc4β þ 2s4βc

2
βÞCð11Þð11Þð22Þ

Φ þ ð−4s4βc2β þ 2s2βc
4
βÞCð11Þð22Þð22Þ

Φ

þ ð4s3βc3β − 2sβc5βÞðCð11Þð11Þð21Þ
Φ þ Cð11Þð11Þð21Þ�

Φ Þ þ ð4s3βc3β − 2s5βcβÞðCð22Þð22Þð21Þ
Φ þ Cð22Þð22Þð21Þ�

Φ Þ
þ 6s4βc

2
βC

ð22Þð22Þð22Þ
Φ þ ð2s4βc2β − 4s2βc

4
βÞðCð11Þð21Þð21Þ

Φ þ Cð11Þð21Þð21Þ�
Φ Þ þ ðc6β þ 3s4βc

2
β − 2s2βc

4
βÞCð11Þð21Þð12Þ

Φ

þ ð−4s4βc2β þ 2s2βc
4
βÞðCð22Þð21Þð21Þ

Φ þ Cð22Þð21Þð21Þ�
Φ Þ þ ðs6β þ 3s2βc

4
β − 2s4βc

2
βÞCð22Þð21Þð12Þ

Φ − 6s3βc
3
βðCð21Þð21Þð21Þ

Φ

þ Cð21Þð21Þð21Þ�
Φ Þ þ ð2s5βcβ þ 2sβc5β − 2s3βc

3
βÞðCð21Þð21Þð12Þ

Φ þ Cð21Þð21Þð12Þ�
Φ Þ

þ ð−4s3βc3β þ sβc5β þ s5βcβÞðCð11Þð22Þð21Þ
Φ þ Cð11Þð22Þð21Þ�

Φ Þ; ðB49Þ

Cð22Þð21Þð21Þ
H ¼ 3s4βc

2
βC

ð11Þð11Þð11Þ
Φ þ ð−2s4βc2β þ s2βc

4
βÞCð11Þð11Þð22Þ

Φ þ ð−2s2βc4β þ s4βc
2
βÞCð11Þð22Þð22Þ

Φ − 3s3βc
3
βC

ð11Þð11Þð21Þ
Φ

þ ð−s3βc3β þ 2s5βcβÞCð11Þð11Þð21Þ�
Φ þ ð−s3βc3β þ 2sβc5βÞCð22Þð22Þð21Þ

Φ − 3s3βc
3
βC

ð22Þð22Þð21Þ�
Φ þ 3s2βc

4
βC

ð22Þð22Þð22Þ
Φ

þ 3s2βc
4
βC

ð11Þð21Þð21Þ
Φ þ ðs6β − 2s4βc

2
βÞCð11Þð21Þð21Þ�

Φ þ ð−2s4βc2β þ s2βc
4
βÞCð11Þð21Þð12Þ

Φ þ ðc6β − 2s2βc
4
βÞCð22Þð21Þð21Þ

Φ

þ 3s4βc
2
βC

ð22Þð21Þð21Þ�
Φ þ ð−2s2βc4β þ s4βc

2
βÞCð22Þð21Þð12Þ

Φ − 3sβc5βC
ð21Þð21Þð21Þ
Φ − 3s5βcβC

ð21Þð21Þð21Þ�
Φ

þ ð−sβc5β þ 2s3βc
3
βÞCð21Þð21Þð12Þ

Φ þ ð−s5βcβ þ 2s3βc
3
βÞCð21Þð21Þð12Þ�

Φ þ ð2s3βc3β − sβc5βÞCð11Þð22Þð21Þ
Φ

þ ð2s3βc3β − s5βcβÞCð11Þð22Þð21Þ�
Φ ; ðB50Þ

Cð22Þð21Þð12Þ
H ¼ 6s4βc

2
βC

ð11Þð11Þð11Þ
Φ þ ð−4s4βc2β þ 2s2βc

4
βÞCð11Þð11Þð22Þ

Φ þ ð−4s2βc4β þ 2s4βc
2
βÞCð11Þð22Þð22Þ

Φ

þ ð−4s3βc3β þ 2s5βcβÞðCð11Þð11Þð21Þ
Φ þ Cð11Þð11Þð21Þ�

Φ Þ þ ð−4s3βc3β þ 2sβc5βÞðCð22Þð22Þð21Þ
Φ þ Cð22Þð22Þð21Þ�

Φ Þ
þ 6s2βc

4
βC

ð22Þð22Þð22Þ
Φ þ ð2s2βc4β − 4s4βc

2
βÞðCð11Þð21Þð21Þ

Φ þ Cð11Þð21Þð21Þ�
Φ Þ þ ðs6β þ 3s2βc

4
β − 2s4βc

2
βÞCð11Þð21Þð12Þ

Φ

þ ð−4s2βc4β þ 2s4βc
2
βÞðCð22Þð21Þð21Þ

Φ þ Cð22Þð21Þð21Þ�
Φ Þ þ ðc6β þ 3s4βc

2
β − 2s2βc

4
βÞCð22Þð21Þð12Þ

Φ þ 6s3βc
3
βðCð21Þð21Þð21Þ

Φ

þ Cð21Þð21Þð21Þ�
Φ Þ þ ð−2s5βcβ − 2sβc5β þ 2s3βc

3
βÞðCð21Þð21Þð12Þ

Φ þ Cð21Þð21Þð12Þ�
Φ Þ

þ ð4s3βc3β − sβc5β − s5βcβÞðCð11Þð22Þð21Þ
Φ þ Cð11Þð22Þð21Þ�

Φ Þ; ðB51Þ

Cð21Þð21Þð21Þ
H ¼ −s3βc3βC

ð11Þð11Þð11Þ
Φ þ s3βc

3
βC

ð11Þð11Þð22Þ
Φ − s3βc

3
βC

ð11Þð22Þð22Þ
Φ þ s2βc

4
βC

ð11Þð11Þð21Þ
Φ − s4βc

2
βC

ð11Þð11Þð21Þ�
Φ

þ s2βc
4
βC

ð22Þð22Þð21Þ
Φ − s4βc

2
βC

ð22Þð22Þð21Þ�
Φ þ s3βc

3
βC

ð22Þð22Þð22Þ
Φ − sβc5βC

ð11Þð21Þð21Þ
Φ − s5βcβC

ð11Þð21Þð21Þ�
Φ

þ s3βc
3
βC

ð11Þð21Þð12Þ
Φ þ sβc5βC

ð22Þð21Þð21Þ
Φ þ s5βcβC

ð22Þð21Þð21Þ�
Φ − s3βc

3
βC

ð22Þð21Þð12Þ
Φ þ c6βC

ð21Þð21Þð21Þ
Φ

− s6βC
ð21Þð21Þð21Þ�
Φ − s2βc

4
βC

ð21Þð21Þð12Þ
Φ þ s4βc

2
βC

ð21Þð21Þð12Þ�
Φ − s2βc

4
βC

ð11Þð22Þð21Þ
Φ þ s4βc

2
βC

ð11Þð22Þð21Þ�
Φ ; ðB52Þ
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Cð21Þð21Þð12Þ
H ¼ −s3βc3βC

ð11Þð11Þð11Þ
Φ þ 3s3βc

3
βC

ð11Þð11Þð22Þ
Φ − 3s3βc

3
βC

ð11Þð22Þð22Þ
Φ þ ð−s4βc2β þ 2s2βc

4
βÞCð11Þð11Þð21Þ

Φ

þ ðs2βc4β − 2s4βc
2
βÞCð11Þð11Þð21Þ�

Φ þ ð−s4βc2β þ 2s2βc
4
βÞCð22Þð22Þð21Þ

Φ þ ðs2βc4β − 2s4βc
2
βÞCð22Þð22Þð21Þ�

Φ

þ 3s3βc
3
βC

ð22Þð22Þð22Þ
Φ þ ð−sβc5β þ 2s3βc

3
βÞCð11Þð21Þð21Þ

Φ þ ð−s5βcβ þ 2s3βc
3
βÞCð11Þð21Þð21Þ�

Φ

þ ðs3βc3β − s5βcβ − sβc5βÞCð11Þð21Þð12Þ
Φ þ ðsβc5β − 2s3βc

3
βÞCð22Þð21Þð21Þ

Φ þ ðs5βcβ − 2s3βc
3
βÞCð11Þð22Þð22Þ�

Φ

þ ð−s3βc3β þ s5βcβ þ sβc5βÞCð22Þð21Þð12Þ
Φ − 3s2βc

4
βC

ð21Þð21Þð21Þ
Φ þ 3s4βc

2
βC

ð21Þð21Þð21Þ�
Φ þ ðc6β þ 2s4βc

2
βÞCð21Þð21Þð12Þ

Φ

þ ð−s6β − 2s2βc
4
βÞCð21Þð21Þð12Þ�

Φ þ ðs4βc2β − 2s2βc
4
βÞCð11Þð22Þð21Þ

Φ þ ð−s2βc4β þ 2s4βc
2
βÞCð11Þð22Þð21Þ�

Φ ; ðB53Þ

and

Cð11Þð22Þð21Þ
H ¼ −6s3βc3βC

ð11Þð11Þð11Þ
Φ þ ð−2sβc5β − 2s5βcβ þ 2s3βc

3
βÞCð11Þð11Þð22Þ

Φ þ ð2s5βcβ þ sβc5β − 2s3βc
3
βÞCð11Þð22Þð22Þ

Φ

þ ð4s2βc4β − 2s4βc
2
βÞCð11Þð11Þð21Þ

Φ þ ð2s2βc4β − 4s4βc
2
βÞCð11Þð11Þð21Þ�

Φ þ ð4s2βc4β − 2s4βc
2
βÞCð22Þð22Þð21Þ

Φ

þ ð−4s4βc2β þ 2s2βc
4
βÞCð22Þð22Þð21Þ�

Φ þ 6s3βc
3
βC

ð22Þð22Þð22Þ
Φ þ ð4s3βc3β − 2sβc5βÞCð11Þð21Þð21Þ

Φ

þ ð4s3βc3β − 2s5βcβÞCð11Þð21Þð21Þ�
Φ þ ð−s5βcβ þ 4s3βc

3
β − sβc5βÞCð11Þð21Þð12Þ

Φ þ ð−4s3βc3β þ 2sβc5βÞCð22Þð21Þð21Þ
Φ

þ ð−4s3βc3β þ 2s5βcβÞCð22Þð21Þð21Þ�
Φ þ ðsβc5β − 4s3βc

3
β þ s5βcβÞCð22Þð21Þð12Þ

Φ − 6s2βc
4
βC

ð21Þð21Þð21Þ
Φ

þ 6s4βc
2
βC

ð21Þð21Þð21Þ�
Φ þ ð2s4βc2β − 4s2βc

4
βÞCð21Þð21Þð12Þ

Φ þ ð−2s2βc4β þ 4s4βc
2
βÞCð21Þð21Þð12Þ�

Φ

þ ðc6β þ 3s4βc
2
β − 2s2βc

4
βÞCð11Þð22Þð21Þ

Φ þ ð−s6β − 3s2βc
4
β þ 2s4βc

2
βÞCð11Þð22Þð21Þ�

Φ : ðB54Þ

8. Class X2ϕ2 operators

Finally, for X2ϕ2 operators listed in Table XVII, the Wilson coefficients are

Cð11Þ
HðG;W;BÞ ¼ c2βC

ð11Þ
ΦðG;W;BÞ þ s2βC

ð22Þ
ΦðG;W;BÞ þ sβcβðCð21Þ

ΦðG;W;BÞ þ Cð21Þ�
ΦðG;W;BÞÞ; ðB55Þ

Cð22Þ
HðG;W;BÞ ¼ s2βC

ð11Þ
ΦðG;W;BÞ þ c2βC

ð22Þ
ΦðG;W;BÞ − sβcβðCð21Þ

ΦðG;W;BÞ þ Cð21Þ�
ΦðG;W;BÞÞ; ðB56Þ

Cð21Þ
HðG;W;BÞ ¼ −sβcβC

ð11Þ
ΦðG;W;BÞ þ sβcβC

ð22Þ
ΦðG;W;BÞ þ c2βC

ð21Þ
ΦðG;W;BÞ − s2βC

ð21Þ�
ΦðG;W;BÞ; ðB57Þ

Cð11Þ
HðG̃;W̃;B̃Þ ¼ c2βC

ð11Þ
ΦðG̃;W̃;B̃Þ þ s2βC

ð22Þ
ΦðG̃;W̃;B̃Þ þ sβcβðCð21Þ

ΦðG̃;W̃;B̃Þ þ Cð21Þ�
ΦðG̃;W̃;B̃ÞÞ; ðB58Þ

Cð22Þ
HðG̃;W̃;B̃Þ ¼ s2βC

ð11Þ
ΦðG̃;W̃;B̃Þ þ c2βC

ð22Þ
ΦðG̃;W̃;B̃Þ − sβcβðCð21Þ

ΦðG̃;W̃;B̃Þ þ Cð21Þ�
ΦðG̃;W̃;B̃ÞÞ; ðB59Þ

Cð21Þ
HðG̃;W̃;B̃Þ ¼ −sβcβC

ð11Þ
ΦðG̃;W̃;B̃Þ þ sβcβC

ð22Þ
ΦðG̃;W̃;B̃Þ þ c2βC

ð21Þ
ΦðG̃;W̃;B̃Þ − s2βC

ð21Þ�
ΦðG̃;W̃;B̃Þ; ðB60Þ

Cð11Þ
HðWB;W̃BÞ ¼ c2βC

ð11Þ
ΦðWB;W̃BÞ þ s2βC

ð22Þ
ΦðWB;W̃BÞ þ sβcβðCð21Þ

ΦðWB;W̃BÞ þ Cð21Þ�
ΦðWB;W̃BÞÞ; ðB61Þ

Cð22Þ
HðWB;W̃BÞ ¼ s2βC

ð11Þ
ΦðWB;W̃BÞ þ c2βC

ð22Þ
ΦðWB;W̃BÞ − sβcβðCð21Þ

ΦðWB;W̃BÞ þ Cð21Þ�
ΦðWB;W̃BÞÞ; ðB62Þ

and

Cð21Þ
HðWB;W̃BÞ ¼ −sβcβC

ð11Þ
ΦðWB;W̃BÞ þ sβcβC

ð22Þ
ΦðWB;W̃BÞ þ c2βC

ð21Þ
ΦðWB;W̃BÞ − s2βC

ð21Þ�
ΦðWB;W̃BÞ: ðB63Þ
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N. Amapane, D. Amorim, P. Andreetto, F. Anulli, R.
Appleby et al., Eur. Phys. J. C 83, 864 (2023); 84, 36(E)
(2024).

[44] F. Maltoni, J. M. Niczyporuk, and S. Willenbrock, Phys.
Rev. D 65, 033004 (2002).

[45] L. Allwicher, L. Di Luzio, M. Fedele, F. Mescia, and M.
Nardecchia, Phys. Rev. D 104, 055035 (2021).

[46] L. Di Luzio, J. F. Kamenik, and M. Nardecchia, Eur. Phys.
J. C 77, 30 (2017).

[47] G. N. Remmen and N. L. Rodd, J. High Energy Phys. 12
(2019) 032.

[48] G. N. Remmen and N. L. Rodd, Phys. Rev. D 105, 036006
(2022).

[49] G. N. Remmen and N. L. Rodd, J. High Energy Phys. 09
(2022) 030.

[50] E. E. Jenkins, A. V. Manohar, and M. Trott, J. High Energy
Phys. 10 (2013) 087.

[51] E. E. Jenkins, A. V. Manohar, and M. Trott, J. High Energy
Phys. 01 (2014) 035.

[52] R. Alonso, E. E. Jenkins, A. V. Manohar, and M. Trott,
J. High Energy Phys. 04 (2014) 159.

[53] S. Dawson, S. Homiller, and S. D. Lane, Phys. Rev. D 102,
055012 (2020).

[54] J. Aebischer and J. Kumar, J. High Energy Phys. 09 (2020)
187.

[55] P. Baratella, C. Fernandez, and A. Pomarol, Nucl. Phys.
B959, 115155 (2020).

TWO-HIGGS-DOUBLET MODEL EFFECTIVE FIELD THEORY PHYS. REV. D 110, 035026 (2024)

035026-27

https://doi.org/10.1103/PhysRevD.11.2856
https://doi.org/10.1103/PhysRevD.11.2856
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1007/JHEP10(2020)174
https://doi.org/10.1103/PhysRevD.13.3333
https://doi.org/10.1103/PhysRevD.50.4619
https://doi.org/10.1103/PhysRevD.50.7089
https://doi.org/10.1103/PhysRevD.51.3870
https://doi.org/10.1103/PhysRevD.72.035004
https://doi.org/10.1103/PhysRevD.72.035004
https://doi.org/10.1103/PhysRevD.72.099902
https://doi.org/10.1007/JHEP09(2016)160
https://doi.org/10.1007/JHEP09(2016)160
https://doi.org/10.1007/JHEP10(2017)048
https://doi.org/10.1007/JHEP10(2017)048
https://doi.org/10.1007/JHEP09(2019)035
https://doi.org/10.1142/S0217751X93001946
https://doi.org/10.1007/JHEP05(2010)089
https://doi.org/10.1016/j.physrep.2018.11.002
https://doi.org/10.1103/PhysRevD.110.016015
https://doi.org/10.1007/JHEP10(2015)036
https://doi.org/10.1007/JHEP10(2015)036
https://doi.org/10.1140/epjc/s10052-017-4745-5
https://doi.org/10.1103/PhysRevD.109.075022
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1103/PhysRevD.108.055019
https://doi.org/10.1103/PhysRevD.67.075019
https://doi.org/10.1103/PhysRevD.67.075019
https://doi.org/10.1007/JHEP09(2016)143
https://doi.org/10.1016/j.physletb.2019.03.051
https://doi.org/10.1016/j.physletb.2019.03.051
https://doi.org/10.1103/PhysRevLett.43.1566
https://doi.org/10.1016/j.physletb.2011.03.025
https://doi.org/10.1007/JHEP06(2017)143
https://doi.org/10.1016/0550-3213(79)90225-6
https://doi.org/10.1016/0550-3213(79)90225-6
https://doi.org/10.1201/9780429496448
https://doi.org/10.1016/0550-3213(75)90636-7
https://doi.org/10.1103/PhysRevLett.102.051805
https://doi.org/10.1103/PhysRevLett.102.051805
https://doi.org/10.1088/1126-6708/2009/05/097
https://doi.org/10.1088/1126-6708/2009/05/097
https://doi.org/10.1007/JHEP11(2014)058
https://doi.org/10.1007/JHEP07(2015)064
https://doi.org/10.1007/JHEP07(2015)064
https://doi.org/10.1103/PhysRevLett.126.191801
https://doi.org/10.1103/PhysRevD.104.055033
https://doi.org/10.1103/PhysRevD.104.055033
https://doi.org/10.1016/0370-2693(84)91179-1
https://doi.org/10.1103/PhysRevD.30.1529
https://doi.org/10.1103/PhysRevD.30.1529
https://doi.org/10.1142/ASDHEP
https://doi.org/10.1103/PhysRevD.109.095003
https://doi.org/10.1103/PhysRevD.107.095043
https://doi.org/10.1103/PhysRevLett.129.221801
https://arXiv.org/abs/2402.05742
https://doi.org/10.1140/epjc/s10052-023-11889-x
https://doi.org/10.1140/epjc/s10052-023-12257-5
https://doi.org/10.1140/epjc/s10052-023-12257-5
https://doi.org/10.1103/PhysRevD.65.033004
https://doi.org/10.1103/PhysRevD.65.033004
https://doi.org/10.1103/PhysRevD.104.055035
https://doi.org/10.1140/epjc/s10052-017-4594-2
https://doi.org/10.1140/epjc/s10052-017-4594-2
https://doi.org/10.1007/JHEP12(2019)032
https://doi.org/10.1007/JHEP12(2019)032
https://doi.org/10.1103/PhysRevD.105.036006
https://doi.org/10.1103/PhysRevD.105.036006
https://doi.org/10.1007/JHEP09(2022)030
https://doi.org/10.1007/JHEP09(2022)030
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/10.1103/PhysRevD.102.055012
https://doi.org/10.1103/PhysRevD.102.055012
https://doi.org/10.1007/JHEP09(2020)187
https://doi.org/10.1007/JHEP09(2020)187
https://doi.org/10.1016/j.nuclphysb.2020.115155
https://doi.org/10.1016/j.nuclphysb.2020.115155

