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We use functional methods to match the two-Higgs-doublet model with heavy scalars in the
nondecoupling regime to the appropriate nonlinear effective field theory, which takes the form of an
electroweak chiral Lagrangian (HEFT). The effective Lagrangian is derived to leading order in the chiral
counting. This includes the loop induced h → γγ and h → Zγ local terms, which enter at the same chiral
order as their counterparts in the Standard Model. An algorithm is presented that allows us to compute the
coefficient functions to all orders in h. Some of the all-orders results are given in closed form. The
parameter regimes for decoupling, nondecoupling, and alignment scenarios in the effective field theory
context and some phenomenological implications are briefly discussed.
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I. INTRODUCTION

Indirect effects of new physics (NP) at colliders can be
consistently described with effective field theories (EFTs),
where the new heavy particles are integrated out. Applying
this approach to electroweak symmetry breaking and
Higgs-boson properties, the nonlinear EFT in the form
of an electroweak chiral Lagrangian (EWChL, also referred
to as nonlinear Higgs-sector EFT, or HEFT) [1–19]
provides us with the most natural framework [20]. It is
economic and general and properly accounts for non-
decoupling effects in the scalar sector. While the EFT is
model independent, matching its parameters to a specific
scenario connects the EFT coefficients to a given UV
theory. Recently, there has been renewed interest in the
two-Higgs doublet model (2HDM) [21] and the treatment
of its properties at the electroweak scale in an EFT
approximation [22–25] (for earlier work see, e.g., [26]).
Our motivation for addressing this topic is essentially
twofold. First, we would like to investigate the description
of the 2HDM in the nondecoupling regime, which corre-
sponds to interesting regions of parameter space. Second,
our analysis exemplifies the structure of the Higgs-EWChL
in the context of the 2HDM as a prototypical extension of
the Higgs sector. In addition, we use functional methods
throughout, which make the calculations rather efficient
and transparent. Exploiting the advantages of the functional

approach, we go beyond the existing literature in comput-
ing higher terms in the Higgs functions, including some all-
orders results in powers of the Higgs field h, and an
algorithmic prescription for their general derivation. The
method used in the present study has been developed in
detail in [27], where it was applied to the matching of a
singlet extension of the SM to the nonlinear EFT.
The paper is organized as follows. In Sec. II we introduce

polar coordinates for the scalar sector of the 2HDM, which
are especially convenient for the matching to the nonlinear
EFT. In Sec. III we perform the matching of the 2HDM in
the nondecoupling regime to the leading-order (LO) chiral
Lagrangian at tree level, integrating out the heavy scalars
by functional methods. The matching calculation is
extended to the one-loop induced h → γγ and h → Zγ
local EFT operators in Sec. IV. Section V summarizes
important aspects of the 2HDM parameter space with
heavy-scalar masses (of order TeV), including the decou-
pling, nondecoupling, and alignment regimes. Some phe-
nomenological implications are discussed in Sec. VI,
before we conclude in Sec. VII. Appendix A contains
the solution H0ðhÞ of the LO equations of motion (EOM)
for the heavy-scalar field H0 to all orders in h, Appendix B
shows the one-loop matching for h → γγ and h → Zγ to all
orders in h, and Appendix C provides explicit expressions
for the parameters of the 2HDM scalar potential.

II. 2HDM SCALAR SECTOR
IN POLAR COORDINATES

The scalar sector of the 2HDM consists of two complex
doubletsH1 andH2, both in the fundamental representation
of the weak gauge group SUð2Þ and with weak hypercharge
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Y ¼ 1=2. It is convenient to define the conjugate doublets
H̃n ≡ iσ2H�

n, with n ¼ 1, 2, and the matrix fields

Sn ≡ ðH̃n; HnÞ: ð1Þ

The Lagrangian of the scalar sector can then be expressed as

LS ¼
1

2
hDμS

†
nDμSni − V; ð2Þ

where h� � �i denotes the trace, a sum over n is understood,
and V is the potential to be discussed below. Following
[28], the matrix fields Sn can be written in polar coor-
dinates as

Sn ≡URn; Rn ¼
1ffiffiffi
2

p ½ðvn þ hnÞ1þ iCnσaρa�: ð3Þ

Here σa ≡ 2Ta, a ¼ 1, 2, 3, are the Pauli matrices, and
U≡ expð2iφaTa=vÞ is the matrix of the electroweak
Goldstone bosons, where v ¼ 246 GeV is the electroweak
vacuum expectation value (VEV). The VEVs of the two
Higgs doublet fields are v1 and v2, respectively, with
v21 þ v22 ¼ v2, and

C1 ¼ −
v2
v
≡ − sin β; C2 ¼

v1
v
≡ cos β: ð4Þ

Using the decomposition in (3), the 8 real degrees of
freedom in the complex doublets Hn are expressed through
the eight real fields φa, ρa, and hn. The electroweak
quantum numbers of Sn and U imply that the covariant
derivative reads

DμΦ ¼ ∂μΦþ igWμΦ − ig0BμΦT3 for Φ ¼ Sn; U; ð5Þ

where Wμ ¼ Wμ
aTa and Bμ are the gauge fields of SUð2ÞL

and Uð1ÞY . It follows from (3) that

DμRn ¼ ∂μRn þ ig0Bμ½T3; Rn�: ð6Þ

Consequently, h1;2 and ρ3 are electroweak singlets, whereas
ρ1;2 are singlets of SUð2ÞL, but charged under Uð1ÞY.
Hence,

Dμhn ¼ ∂μhn and Dμρa ¼ ∂μρa þ g0Bμεab3ρb: ð7Þ

Fora ¼ 1, 2, this can also bewritten in termsof the eigenstates
ρ� of charge and hypercharge (with Q ¼ Y ¼ �1) as

Dμρ
� ¼ ∂μρ

� � ig0Bμρ
�; ρ� ¼ 1ffiffiffi

2
p ðρ1 ∓ iρ2Þ: ð8Þ

Inserting (3) into (2), the kinetic term becomes

LS;kin ¼
1

2
hDμS

†
nDμSni

¼ 1

4
hDμU†DμUi½ðvn þ hnÞ2 þ ρaρa�

þ 1

2
∂μhn∂μhn þ

1

2
DμρaDμρa

þ hiU†DμUTai½εabcρbDμρc

þ Cnðρa∂μhn −DμρahnÞ�: ð9Þ

The potential in (2) can be written as [28]

V¼m2
11

2
hS†1S1iþ

m2
22

2
hS†2S2i−m2

12hS†1S2i

þλ1
8
hS†1S1i2þ

λ2
8
hS†2S2i2þ

λ3
4
hS†1S1ihS†2S2i

þλ4hS†1S2PþihS†1S2P−iþ
λ5
2
ðhS†1S2Pþi2þhS†1S2P−i2Þ

ð10Þ

in terms of the matrix fields Sn from (1). P� ¼ ð1� σ3Þ=2
are projection operators. Here we assume invariance under
S1 → −S1, S2 → S2, softly broken by m2

12, and CP invari-
ance, so that all parameters in (10) are real.
When Sn is expressed as in (3), the Goldstone field U

disappears from the potential V in (10), which becomes a
function of hn and ρa. The VEVs v1;2 are defined such that
terms linear in h1;2 vanish. The terms quadratic in the fields
are diagonalized by ρ�, ρ3, and by h and H, which are
related to h1;2 by

�
h1
h2

�
¼

�
cα −sα
sα cα

��
H

h

�
: ð11Þ

Here and in the following, we define cosϕ≡ cϕ and
sinϕ≡ sϕ for generic angles ϕ. The mass eigenstates of
the scalar sector are then given by h, identified as the
observed Higgs at mh ¼ 125 GeV, and the additional
scalars H ≡H0, H� ≡�iρ�, and A0 ≡ −ρ3.
The eight parameters of V in (10), m2

11, m2
22, m2

12,
λ1;…; λ5, can be traded for the VEVs, the particle masses,
the Higgs mixing angle, and the soft breaking term:

v1; v2; mh; M0 ≡MH0
;

MH ≡MH� ; MA ≡MA0
; sα; m2

12 ð12Þ

or, equivalently,

v; tan β≡ tβ ¼ v2=v1; mh; M0; MH;

MA; cβ−α; m̄2 ≡ m2
12

sβcβ
: ð13Þ
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Dropping an irrelevant additive constant, the potential finally takes the form

V ¼ 1

2
m2

hh
2 þ 1

2
M2

0H
2 þM2

HH
þH− þ 1

2
M2

AA
2
0 − d1h3 − d2h2H − d3hH2 − d4H3 − d5hHþH− − d6hA2

0 − d7HHþH−

− d8HA2
0 − z1h4 − z2h3H − z3h2H2 − z4hH3 − z5H4 − z6h2HþH− − z7hHHþH− − z8H2HþH− − z9ðHþH−Þ2

− z10h2A2
0 − z11hHA2

0 − z12H2A2
0 − z13HþH−A2

0 − z14A4
0: ð14Þ

The coefficients can be found in Appendix C.
The scalar sector couples to fermions through Yukawa

interactions. We assume a type-II Yukawa sector given by
the Lagrangian [21]

LY ¼−q̄LH1YddR− q̄LH̃2YuuR−lLH1YeeRþH:c:; ð15Þ

where qL ¼ ðuL; dLÞT and lL ¼ ðνL; eLÞT are the left-
handed doublets and uR, dR, eR the right-handed singlets.
The latter may be collected into qR ¼ ðuR; dRÞT and
lR ¼ ðνR; eRÞT . We suppress generation indices, which
are understood for the fermion fields in (15). LY can be
written in terms of the matrix fields Sn in (3) as

LY ¼ −q̄LYdS1P−qR − q̄LYuS2PþqR − lLYeS1P−lR

þ H:c: ð16Þ

III. TREE-LEVEL MATCHING IN THE
NONDECOUPLING REGIME

The full Lagrangian of the 2HDM can be written as

L2HDM ¼ L0 þ LS;kin − V þ LY; ð17Þ

where the scalar sector is represented by LS;kin, V, and LY

from (9), (14), and (16), and L0 denotes the unbroken
Standard Model (SM),

L0 ¼ −
1

2
hGμνGμνi − 1

2
hWμνWμνi − 1

4
BμνBμν

þ q̄LiDqL þ lLiDlL þ ūRiDuR

þ d̄RiDdR þ ēRiDeR: ð18Þ

In terms of the model parameters in (12) and (13) the
nondecoupling limit is defined by the hierarchy

v ∼mh ∼ m̄ ≪ M0;MH;MA ∼MS ð19Þ

with tβ and cβ−α of order unity in general. To leading order,
all terms in the effective Lagrangian that are unsuppressed
by the heavy scaleMS [of order ðMSÞ0] have to be retained.
The procedure of integrating out the heavy scalars at tree

level in the nondecoupling scenario has been described in
detail in [27]. It consists of the following steps:

(i) The EOM is solved to obtain the heavy field H0ðhÞ
to LO in the heavy-mass limit,OðM0

SÞ. This requires
the LO terms in the full-theory Lagrangian of order
M2

S. A closed-form solution for H0ðhÞ is derived in
Appendix A. The OðM2

SÞ-Lagrangian contains the
heavy fields A0 and H� only at quadratic order or
higher. Contributions with only internal lines from
these fields, therefore, cannot arise at tree level.
Integrating them out at tree level and to LO then
implies A0 ¼ H� ¼ 0.

(ii) The EOM solutions H0 ¼ H0ðhÞ and A0 ¼ H� ¼ 0

are inserted into the Lagrangian (17). The OðM2
SÞ-

terms cancel and an expression of OðM0
SÞ in the

heavy-mass expansion is obtained.
(iii) The field redefinition

h̃ ¼
Z

h

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
dH0ðsÞ
ds

�
2

s
ds ð20Þ

is performed to achieve a canonically normalized
kinetic term for the Higgs field h̃. For notational
convenience we will drop the tilde in the end,
taking h̃ → h.

Proceeding in this way, the effective theory takes the
form of an electroweak chiral Lagrangian at chiral dimen-
sion two, L ¼ L0 þ LUh;2, with

LUh;2 ¼
v2

4
hDμU†DμUið1þ FUðhÞÞ þ

1

2
∂μh∂μh − VðhÞ

−
�
q̄L

�
Mu þ

X∞
n¼1

MðnÞ
u

�
h
v

�
n
�
UPþqR

þ q̄L

�
Md þ

X∞
n¼1

MðnÞ
d

�
h
v

�
n
�
UP−qR

þ lL

�
Me þ

X∞
n¼1

MðnÞ
e

�
h
v

�
n
�
UP−lR þ H:c:

�
;

ð21Þ
where

FUðhÞ ¼ 2sβ−α
h
v
þ
�
1 −

s2α
s2β

c2β−α

��
h
v

�
2

−
4

3

s22α
s22β

c2β−αsβ−α

�
h
v

�
3

þ � � � ; ð22Þ
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VðhÞ ¼ v2m2
h

2

��
h
v

�
2

þ
�
sβ−α þ

2c2β−αcβþα

s2β

�
1 −

m̄2

m2
h

���
h
v

�
3

þ
�
1

4
−
c2β−α
4s22β

�
1

6
ð7 − 12c2ðβþαÞ − 19c4αÞ − ð1 − 2c2αc2β − 3c4αÞ

m̄2

m2
h

���
h
v

�
4

−
c2β−αs

2
2α

2s32β

�
cβþα þ 3cβ−3α − ð2cβþα þ 3c3β−α þ 11cβ−3αÞ

m̄2

4m2
h

��
h
v

�
5

þ � � �
�
; ð23Þ

Mu þ
X∞
n¼1

MðnÞ
u

�
h
v

�
n
¼ Mu

�
1þ cα

sβ

h
v
−
cβ−α
2

s2αcα
s2βcβ

�
h
v

�
2

−
cβ−α
6

s22α
s22β

ð2s2α − ð1 − 2c2αÞt−1β Þ
�
h
v

�
3

þ � � �
�
; ð24Þ

Md þ
X∞
n¼1

MðnÞ
d

�
h
v

�
n
¼ Md

�
1 −

sα
cβ

h
v
−
cβ−α
2

sαc2α
sβc2β

�
h
v

�
2

þ cβ−α
6

s22α
s22β

ð2s2α − ð1þ 2c2αÞtβÞ
�
h
v

�
3

þ � � �
�
: ð25Þ

The mass matrices Mq are related to the Yukawa matrices
in (16) through

Mu ¼
vffiffiffi
2

p Yusβ; Md ¼
vffiffiffi
2

p Ydcβ: ð26Þ

The expressions for the charged leptons,Me andM
ðnÞ
e , are

similar to those for the down-quark case.
Our method reproduces the results of [25] and gives

several new expressions, the cubic coefficient of FU, the
coefficient of h5 in VðhÞ, and the fermionic couplings.
More generally, the procedure summarized at the beginning
of Sec. III, together with the all-orders expression for
H0ðhÞ in Appendix A, defines an algorithm to extend the
tree-level matching to all orders in h.

A. Other Yukawa interactions

Besides the type-II Yukawa interactions discussed
above, there are three other possibilities without tree-level
flavor changing neutral currents. Conventionally, these are
given by

(i) Type-I

L ¼ −q̄LYdS2P−qR − q̄LYuS2PþqR
− l̄LYeS2P−lR: ð27Þ

(ii) Type-X (lepton-specific)

L ¼ −q̄LYdS2P−qR − q̄LYuS2PþqR
− l̄LYeS1P−lR: ð28Þ

(iii) Type-Y (flipped)

L ¼ −q̄LYdS1P−qR − q̄LYuS2PþqR
− l̄LYeS2P−lR: ð29Þ

Using the results of the matching for the type-II 2HDM, it is
straightforward to find the matching for the other Yukawa
structures. For example, in the type-I model, all terms
depend only on S2, so the matching will have the same form
as the up-type terms of the type-II 2HDM. As a result, we
find for the type-I 2HDM

Mu;d;e þ
X∞
n¼1

MðnÞ
u;d;e

�
h
v

�
n

¼ Mu;d;e

�
1þ cα

sβ

h
v
−
cβ−α
2

s2αcα
s2βcβ

�
h
v

�
2

−
cβ−α
6

s22α
s22β

ð2s2α − ð1 − 2c2αÞt−1β Þ
�
h
v

�
3

þ � � �
�

ð30Þ

withMu;d;e ¼ vYu;d;esβ=
ffiffiffi
2

p
. It is straightforward to obtain

similar expressions for the type-X and type-Y models.

IV. NONDECOUPLING EFFECTS AT ONE LOOP

The procedure of integrating out the heavy scalars can be
extended to one loop using functional methods [29]. The
most important effects at this order are the local operators
inducing h → γγ and h → Zγ transitions, because they are
loop suppressed in the SM. The EFT corrections are then at
the same loop order as the leading contributions. In the
2HDM, the contributions to h → γγ and h → Zγ due to
the heavy sector come from charged scalars H� within the
loop, or equivalently from the real fields ρ1;2 in (3). To
obtain the one-loop contributions with internal ρi from
functional integration, the Lagrangian in (2) has to be
expanded to quadratic order in these fields. The quadratic
piece takes the form

Lð2Þ
ρ1;2 ¼

1

2
ρiΔijρj; Δ ¼ −D2 −M2

H − Ŷ; ð31Þ
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where

Dμ
ij ¼ ∂

μδij þ Xμεij ≡ ð∂μ þ X̂μÞij; Ŷij ¼ Yδij; ð32Þ

with i; j∈ f1; 2g, εij the two-dimensional Levi-Civita
symbol, and

Xμ ¼ eAμ þ g
2cW

ð1 − 2s2WÞZμ;

−Y ¼ d5hþ d7H þ z6h2 þ z7hH þ z8H2: ð33Þ

Here e is the electromagnetic coupling, sW ¼ sin θW , cW ¼
cos θW with the Weinberg angle θW , A the photon, and Z
the Z-boson field. Performing the Gaussian integration of

expði R d4xLð2Þ
ρ12Þ over ρi gives the effective Lagrangian [29]

Leff ¼−
i
2

X∞
n¼1

1

n

Z
d4p
ð2πÞ4

	�
2ip ·DþD2þ Ŷ

p2−M2
H

�n

: ð34Þ

In a weakly coupled model of the heavy sector, a generic
matrix Ŷ scales at most with the first power of MH. The
series in (34) will then converge and only a finite number of
terms will contribute to any given order in the 1=MH
expansion. By contrast, in the present nondecoupling
scenario we have Ŷ ∼M2

H, which is of the same order as
the denominator p2 −M2

H. Therefore, an infinite number of
terms in the sum over n contributes at a given order in the
1=MH expansion. However, higher powers of Ŷ come with
higher powers of h, since Ŷn ¼ OðhnÞ in the field expan-
sion. As a consequence, the infinite series generates a
Higgs-function FOðhÞ that accompanies an EFT operator
O, as it is characteristic for the Higgs-electroweak chiral
Lagrangian. At any given order in hn, the operator
coefficient is well-defined and calculable.
Following this reasoning, we can extract the terms of

interest here from (34). These contain two factors of the
field strength X̂μν,

X̂μν
ij ≡ ½Dμ; Dν�ij ¼ Xμνεij ð35Þ

corresponding to four covariant derivatives D, along with
powers of Ŷ. Neglecting contributions with three or more
powers of h, we need to include terms of order Ŷ and Ŷ2.
The result is given by

32π2Leff ¼ −
1

12M2
H
hŶX̂μνX̂

μνi þ 1

40M4
H
hŶ2X̂μνX̂

μνi

þ 1

60M4
H
hðŶX̂μνÞ2i; ð36Þ

which simplifies to

Leff ≡ LX;4 ¼
XμνXμν

192π2

�
Y
M2

H
−

Y2

2M4
H
þOðh3Þ

�
: ð37Þ

Using (33) and eliminating H in favor of h, we obtain

LX;4 ¼
e2

16π2

�
AμνAμν þ 1 − 2s2W

sWcW
AμνZμν

�
FXðhÞ; ð38Þ

FXðhÞ ¼
sβ−α
6

h
v
−

1

12

�
s2β−α þ

s2α
s2β

c2β−α

��
h
v

�
2

þOðh3Þ ð39Þ

with Aμν ¼ ∂μAν − ∂νAμ, Zμν ¼ ∂μZν − ∂νZμ. We note that
the field redefinition of h, needed to make its kinetic term
canonically normalized, plays no role for FX through
order h2.
The first term ∼h in FXðhÞ agrees with the result of [25],

the term ∼h2 is new. Employing the procedure described
above, it is straightforward to extend the calculation of FX
to higher orders in h. As discussed in Appendix B, in the
alignment limit cβ−α ¼ 0 the function FX, to all orders in h,
takes the simple form

FXðhÞ ¼
1

6
ln

�
1þ h

v

�
ð40Þ

corresponding to the well-known low-energy theorems [30].

A. Custodial symmetry breaking

The scalar potential in (10) contains the custodial-
symmetry violating term [21]

ΔVCSB ¼ ðλ5 − λ4ÞhS†1S2T3i2:

When integrating out the heavy scalars, this term generates
the two-derivative operator

Lβ1 ¼ β1v2hU†DμUT3i2

but only at the one-loop level. The coefficient is directly
related to the parameter T of oblique electroweak correc-
tions, β1 ¼ αT=2, with α the fine structure constant. One
finds, up to a factor of order unity, that [21]

β1 ∼
λ4 − λ5
16π2

∼
M2

A −M2
H

16π2v2
:

In accordance with the phenomenological requirement of
approximate custodial symmetry, Lβ1 cannot be a leading-
order effect. Therefore, the difference λ4 − λ5 must be a
weak coupling of Oð1Þ and carries chiral dimension two.
Lβ1 is then counted as a next-to-leading-order (NLO) term
of chiral dimension four, consistent with β1 being small as a
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loop factor 1=16π2 [12]. The general analysis of such NLO
effects is beyond the scope of the present paper.

V. PARAMETER SPACE AND THE
DECOUPLING LIMIT

For the construction of a low-energy EFT, we consider
the phenomenologically viable scenario where the masses
of the new scalar degrees of freedom in the 2HDM are
taken to be much larger than the electroweak scale, i.e.,

MS ∼M0;MH;MA ≫ mh ∼ v: ð41Þ

Depending on the numerical values of the parameters, we
can discern two basic scenarios, corresponding to weak and
strong coupling, respectively. They are given by

(i) Nondecoupling regime1 (strong coupling, nonlinear
EFT)

1 ≪ jλij≲ 16π2;

mh ∼ v ∼ m̄ ≪ MS ⇒ cβ−α ¼ Oð1Þ: ð42Þ

While cβ−α is a priori unconstrained in this regime,
we will also consider the case cβ−α ≪ 1, referred to
as the nondecoupling regime with (quasi)alignment.
We also note that the model with m̄ ¼ 0, the Z2

symmetric 2HDM without soft breaking, has no
decoupling limit [31–34].

(ii) Decoupling regime2 (weak coupling, linear EFT)

λi ¼Oð1Þ; mh∼v≪ m̄∼MS⇒ cβ−α≪ 1: ð43Þ

In the strong-coupling case, we require the λi to be
somewhat below the nominal strong-coupling limit MS ≈
4πv corresponding to jλij ≈ 16π2. Otherwise, a description
of the heavy-scalar dynamics in terms of resonances would
no longer be valid. To be more precise, the magnitude of the
couplings is constrained by perturbative unitarity [35–41].
For loop corrections to the constraints, see Refs. [42–44].
Generally speaking, these give much stronger bounds,
namely jλij≲ 4π. Furthermore, the couplings are con-
strained such that the potential is bounded from below
and that the symmetry breaking vacuum is the global
minimum of the potential. For the 2HDM with (softly
broken) Z2 symmetry, the necessary and sufficient con-
ditions on the couplings read [45–49]

λ1 ≥ 0; λ2 ≥ 0; λ3 ≥ −
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
;

λ3 þ λ4 − jλ5j ≥ −
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
: ð44Þ

To satisfy these bounds, the absolute values of the cou-
plings have to be taken large uniformly, which limits the
possible mass splitting between the heavy scalars.
Especially the perturbative unitarity constraints severely
restrict the possible parameter space of the nondecoupling
regime. Nevertheless, masses of MS ≲ 1 TeV are still
possible for m̄ ∼ v, which clearly fulfills the power count-
ing of the nondecoupling scenario.
In the decoupling regime, all NP effects are suppressed

by powers of the heavy-mass scale MS as formalised by
the Appelquist-Carazzone decoupling theorem [50].
Several EFT matching calculations have been performed
in the decoupling limit (see, e.g., [24,51,52]). A decoupling
regime automatically implies the alignment limit cβ−α ¼ 0,
where the h-couplings approach their SM values [31]. An
explicit calculation gives

c2β−α ¼
v4

16m̄4
s22β½λ1 − λ2 þ c2βðλ1 þ λ2 − 2λ345Þ�2

þOðv6=m̄6Þ ð45Þ

with λ345 ≡ λ3 þ λ4 þ λ5. When m̄ ≫ v, this indeed
approaches zero. As mentioned above, there is no similar
relation in the nondecoupling regime, and thus, cβ−α is
unconstrained a priori.
To illustrate the two regimes discussed above, we take

the hH2
0-coupling d3, given in Appendix C, as an example.

In the nondecoupling regime, M0 ∼MS ≫ mh; m̄, so
d3 ¼ OðM2

SÞ, whereas in the decoupling regime, the
masses and parameters of the model scale as

M2
0;M

2
H;M

2
A ¼ m̄2 þOðv2Þ;

m2
h ¼ Oðv2Þ; cβ−α ¼ Oðv2=m̄2Þ; ð46Þ

leading to

d3 ¼ −
m2

h

2v
− vs2βc

2
βðλ1 þ λ2 − 2λ345Þ þOðv3=m̄2Þ: ð47Þ

Evidently, all heavy-mass dependence has canceled.
Similar calculations show that this cancellation works
for all di and zi. It is now easy to see that all nondecoupling
effects vanish in the decoupling regime. Obviously, all tree-
level nondecoupling effects vanish in the decoupling limit,
since they are all proportional to cβ−α. Also the anomalous
hγγ and hZγ couplings disappear as the ratios di=M2

S and
zi=M2

S go to zero in the limit MS → ∞.

1Although not stated explicitly, this limit was used to derive
nondecoupling effects in [25].

2This limit has been studied extensively in [31]. The model we
consider in this work is simpler because of an additional, softly
broken, Z2 symmetry S1 → −S1.
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VI. PHENOMENOLOGICAL CONSIDERATIONS

The simplest way to confront the nondecoupling effects
of the 2HDM with experiment is by using a global HEFT
fit. Such a fit has been performed using LHC runs 1 and 2
data [53], where the authors fit the couplings of the HEFT
Lagrangian in the form

Lfit ¼ 2cV

�
mWWþ

μ W−μ þ 1

2
m2

ZZμZμ

�
h
v
−
X
ψ

cψmψ ψ̄ψ
h
v

þ e2

16π2
cγAμνAμν h

v
þ e2

16π2
cγZAμνZμν h

v

þ g2s
16π2

cghGμνGμνi h
v

ð48Þ

with ψ ∈ ft; b; c; τ; μg.3 Our matching results are given in
Table I. The strongest constraint is derived from the Higgs–
vector boson coupling

cV ¼ 1.01� 0.06 ⇒ sβ−α ≳ 0.95; ð49Þ

where the given error corresponds to the 68% probability
interval. This motivates the (quasi)alignment limit as it
constrains cβ−α ≪ 1.
Applying the above bound to the anomalous Higgs-

photon coupling, we find

cγ ∈ ½0.16; 0.17�: ð50Þ

This coupling is particularly important, as it is bounded
from below in the alignment limit. We see here that this is a
direct consequence of the bound on the Higgs-vector boson
coupling. From the global HEFT fit, the bound on cγ is
given by

cγ ¼ 0.05� 0.20; ð51Þ

which is consistent with the matching prediction.
Nevertheless, with more data from the LHC, it is plausible
that the limits on cγ could be sufficiently improved to
exclude the nondecoupling regime experimentally. Local

couplings with more than one Higgs in (38) and (39), such
as h2AμνAμν, could in principle be probed at a photon
collider [54] in a process like γγ → hh.
Aside from using an EFT approach, there is a large

amount of literature using global fits for the 2HDM
directly. Depending on the structure of the Yukawa inter-
actions, these fits can give much stronger bounds on sβ−α
than the global HEFT fit (see, e.g., [55,56]). However, a
detailed analysis lies beyond the scope of this work.

VII. CONCLUSIONS

We presented a systematic derivation of the EFT at the
electroweak scale for the 2HDM in the nondecoupling
regime. In this regime, the EFT takes the form of an
electroweak chiral Lagrangian (nonlinear EFT). Our dis-
cussion follows closely the detailed discussion given in [27]
for the nondecoupling regime of the SM extension with a
heavy-scalar singlet. The scalar sector of the 2HDM is
written in polar coordinates, with a nonlinear representation
of theGoldstone fields, which facilitates the use of functional
methods that we employ throughout. An algorithmic pro-
cedure is given, by which the LO EFT Lagrangian can be
worked out to arbitrary order in theHiggs fieldh.We confirm
previous results for the EFT Higgs couplings and extend the
derivation to additional terms. Themain results are displayed
in (21)–(25), (38), and (39). Some all-orders expressions are
given in closed form (Appendixes A and B). We derive the
LO EFT Lagrangian, including the fermionic Yukawa
interactions and the loop-induced local terms for h → γγ
and h → Zγ. As already pointed out in [25,57], the latter
terms have interesting nondecoupling effects that survive in
the alignment limit. Those are still compatible with present
data. They could be discovered or ruled out in future
measurements of anomalous Higgs-boson couplings.

Note added. Recently, the article [58] appeared on arXiv.
It also addresses the HEFT matching of models with
extended scalar sectors and partially overlaps with our
results on the 2HDM.
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APPENDIX A: EXACT SOLUTION FOR H0ðhÞ
The LO term for H is calculated from the equations of

motion at OðM2
SÞ. In particular, we can set H� ¼ A ¼ 0 in

this approximation. As a result, retaining only OðM2
SÞ

terms the Lagrangian simplifies to

LM ¼−m2
11ϕ

2
1−m2

22ϕ
2
2−

λ1
2
ϕ4
1−

λ2
2
ϕ4
2−λ345ϕ

2
1ϕ

2
2; ðA1Þ

TABLE I. LO matching results for the 2HDM. cu is the same
for all up-type quarks (u, c, t), and cd is the same for all down-
type quarks (d, s, b) and charged leptons (e, μ, τ).

Tree level Loop level

cV sβ−α cγ
sβ−α
6

cu sβ−α þ cβ−αt−1β cγZ 1−2s2W
sWcW

sβ−α
6

cd sβ−α − cβ−αtβ cg 0

3The couplings to the lighter fermions are so small that they are
not included in the fit.
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where ϕ2
n ≡ ðvn þ hnÞ2=2 and

λ1¼
M2

0

v2
c2α
c2β
; λ2¼

M2
0

v2
s2α
s2β
; λ345≡λ3þλ4þλ5¼

M2
0

v2
sαcα
sβcβ

;

m2
11¼−

M2
0

2

�
c2αþ

sαcαsβ
cβ

�
; m2

22¼−
M2

0

2

�
s2αþ

sαcαcβ
sβ

�
:

ðA2Þ
After expressing h1 and h2 through h and H, the two fields
take the form

ϕ1 ¼
1ffiffiffi
2

p ðcβvþ cαH − sαhÞ;

ϕ2 ¼
1ffiffiffi
2

p ðsβvþ sαH þ cαhÞ: ðA3Þ

By defining the combination

R2 ¼ cα
cβ

ϕ2
1 þ

sα
sβ

ϕ2
2; ðA4Þ

the Lagrangian (A1) can be rewritten as

LM ¼ M2
0

2
ðsαsβ þ cαcβÞR2 −

M2
0

2v2
R4: ðA5Þ

At this point we can solve the EOM by analogy to the
heavy singlet model studied in [27]. By direct comparison
to the results in the appendix of [27], we can identify

ϕ1 → S; ϕ2 → ϕ; v → f;

sβ →
ffiffiffi
ξ

p
; sα →

ffiffiffiffi
ω

p
; M0 → M; ðA6Þ

which exactly reproduces the corresponding terms of the
heavy singlet model. The solution to the EOM is then
given by

H0ðhÞ ¼
vþ

�
s2αcα
sβ

− sαc2α
cβ

�
h

s3α
sβ
þ c3α

cβ

×

2
664

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
s3α
sβ
þ c3α

cβ

��
sαc2α
sβ

þ s2αcα
cβ

�
h2�

vþ
�
s2αcα
sβ

− sαc2α
cβ

�
h
�
2

vuuut − 1

3
775: ðA7Þ

This expression fulfills

R2 ¼ v2

2
ðsαsβ þ cαcβÞ ¼

v2

2
cβ−α; ðA8Þ

which, when inserted back into the Lagrangian (A5), shows
that theOðM2

SÞ-terms cancel up to a constant. Furthermore,
the solution starts at Oðh2Þ with coefficients that are
functions of sα, cα, sβ, and cβ. Note that the combination

sαc2α
sβ

þs2αcα
cβ

¼−cβ−α½1−2c2β−αþ2cβ−αsβ−α cotð2βÞ� ðA9Þ

vanishes in the alignment limit. Then, the square root in
(A7) reduces to 1, which gives H0ðhÞ ¼ 0. As a result,
all tree-level nondecoupling effects vanish in the align-
ment limit.

APPENDIX B: ONE-LOOP MATCHING
OF hnXμνXμν TO ALL ORDERS IN n

When calculating the one-loop EFT contributions of the
form hnXμνXμν, we noted that, since Ŷ ¼ OðM2

HÞ, the
series does not converge. Therefore, to calculate the full
Higgs function associated with the operator XμνXμν, we
need all coefficients Cn of the expression

Leff ⊃
X∞
n¼1

CnhŶnX̂μνX̂
μνi: ðB1Þ

In writing the above, we made essential use of the fact that
Ŷ ∝ 1 and thus commutes with X̂μν. This is, however, a
special case. In general, Ŷ does not commute, giving more
possible operator structures for each n.
To derive an all-orders result for the Cn, we start from the

general expression for the one-loop effective Lagrangian
given in (34). We now use a slightly adapted form of a trick
explained in the appendix of [59]: We evaluate expression
(34) in the special configuration ∂μX̂ν ¼ ∂μŶ ¼ 0, allowing
us to drop all derivatives. In this case

DμĜ → ½X̂μ; Ĝ�; X̂μν → ½X̂μ; X̂ν�; ðB2Þ

where Ĝ is any matrix valued function of Ŷ and X̂μ. In the
final expressions, we can express everything through Dμ

and X̂μν, regaining the general result.
In our special case, we are only interested in the terms

of the form ŶnX̂μνX̂
μν, which contribute to the hnγγ

nondecoupling effects. Setting ½X̂μ; Ŷ� ¼ 0 automatically
removes all terms of the form DμŶ.
In this way, it is easy to evaluate all terms from (34) with

four derivatives (four factors ofXμ) and n factors of Y, which
reduce to the terms of interest due to the formal gauge
invariance of the functional integral. Finally, we obtain

Leff ¼
1

32π2
X∞
n¼1

ð−1Þn
12nM2n

H
hŶnX̂μνX̂

μνi

¼ XμνXμν

192π2
ln
�
1þ YðhÞ

M2
H

�
: ðB3Þ

The first two terms in the sum over n agree with those given
in [29], and the third and fourth terms agree with those
given in [60], in the special case that Ŷ and X̂μν commute.
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The second expression in (B3) represents the full Higgs
function after taking

YðhÞ ¼ −dð0Þ5 h − dð0Þ7 H0ðhÞ − zð0Þ6 h2 − zð0Þ7 hH0ðhÞ
− zð0Þ8 H0ðhÞ2 ðB4Þ

and expressing h in terms of the canonically normalized
Higgs field h̃, h ¼ hðh̃Þ, through the inverse of the function
h̃ðhÞ defined in (20). Here dð0Þ5 is theOðM2

SÞ part of d5, and
similarly for the other coefficients, andH0ðhÞ is the function
derived in Appendix A.

In the alignment limit cβ−α ¼ 0, the Lagrangian in (B3)
can be given in closed form to all orders in h. In
this case, H0ðhÞ vanishes and Y in (33) reduces to
Y=M2

H ¼ 2h=vþ ðh=vÞ2. Then (B3) takes the form of
(38) with the function FXðhÞ given by (40).

APPENDIX C: PARAMETERS
OF THE 2HDM POTENTIAL

The full scalar potential is given in (14). In this section
we give all coefficients of the potential in terms of the input
parameters

v; mh; M0; MH; MA; m̄; tβ; cβ−α: ðC1Þ

The cubic couplings read

vd1 ¼ c2β−αðm̄2 −m2
hÞðsβ−α þ cβ−α cotð2βÞÞ −

m2
h

2
sβ−α; ðC2Þ

vd2 ¼
cβ−α
2

½ð2m2
h þM2

0 − 3m̄2Þð1 − 2c2β−α þ 2sβ−αcβ−α cotð2βÞÞ − m̄2�; ðC3Þ

vd3 ¼ −
sβ−α
2

½ð2M2
0 þm2

h − 3m̄2Þð1 − 2c2β−α þ 2sβ−αcβ−α cotð2βÞÞ þ m̄2�; ðC4Þ

vd4 ¼ s2β−αðm̄2 −M2
0Þðcβ−α − sβ−α cotð2βÞÞ −

M2
0

2
cβ−α; ðC5Þ

vd5 ¼ 2sβ−α

�
m̄2 −M2

H −
m2

h

2

�
þ 2cβ−α cotð2βÞðm̄2 −m2

hÞ; ðC6Þ

vd6 ¼ sβ−α

�
m̄2 −M2

A −
m2

h

2

�
þ cβ−α cotð2βÞðm̄2 −m2

hÞ; ðC7Þ

vd7 ¼ 2cβ−α

�
m̄2 −M2

H −
M2

0

2

�
þ 2sβ−α cotð2βÞðM2

0 − m̄2Þ; ðC8Þ

vd8 ¼ cβ−α

�
m̄2 −M2

A −
M2

0

2

�
þ sβ−α cotð2βÞðM2

0 − m̄2Þ; ðC9Þ

and the quartic couplings are given by

v2z1 ¼ −
m2

h

8
þ c2β−α

8
½4s2β−αm̄2 þ ð−3þ 4c4β−αÞm2

h − ð1 − 2c2β−αÞ2M2
0

þ 4cβ−αsβ−α cotð2βÞð2m̄2 − ð1þ 2c2β−αÞm2
h − ð1 − 2c2β−αÞM2

0Þ
þ 4c2β−αcot

2ð2βÞðm̄2 − c2β−αm
2
h − s2β−αM

2
0Þ�; ðC10Þ

v2z2 ¼
sβ−αcβ−α

2
ð1 − 2c2β−αÞ½m2

h þM2
0 − 2c2β−αðM2

0 −m2
hÞ − 2m̄2�

þ c2β−α cotð2βÞ½m2
hð1þ 2c2β−α − 4c4β−αÞ þ 2M2

0ð1 − 3c2β−α þ 2c4β−αÞ
þ m̄2ð−3þ 4c2β−αÞ� þ 2c3β−αsβ−α cot

2ð2βÞ½M2
0 − m̄2 − c2β−αðM2

0 −m2
hÞ�; ðC11Þ
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v2z3 ¼
1

4
½ð2 − 12c2β−α þ 12c4β−αÞm̄2 þ ð1 − 2c2β−αÞðð−1 − 3c2β−α þ 6c4β−αÞm2

h þ ð−2þ 9c2β−α − 6c4β−αÞM2
0Þ

þ 2cβ−αsβ−α cotð2βÞðð6 − 12c2β−αÞm̄2 þ ð−1 − 6c2β−α þ 12c4β−αÞm2
hþð−5þ 18c2β−α − 12c4β−αÞM2

0Þ
þ12c2β−αs

2
β−α cot

2ð2βÞðm̄2 − s2β−αM
2
0 − c2β−αm

2
hÞ�; ðC12Þ

v2z4 ¼
sβ−αcβ−α

2
ð1 − 2c2β−αÞ½m2

h − 3M2
0 þ 2c2β−αðM2

0 −m2
hÞ þ 2m̄2�

þ s2β−α cotð2βÞ½m2
hð2c2β−α − 4c4β−αÞ þM2

0ð1 − 6c2β−α þ 4c4β−αÞ þ m̄2ð−1þ 4c2β−αÞ�
þ 2cβ−αs3β−αcot

2ð2βÞ½M2
0 − m̄2 − c2β−αðM2

0 −m2
hÞ�; ðC13Þ

v2z5 ¼
1

8
½4s2β−αc2β−αm̄2 − s2β−αð1 − 2c2β−αÞ2m2

h − c2β−αð3 − 2c2β−αÞ2M2
0

þ 4cβ−αs3β−α cotð2βÞð−2m̄2 þ ð−1þ 2c2β−αÞm2
h þ ð3 − 2c2β−αÞM2

0Þ
þ 4s4β−α cot

2ð2βÞðm̄2 −M2
0 þ c2β−αðM2

0 −m2
hÞÞ�; ðC14Þ

v2z6 ¼
1

2
½2s2β−αðm̄2 −M2

HÞ −m2
h þ c2β−αð1 − 2c2β−αÞðM2

0 −m2
hÞ þ 2cβ−αsβ−α cotð2βÞð2m̄2 −m2

h −M2
0 þ 3c2β−αðM2

0 −m2
hÞÞ

þ 4c2β−α cot
2ð2βÞðm̄2 − s2β−αM

2
0 − c2β−αm

2
hÞ�; ðC15Þ

v2z7 ¼ cβ−αsβ−αð2m̄2 − 2M2
H − ð1 − 2c2β−αÞðM2

0 −m2
hÞÞ þ 2 cotð2βÞðM2

0 − m̄2 þ 2c2β−αm̄
2 þ c2β−αM

2
0ð−4þ 3c2β−αÞ

þ c2β−αm
2
hð2 − 3c2β−αÞÞ þ 4cβ−αsβ−α cot2ð2βÞðM2

0 − m̄2 − c2β−αðM2
0 −m2

hÞÞ; ðC16Þ

v2z8 ¼
1

2
½−m2

hþc2β−αð2ðm̄2−M2
HÞþðM2

0−m2
hÞð−3þ2c2β−αÞÞ

þ2cβ−αsβ−α cotð2βÞð−2m̄2−2m2
hþ4M2

0−3c2β−αðM2
0−m2

hÞÞþ4s2β−α cot
2ð2βÞðm̄2−M2

0þc2β−αðM2
0−m2

hÞÞ�; ðC17Þ

v2z9 ¼
1

2
½−s2β−αm2

h − c2β−αM
2
0 þ 4 cotð2βÞcβ−αsβ−αðM2

0 −m2
hÞ þ 4 cot2ð2βÞðm̄2 −M2

0 þ c2β−αðM2
0 −m2

hÞÞ�; ðC18Þ

v2z10 ¼
1

4
½2s2β−αðm̄2 −M2

AÞ −m2
hð1þ c2β−α − 2c4β−αÞ þ c2β−αM

2
0ð1 − 2c2β−αÞ

þ 2cβ−αsβ−α cotð2βÞð2m̄2 −m2
h −M2

0 þ 3c2β−αðM2
0 −m2

hÞÞ þ 4c2β−α cot
2ð2βÞðm̄2 − s2β−αM

2
0 − c2β−αm

2
hÞ�; ðC19Þ

v2z11 ¼
1

2
½cβ−αsβ−αð2m̄2 − 2M2

A þ ð2c2β−α − 1ÞðM2
0 −m2

hÞÞ
þ 2 cotð2βÞðM2

0 − m̄2 þ 2c2β−αm̄
2 þ c2β−αM

2
0ð−4þ 3c2β−αÞ þ c2β−αm

2
hð2 − 3c2β−αÞÞ

þ 4cβ−αsβ−α cot2ð2βÞðM2
0 − m̄2 − c2β−αðM2

0 −m2
hÞÞ�; ðC20Þ

v2z12 ¼
1

4
½−m2

h þ c2β−αð2m̄2 þ 3m2
h − 2M2

A − 3M2
0Þ þ 2c4β−αðM2

0 −m2
hÞ

þ 2cβ−αsβ−α cotð2βÞð4M2
0 − 2m2

h − 2m̄2 − 3c2β−αðM2
0 −m2

hÞÞ
þ 4s2β−α cot

2ð2βÞðm̄2 −M2
0 þ c2β−αðM2

0 −m2
hÞÞ�; ðC21Þ

v2z13¼ 4v2z14¼
1

2
½−s2β−αm2

h−c2β−αM
2
0þ4cotð2βÞcβ−αsβ−αðM2

0−m2
hÞþ4cot2ð2βÞðm̄2−M2

0þc2β−αðM2
0−m2

hÞÞ�: ðC22Þ
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In the alignment limit (cβ−α → 0) the coupling constants
simplify to

vd1 ¼ −
m2

h

2
; vd2 ¼ 0; vd3 ¼ m̄2 −M2

0 −
m2

h

2
;

vd5 ¼ 2m̄2 − 2M2
H −m2

h; vd6 ¼ m̄2 −M2
A −

m2
h

2
;

d4 ¼
1

2
d7 ¼ d8 ¼ cotð2βÞ ðM

2
0 − m̄2Þ
v

; ðC23Þ

v2z1 ¼−
m2

h

8
; v2z2 ¼ 0; v2z3 ¼

1

2

�
m̄2−M2

0−
m2

h

2

�
;

v2z6 ¼ m̄2 −M2
H −

m2
h

2
;

z4 ¼
z7
2
¼ z11 ¼ cotð2βÞ ðM

2
0− m̄2Þ
v2

;

v2z10 ¼−
1

2
ðM2

A − m̄2Þ−m2
h

4
;

4z5 ¼ z8 ¼ z9 ¼ 2z12 ¼ z13 ¼ 4z14

¼−
m2

h

2v2
− 2cot2ð2βÞðM

2
0− m̄2Þ
v2

: ðC24Þ

It is also useful to express the parameters of the potential
in the original form of (10) in terms of the physical
parameters in (C1). The relations read

m2
11¼ s2βm̄

2−
1

2
ðc2αM2

0þs2αm2
hÞ−

s2β
2

s2α
s2β

ðM2
0−m2

hÞ; ðC25Þ

m2
22¼ c2βm̄

2−
1

2
ðs2αM2

0þc2αm2
hÞ−

c2β
2

s2α
s2β

ðM2
0−m2

hÞ; ðC26Þ

λ1 ¼
1

c2βv
2
ðc2αM2

0 þ s2αm2
h − s2βm̄

2Þ; ðC27Þ

λ2 ¼
1

s2βv
2
ðs2αM2

0 þ c2αm2
h − c2βm̄

2Þ; ðC28Þ

λ3 ¼
1

v2

�
2M2

H − m̄2 þ s2α
s2β

ðM2
0 −m2

hÞ
�
; ðC29Þ

λ4 ¼
1

v2
ðM2

A − 2M2
H þ m̄2Þ; ðC30Þ

λ5 ¼
1

v2
ðm̄2 −M2

AÞ: ðC31Þ

The absence of a decoupling limit for m̄ ¼ 0 is obvious
from these formulas.
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