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In extensions of the Standard Model with two Higgs doublets, flavor-changing Yukawa couplings of the
neutral scalars may be present at tree level. In this work, we consider the most general scenario in which
those flavor-changing couplings are absent. We revise the conditions that the Yukawa coupling matrices
must obey for such general flavour conservation (gFC) and study the one-loop renormalization group
evolution of such conditions in both the quark and lepton sectors. We show that gFC in the leptonic sector is
one-loop stable under the renormalization group evolution, and in the quark sector, we present some new
Cabibbo-like solution also one-loop stable under renormalization group evolution. At a phenomenological
level, we obtain the regions for the different gFC parameters that are allowed by the existing experimental
constraints related to the 125 GeV Higgs.
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I. INTRODUCTION

Two-Higgs-doublet models (2HDMs) [1–3] are a simple
and popular class of extensions of the Standard Model
(SM). Besides the original motivation, in particular, the
possibility of having spontaneous CP violation [1], extend-
ing the SM scalar sector with a second doublet allows a
number of interesting phenomenological consequences. To
name a few generic ones, there are the appearance of new
fundamental scalar particles, nonstandard properties of the
“quite Higgs-like” scalar discovered at the LHC with a
mass of 125 GeV [4,5], and, related to them, a number of
potential deviations in low-energy processes with respect to
SM expectations. They have been the focus of intense
scrutiny before and after the 2012 discovery [6–28].
Additional aspects, including dark matter candidates
[29,30] or sources of CP violation in addition to the
Cabibbo-Kobayashi-Maskawa matrix [31–33], of interest
for baryogenesis [34–36], provide further interest in
2HDMs.
In the SM, concentrating on quarks, a single Yukawa

coupling matrix in each sector—up and down—is

responsible for both (i) the generation of mass upon
spontaneous breaking of SUð2ÞL ⊗ Uð1ÞY into Uð1ÞEM
and (ii) the couplings of the quarks to the only fundamental
scalar leftover, the Higgs boson. As a consequence, there
are no tree-level flavor-changing neutral couplings
(FCNCs) of the Higgs to quarks. In the general 2HDM,
there are two independent Yukawa matrices in each sector,
and the situation is dramatically changed: FCNC couplings
of quarks arise at tree level. Their effect on the couplings of
the different physical neutral scalars depends on the details
of the scalar potential [37]: if the 125 GeV scalar is a
mixture of the true-but-unphysical Higgs and the additional
neutral scalars, FCNCs “leak” into its couplings through
that mixing. As with many new physics avenues, the
presence of FCNCs is a double-edged feature; since the
competing SM gauge-mediated contributions to FCNC
processes are loop induced, those transitions pose severe
constraints, while on the same grounds providing imme-
diate opportunities to discover deviations from the SM
picture.
The study of different ways to avoid problematic too-

large FCNC couplings and the conditions for their appear-
ance or absence has drawn sustained attention over the
years. As analyzed in Refs. [38,39], the absence of FCNCs
is guaranteed by forcing each right-handed fermion type to
couple to one and only one scalar doublet; this absence of
FCNCs, enforced by a Z2 symmetry, is a popular option,
and several implementations of this natural flavor con-
servation (NFC) idea, namely, 2HDM of types I and II and
of types X and Y (when the lepton sector is also considered)
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have been thoroughly explored. Additional Uð1Þ
gauge symmetries have also been considered, e.g., in
Refs. [40,41]. The general conditions for the absence of
FCNCs, that is, that the mass matrix and the remaining
Yukawa matrix can be diagonalized simultaneously, were
identified early [42–45]. References [42,46–53] addressed
the interplay of how a symmetry requirement could enforce
that general NFC and shed some light onto the structure of
the resulting Cabibbo-Kobayashi-Maskawa (CKM) matrix.
On a different line of thought, suppression (rather than

the absence) of FCNCs in other “natural” manners has also
attracted significant interest, including suppression given
by masses like in the Cheng-Sher ansatz [54], suppression
obtained from broken/approximate flavor symmetries
[55–58], and symmetry controlled FCNC scenarios
[59–63]. Among the latter, Branco-Grimus-Lavoura mod-
els are worth mentioning in particular, since this suppres-
sion is simply given by products of CKM matrix elements
[64,65] (see also related extensions [66–68]). In a more
recent popular scenario, the aligned 2HDM [69], the
absence of FCNCs is a priori achieved (and parametrized)
with simple requirements on the Yukawa couplings (for an
early mention of this kind of possibility, although in the
context of real Yukawa couplings and spontaneous CP
violation, see also Ref. [70]). The possibility of having
effective aligned scenarios has been studied in Refs. [71,72].
Radiative effects and the interplay of tree-level FCNCs with
the renormalization group evolution (RGE) have also been
addressed in the literature [9,49,73–79].
The aim of this work is to explore different facets of

scenarios with general flavor conservation (gFC), i.e.,
generalized flavor alignment, in the 2HDM, in other words,
analyzing relevant aspects of the most general 2HDM
scenarios in which tree-level FCNCs are, a priori, absent.
An analysis of FCNCs induced in this context by the RGE
has been recently presented in Ref. [80]. On a purely
phenomenological basis, a scenario of this type restricted to
the lepton sector was also considered in Refs. [81,82].
The paper is organized as follows. In Sec. II, we revisit

some generalities of the 2HDM, fix the notation for the
discussion to follow, and recall the most relevant aspects of
the conditions leading to gFC. They are then analyzed,
attending to the renormalization group evolution that they
obey in Sec. III, leading to the full set of conditions
required to have RGE-stable gFC. The well-known type-I
and type-II cases are briefly revisited in Sec. III C; Sec. III
E is devoted to a particular solution that arises when the
CKM matrix is reduced to a single Cabibbo-like mixing.
The gFC stability of the lepton sector is discussed in
Sec. III D. In Sec. IV, we discuss the most relevant
experimental constraints on gFC arising from flavor-con-
serving Higgs-related observables, leading to the analysis
and results of Sec. IV D. In Sec. IV E, we provide, for
comparison, results for the usual 2HDMs of types I, II, X,
and Y and for the aligned 2HDM.

Appendix provides details omitted in the discussion of
Sec. III.

II. YUKAWA COUPLINGS AND GENERAL
FLAVOR CONSERVATION

The Higgs doublets (j ¼ 1, 2) of the 2HDM are

Φj ¼ eiθj
� φþ

j

ðvj þ ρj þ iηjÞ=
ffiffiffi
2

p
�
; ð1Þ

where vj and θj are real numbers, ρj and ηj are neutral
(Hermitian) fields, and φ�

j are charged fields. Equation (1)
anticipates the assumption that the scalar potential
VðΦ1;Φ2Þ [2,3] is such that VðhΦ1i; hΦ2iÞ has an appro-
priate minimum at

hΦji ¼
�

0

eiθjvj=
ffiffiffi
2

p
�
: ð2Þ

In the “Higgs basis” [7,37,83], only one linear combination
of Φ1 and Φ2, H1, has a nonvanishing vacuum expectation
value,�
H1

H2

�
¼ Rβ

�
e−iθ1Φ1

e−iθ2Φ2

�
; hH1i ¼

vffiffiffi
2

p
�
0

1

�
;

hH2i ¼
�
0

0

�
; ð3Þ

with v¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21þv22

p
, cβ ¼ cos β≡ v1=v, sβ¼sinβ¼v2=v,

tβ ¼ sβ=cβ, and

Rβ ≡
�

cβ sβ
−sβ cβ

�
; ½Rβ�−1 ¼ ½Rβ�T: ð4Þ

The expansion of H1 and H2 around that minimum of the
potential reads

H1 ¼
�

Gþ

ðvþ H0 þ iG0Þ= ffiffiffi
2

p
�
;

H2 ¼
�

Hþ

ðR0 þ iI0Þ= ffiffiffi
2

p
�
; ð5Þ

where

�
Gþ

Hþ

�
¼ Rβ

�
φþ
1

φþ
2

�
;

�
G0

I0

�
¼ Rβ

�
η1

η2

�
;

�
H0

R0

�
¼ Rβ

�
ρ1

ρ2

�
: ð6Þ

The would-be Goldstone bosons G0 and G� provide the
longitudinal degrees of freedom of the Z and W� gauge
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bosons; furthermore, while H� is already a physical
charged scalar field, the physical neutral scalars
fh;H;Ag are real linear combinations of fH0;R0; I0g,

R½3�ðα⃗Þ

0
B@

h

H

A

1
CA ¼

0
B@

H0

R0

I0

1
CA; ½R½3�ðα⃗Þ�−1 ¼ ½R½3�ðα⃗Þ�T;

ð7Þ

with ½R½3�ðα⃗Þ� a real orthogonal rotation described by
three real mixing angles, α⃗ ¼ fα12; α13; α23g (cx ≡ cos x,
sx ≡ sin x),

½R½3�ðα⃗Þ� ¼

0
B@

cα12 −sα12 0

sα12 cα12 0

0 0 1

1
CA
0
B@

cα13 0 −sα13
0 1 0

sα13 0 cα13

1
CA

×

0
B@

1 0 0

0 cα23 −sα23
0 sα23 cα23

1
CA: ð8Þ

When there is no CP violation in the scalar potential,
i.e., no mixing connecting the CP-even H0 and R0 and the
CP-odd I0, it is customary to introduce the mixing angle α,�

h

H

�
¼

�
sα cα
−cα sα

��
ρ1

ρ2

�
¼

�
sβα cβα
−cβα sβα

��
H0

R0

�
;

ð9Þ

where sβα ¼ sinðαþ βÞ and cβα ¼ cosðαþ βÞ [that is,
α13 ¼ α23 ¼ 0 and α12 ¼ π=2 − ðαþ βÞ in Eq. (8)].
Since a � sign can be included in the definition of the
scalar fields without changing their kinetic terms, different
conventions for Eqs. (8) and (9), which may be relevant
when comparing expressions, are used in the literature.

A. Quark Yukawa couplings in 2HDM

The Yukawa couplings of the quarks—SUð2ÞL doublets
Q0

L and singlets d0R, u
0
R—with the scalar doublets read

L½q�
Y ¼ −Q̄0

L½Γ1Φ1 þ Γ2Φ2�d0R
− Q̄0

L½Δ1Φ̃1 þ Δ2Φ̃2�u0R þ H:c: ð10Þ

with Φ̃j ¼ iσ2Φ�
j . Following Eqs. (3)–(5),

L½q�
Y ¼ −

ffiffiffi
2

p

v
Q̄0

L½M0
dH1 þN 0

dH2�d0R

−
ffiffiffi
2

p

v
Q̄0

L½M0
uH̃1 þN 0

uH̃2�u0R þ H:c: ð11Þ

¼ L½q�
m þ L½q�

G þ L½q�
Ch þ L½q�

N ð12Þ

with mass terms L½q�
m , would-be Goldstone boson couplings

L½q�
G , and Yukawa couplings to charged and neutral scalars,

L½q�
Ch and L½q�

N :

L½q�
m ⊃ −d̄0LM0

dd
0
R − ū0LM

0
uu0R; ð13Þ

L½q�
G ⊃ −

ffiffiffi
2

p

v
½Gþū0LM

0
dd

0
R þ iG0d̄0LM

0
dd

0
R

−G−d̄0LM
0
uu0R − iG0ū0LM

0
uu0R�; ð14Þ

L½q�
Ch ⊃ −

ffiffiffi
2

p

v
½Hþū0LN

0
dd

0
R − H−d̄0LN

0
uu0R�; ð15Þ

L½q�
N ⊃ −

1

v
½H0d̄0LM

0
dd

0
R þ ðR0 þ iI0Þd̄0LN 0

dd
0
R

þ H0ū0LM
0
uu0R þ ðR0 − iI0Þū0LN 0

uu0R�: ð16Þ

The mass matrices are

M0
d ¼

vffiffiffi
2

p ½eiθ1cβΓ1 þ eiθ2sβΓ2�;

M0
u ¼

vffiffiffi
2

p ½e−iθ1cβΔ1 þ e−iθ2sβΔ2�; ð17Þ

and the second linear combinations of Yukawa matrices
that encode the potential FCNCs are

N 0
d ¼

vffiffiffi
2

p ½−eiθ1sβΓ1 þ eiθ2cβΓ2�;

N 0
u ¼

vffiffiffi
2

p ½−e−iθ1sβΔ1 þ e−iθ2cβΔ2�: ð18Þ

For the usual bidiagonalization of the mass matrices M0
d

and M0
u, the quark mass eigenstates (without a 0 super-

script) read

dL ¼ U†
dL
d0L; dR ¼U†

dR
d0R; uL ¼ U†

uLu
0
L; uR ¼ U†

uRu
0
R;

ð19Þ

with

Md ¼ U†
dL
M0

dUdR ¼ diagðmd;ms;mbÞ;
Mu ¼ U†

uLM
0
uUuR ¼ diagðmu;mc;mtÞ; ð20Þ

N d ¼ U†
dL
N 0

dUdR ; N u ¼ U†
uLN

0
uUuR : ð21Þ

The CKM matrix is V ¼ U†
uLUdL . When both N d and N u

are diagonal, tree-level FCNCs are absent.
Expressing Eq. (11) in terms of quark and scalar mass

eigenstates (for a shorthand, we use ½R½3�ðα⃗Þ�ij ¼ Rij),
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L½q�
m ¼ −d̄LMddR − ūLMuuR þ H:c:; ð22Þ

L½q�
G ¼ −

ffiffiffi
2

p

v
½GþūLVMddR þ iG0d̄LMddR þG−d̄LV†MuuR − iG0ūLMuuR� þ H:c:; ð23Þ

L½q�
Ch ¼ −

ffiffiffi
2

p

v
fHþ½ūLVN ddR − ūRN †

uVdL� þ H−½d̄RN †
dV

†uL − d̄LV†N uuR�g; ð24Þ

L½q�
N ¼ −

h
v
fd̄½R11Md þR21Hd þ iR31Ad�dþ d̄½R21Ad þ iR31Hd�γ5dg

−
h
v
fū½R11Mu þR21Hu − iR31Au�uþ ū½R21Au − iR31Hu�γ5ug

−
H
v
fd̄½R12Md þR22Hd þ iR32Ad�dþ d̄½R22Ad þ iR32Hd�γ5dg

−
H
v
fū½R12Mu þR22Hu − iR32Au�uþ ū½R22Au − iR32Hu�γ5ug

−
A
v
fd̄½R13Md þR23Hd þ iR33Ad�dþ d̄½R23Ad þ iR33Hd�γ5dg

−
A
v
fū½R13Mu þR23Hu − iR33Au�uþ ū½R23Au − iR33Hu�γ5ug; ð25Þ

where

Hq ≡N q þN †
q

2
; Aq ≡N q −N †

q

2
; q ¼ u; d;

ð26Þ

are the Hermitian and anti-Hermitian combinations of N q

and N †
q.

With no CP violation in the scalar sector,

R ¼

0
B@

sβα −cβα 0

cβα sβα 0

0 0 1

1
CA; ð27Þ

and Eq. (25) reduces to

L½q�
N ¼ −

h
v
fd̄½sβαMd þ cβαHd�dþ cβαd̄Adγ5dg

−
h
v
fū½sβαMu þ cβαHu�uþ cβαūAuγ5ug

−
H
v
fd̄½−cβαMd þ sβαHd�dþ sβαd̄Adγ5dg

−
H
v
fū½−cβαMu þ sβαHu�uþ sβαūAuγ5ug

− i
A
v
fd̄Addþ d̄Hdγ5dg þ i

A
v
fūAuuþ ūHuγ5ug:

ð28Þ

B. Lepton Yukawa couplings in 2HDM

The Yukawa couplings of the lepton SUð2ÞL doublets L0
L

and singlets l0
R with the scalar doublets are

L½l�
Y ¼ −L̄0

LðΠ1Φ1 þ Π2Φ2Þl0
R þ H:c:

¼ −
ffiffiffi
2

p

v
L̄0
LðM0

lH1 þN 0
lH2Þl0

R þ H:c:; ð29Þ

where, similarly to the quark sector in the previous section,

M0
l ¼ vffiffiffi

2
p ½eiθ1cβΠ1 þ eiθ2sβΠ2�;

N 0
l ¼ vffiffiffi

2
p ½−eiθ1sβΠ1 þ eiθ2cβΠ2�: ð30Þ

The mass eigenstates, without a 0 superscript, correspond to

lL ¼ U†
lL
l0
L; lR ¼ U†

lR
l0
R; ð31Þ

and

Ml ¼ U†
lL
M0

lUlR
¼ diagðme;mμ; mτÞ;

N l ¼ U†
lL
N 0

lUlR : ð32Þ

Notice that we do not include right-handed neutrinos ν0R
and thus, unlike in the quark sector, there is only one set of
Yukawa coupling matrices and we work in the massless
neutrino approximation. The leptonic analogs of the
Yukawa couplings in Eqs. (24) and (25) are
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L½l�
Ch ¼ −

ffiffiffi
2

p

v
fHþν̄LN llR þ H−l̄RN †

lνLg; ð33Þ

L½l�
N ¼ −

h
v
fl̄½R11Ml þR21Hl þ iR31Al�lþ l̄½R21Al þ iR31Hl�γ5lg

−
H
v
fl̄½R12Ml þR22Hl þ iR32Al�lþ l̄½R22Al þ iR32Hl�γ5lg

−
A
v
fl̄½R13Ml þR23Hl þ iR33Al�lþ l̄½R23Al þ iR33Hl�γ5lg; ð34Þ

with

Hl ≡N l þN †
l

2
; Al ≡N l −N †

l

2
: ð35Þ

C. General flavor conservation

The necessary and sufficient conditions obeyed by the
quark Yukawa coupling matrices Γα, Δα, α ¼ 1, 2, in order
to have gFC [42–45], are that each of the sets

fΓαΓ
†
βg; fΓ†

αΓβg; fΔαΔ
†
βg; fΔ†

αΔβg; α; β ¼ 1; 2

ð36Þ

is Abelian; that is, their elements commute,

½ΓαΓ
†
β;ΓγΓ

†
δ� ¼ 0; ½Γ†

αΓβ;Γ
†
γΓδ� ¼ 0;

½ΔαΔ†
β;ΔγΔ†

δ� ¼ 0; ½Δ†
αΔβ;Δ†

γΔδ� ¼ 0; ð37Þ

with α, β, γ, δ ¼ 1, 2. In that case, fΓ1;Γ2g are simulta-
neously bidiagonalized, and fΔ1;Δ2g, too.
A crucial corollary to these necessary and sufficient

conditions is the fact that the simultaneous diagonaliz-
ability is intrinsic to the Yukawa coupling matrices them-
selves, independently of the spontaneous symmetry
breaking vacuum characterized by the vacuum expectation
values v1, v2. In other words, the property is independent of
β in Eqs. (17) and (18); the simultaneous bidiagonaliz-
ability of fM0

q;N 0
qg is equivalent to the simultaneous

bidiagonalizability of the Yukawa couplings matrices or of
any other independent linear combinations of them. Of
course, the actual values of the eigenvalues of both M0

q

(the masses) and N 0
q do depend on the particular linear

combinations.
For leptons, similarly, fΠαΠ

†
βg and fΠ†

αΠβg must be
Abelian in order to have gFC, and the previous corollary
applies equally to them.
A very relevant consequence follows [42,46–53]: if

gFC is due to the Lagrangian in Eq. (10) being invariant
under a (symmetry) transformation of quarks and scalars,

the CKM mixing matrix cannot be related to the values
of the masses; e.g., predictions being made at the time
(the late 1970s)1 for the Cabibbo angle, like tan θc ¼
md=ms [84,85], could not lead simultaneously to gFC.
Moreover, the resulting mixings are unrealistic (e.g., no
mixing or a permutation times a complex phase), and
radiative corrections cannot be invoked to yield realistic
mixings [49].
The most general parametrization of tree-level

couplings of fermions to scalars obeying gFC is, quite
trivially,

N d ¼

0
B@

nd 0 0

0 ns 0

0 0 nb

1
CA; N u ¼

0
B@

nu 0 0

0 nc 0

0 0 nt

1
CA;

N l ¼

0
B@

ne 0 0

0 nμ 0

0 0 nτ

1
CA; nj ∈ C; ð38Þ

which we use in the rest of the paper: in Sec. III for the
study of the renormalization group evolution and in Sec. IV
for a phenomenological analysis.
Notice that, while for the flavor-changing couplings

the simultaneous presence of scalar and pseudoscalar
terms in fermion-scalar Yukawa interactions is not neces-
sarily CP violating, in the diagonal, flavor-conserving
ones, on the contrary, it is CP violating (see, e.g.,
Ref. [86]). With the flavor-conserving matrices N f in
Eq. (38), the Hermitian and anti-Hermitian couplings
in Eqs. (28) and (34) are, respectively, their real and
imaginary parts. For example, for a CP-conserving scalar
sector with nonzero mixing cβα ≠ 0, ifN f are not real, they
constitute new sources ofCP violation in neutral couplings.
For the couplings to the charged scalar, without entering
into details, if ImðnuindjÞ ≠ 0, the combination of scalar
and pseudoscalar terms in the coupling Hþūidj is CP
violating.

1In the context of SUð2ÞL ⊗ Uð1ÞY gauge theories; the
literature is richer in examples for SUð2ÞL ⊗ SUð2ÞR ⊗ Uð1ÞY
scenarios.

FLAVOR CONSERVATION IN TWO-HIGGS-DOUBLET MODELS PHYS. REV. D 98, 035046 (2018)

035046-5



III. RENORMALIZATION GROUP EVOLUTION AND FLAVOR CONSERVATION

A. Evolution of the quark Yukawa coupling matrices

The one-loop evolution of the Yukawa couplings under the renormalization group [75–77,87] is (withD≡ 16π2 d
d ln μ and

μ the energy scale)

DΓα ¼ adΓα þ
Xn¼2

ρ¼1

Td
α;ρΓρ þ

Xn¼2

ρ¼1

�
−2ΔρΔ

†
αΓρ þ ΓαΓ

†
ρΓρ þ

1

2
ΔρΔ

†
ρΓα þ

1

2
ΓρΓ

†
ρΓα

�

with Td
α;ρ ≡ 3trðΓαΓ

†
ρ þ Δ†

αΔρÞ þ trðΠαΠ
†
ρÞ; ð39Þ

DΔα ¼ auΔα þ
Xn¼2

ρ¼1

Tu
α;ρΔρ þ

Xn¼2

ρ¼1

�
−2ΓρΓ

†
αΔρ þ ΔαΔ

†
ρΔρ þ

1

2
ΓρΓ

†
ρΔα þ

1

2
ΔρΔ

†
ρΔα

�

with Tu
α;ρ ≡ 3trðΔαΔ

†
ρ þ Γ†

αΓρÞ þ trðΠ†
αΠρÞ ¼ Td�

α;ρ; ð40Þ

where

ad ¼ −8g2s −
9

4
g2 −

5

12
g02; au ¼ ad − g02; ð41Þ

with gs, g, and g0 the gauge coupling constants of SUð3Þc, SUð2ÞL, and Uð1ÞY , respectively. Introducing

ΓL ¼
Xn¼2

ρ¼1

ΓρΓ
†
ρ; ΓR ¼

Xn¼2

ρ¼1

Γ†
ρΓρ; ΔL ¼

Xn¼2

ρ¼1

ΔρΔ
†
ρ; and ΔR ¼

Xn¼2

ρ¼1

Δ†
ρΔρ; ð42Þ

Eqs. (39) and (40) read

DΓα ¼ adΓα þ
Xn¼2

ρ¼1

Td
α;ρΓρ þ ΓαΓR þ 1

2
ΓLΓα þ

1

2
ΔLΓα − 2

Xn¼2

ρ¼1

ΔρΔ
†
αΓρ; ð43Þ

DΔα ¼ auΔα þ
Xn¼2

ρ¼1

Tu
α;ρΔρ þ ΔαΔR þ 1

2
ΔLΔα þ

1

2
ΓLΔα − 2

Xn¼2

ρ¼1

ΓρΓ
†
αΔρ: ð44Þ

Equations (43) and (44) are the starting point to analyzing the one-loop stability of the necessary and sufficient conditions
for gFC. For that, one needs to know

Dð½ΓαΓ
†
β;ΓγΓ

†
δ�Þ; Dð½Γ†

αΓβ;Γ
†
γΓδ�Þ; Dð½ΔαΔ

†
β;ΔγΔ

†
δ�Þ; Dð½Δ†

αΔβ;Δ
†
γΔδ�Þ; ð45Þ

under the assumption that Eq. (37) holds. With that objective in mind, some simplifications are worth mentioning. Starting
with ΓαΓ

†
β, we first notice that

DðΓαΓ
†
βÞ ¼ ðDΓαÞΓ†

β þ ΓαðDΓβÞ† ¼ f½dL�αβ ðΓÞ þ g½dL�αβ ðΓ;ΔÞ; ð46Þ

with2

f½dL�αβ ðΓÞ ¼ 2adΓαΓ
†
β þ

Xn¼2

ρ¼1

½Td
α;ρΓρΓ

†
β þ Td�

β;ρΓαΓ
†
ρ� þ 2ΓαΓRΓ

†
β þ

1

2
ΓLΓαΓ

†
β þ

1

2
ΓαΓ

†
βΓL; ð47Þ

2The superscript ½dL� is chosen in correspondence with the ΓαΓ
†
β matrix combinations; similarly, f½dR�αβ and g½dR�αβ will appear in

DðΓ†
αΓβÞ, and f½uL;R�αβ will appear in DðΔαΔ

†
βÞ and DðΔ†

αΔβÞ, but we concentrate for the moment on DðΓαΓ
†
βÞ.
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and

g½dL�αβ ðΓ;ΔÞ ¼ 1

2
ΔLΓαΓ†

β þ
1

2
ΓαΓ†

βΔL

− 2
Xn¼2

ρ¼1

½ΔρΔ
†
αΓρΓ

†
β þ ΓαΓ

†
ρΔβΔ

†
ρ�: ð48Þ

The relevant property of the decomposition in Eq. (46) is

that f½dL�αβ depends only,3 in terms of matrices, on ΓΓ† and

ΓΓ†ΓΓ† terms, while g½dL�αβ collects the remaining depend-
ence on Δ’s, which has terms ΓΓ†ΔΔ† and ΔΔ†ΓΓ†. Then,

D½ΓαΓ†
β;ΓγΓ†

δ� ¼ ½DðΓαΓ†
βÞ;ΓγΓ†

δ� þ ½ΓαΓ†
β;DðΓγΓ†

δÞ�
¼ ½f½dL�αβ ðΓÞ þ g½dL�αβ ðΓ;ΔÞ;ΓγΓ

†
δ�

þ ½ΓαΓ
†
β; f

½dL�
γδ ðΓÞ þ g½dL�γδ ðΓ;ΔÞ�: ð49Þ

B. Evolution with gFC matrices

It is clear that if there is gFC, i.e., with Eq. (37),

½f½dL�αβ ðΓÞ;ΓγΓ
†
δ� ¼ ½ΓαΓ

†
β; f

½dL�
γδ ðΓÞ� ¼ 0; ð50Þ

and thus

D½ΓαΓ
†
β;ΓγΓ

†
δ� ¼ ½g½dL�αβ ðΓ;ΔÞ;ΓγΓ

†
δ� þ ½ΓαΓ

†
β; g

½dL�
γδ ðΓ;ΔÞ�:

ð51Þ

After the simplification brought by Eq. (50), the next step is
to trade Eq. (51) for conditions expressed in terms of the
physical parameters entering in the matricesM0

d,N
0
d,M

0
u,

and N 0
u. It is convenient to introduce the notation

Y0
½d�1 ¼ M0

d; Y0
½d�2 ¼ N 0

d; Y0
½u�1 ¼ M0

u; Y0
½u�2 ¼ N 0

u;

ð52Þ

which allows us to rewrite Eqs. (17) and (18) compactly
(with summation over repeated indices understood),

vffiffiffi
2

p Γα ¼ WαiY0
½d�i; Y0

½d�i ¼
vffiffiffi
2

p ΓαW�
αi;

vffiffiffi
2

p Δα ¼ W�
αiY

0
½u�i; Y0

½u�i ¼
vffiffiffi
2

p ΔαWαi; ð53Þ

where

W ¼
�
e−iθ1 0

0 e−iθ2

��
cβ −sβ
sβ cβ

�
; WW† ¼ W†W ¼ 1:

ð54Þ
For completeness, notice that

vffiffiffi
2

p Γ†
α ¼ W�

αiY
0†
½d�i;

vffiffiffi
2

p Δ†
α ¼ WαiY

0†
½u�i;

Y0†
½d�i ¼

vffiffiffi
2

p Γ†
αWαi; Y0†

½u�i ¼
vffiffiffi
2

p Δ†
αW�

αi; ð55Þ

i.e., the Hermitian conjugate † (in the space of flavor
indices) only gives a complex conjugate in W. One can then
write

½ΓαΓ†
β;ΓγΓ†

δ� ¼
4

v4
WαiW�

βjWγkW�
δl½Y0

½d�iY
0†
½d�j; Y

0
½d�kY

0†
½d�l�;

ð56Þ
and thus

D½ΓαΓ
†
β;ΓγΓ

†
δ�

¼ D
�
4

v4
WαiW�

βjWγkW�
δl

�
½Y0

½d�iY
0†
½d�j; Y

0
½d�kY

0†
½d�l�

þ 4

v4
WαiW�

βjWγkW�
δlD½Y0

½d�iY
0†
½d�j; Y

0
½d�kY

0†
½d�l�: ð57Þ

With gFC, the first commutator vanishes, and we just have
a linear combination of different D½Y0

½d�iY
0†
½d�j; Y

0
½d�kY

0†
½d�l�.

One can indeed invert Eq. (57),

4

v4
D½Y0

½d�iY
0†
½d�j; Y

0
½d�kY

0†
½d�l� ¼ W�

αiWβjW�
γkWδlD½ΓαΓ

†
β;ΓγΓ

†
δ�;

ð58Þ
and express the right-hand side of Eq. (58) in terms of Y0

½d�i
and Y0

½u�j:

v2

2
D½Y0

½d�iY
0†
½d�j; Y

0
½d�kY

0†
½d�l� ¼ Y0

½d�iY
0†
½d�jY

0
½u�hY

0†
½u�hY

0
½d�kY

0†
½d�l − Y0

½d�kY
0†
½d�lY

0
½u�hY

0†
½u�hY

0
½d�iY

0†
½d�j

− 2½Y0
½u�hY

0†
½u�i; Y

0
½d�kY

0†
½d�l�Y0

½d�hY
0†
½d�j − 2Y0

½d�iY
0†
½d�h½Y0

½u�jY
0†
½u�h; Y

0
½d�kY

0†
½d�l�

þ 2½Y0
½u�hY

0†
½u�k; Y

0
½d�iY

0†
½d�j�Y0

½d�hY
0†
½d�l þ 2Y0

½d�kY
0†
½d�h½Y0

½u�lY
0†
½u�h; Y

0
½d�iY

0†
½d�j�: ð59Þ

3AlthoughTd
α;ρ dodependonΔα’s, there is nomatrixdependence, onlyCnumbers; this also applies to the leptonicYukawacouplingsΠα.
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As expected from the discussion in Sec. II C, having a gFC scenario is related to the Yukawa coupling matrices themselves;
it does not hinge on the particular electroweak vacuum configuration that determines which particular combinations of them
are the mass matricesM0

d andM
0
u and the matricesN 0

d andN
0
u [the vacuum configuration is “encoded” in W, which does

not appear in Eq. (59)]. The last step is to transform into the mass eigenstate basis with UdL in Eq. (19),

v2

2
U†

dL
ðD½Y0

½d�iY
0†
½d�j; Y

0
½d�kY

0†
½d�l�ÞUdL ¼ Y ½d�iY

†
½d�jV

†Y ½u�hY
†
½u�hVY ½d�kY

†
½d�l − Y ½d�kY

†
½d�lV

†Y ½u�hY
†
½u�hVY ½d�iY

†
½d�j

− 2½V†Y ½u�hY
†
½u�iV; Y ½d�kY

†
½d�l�Y ½d�hY

†
½d�j − 2Y ½d�iY

†
½d�h½V†Y ½u�jY

†
½u�hV; Y ½d�kY

†
½d�l�

þ 2½V†Y ½u�hY
†
½u�kV; Y ½d�iY

†
½d�j�Y ½d�hY

†
½d�l þ 2Y ½d�kY

†
½d�h½V†Y ½u�lY

†
½u�hV; Y ½d�iY

†
½d�j�; ð60Þ

where the CKM matrix V ¼ U†
uLUdL appears together with the diagonal matrices

Y ½d�1 ¼ Md; Y ½d�2 ¼ N d; Y ½u�1 ¼ Mu; Y ½u�2 ¼ N u: ð61Þ

In this generic notation [Eq. (52)],

Y ½d�i ¼ diagðydi;jÞ; fyd1;1; yd1;2; yd1;3g ¼ fmd;ms;mbg;
fyd2;1; yd2;2; yd2;3g ¼ fnd; ns; nbg;

Y ½u�i ¼ diagðyui;jÞ; fyu1;1; yu1;2; yu1;3g ¼ fmu;mc;mtg;
fyu2;1; yu2;2; yu2;3g ¼ fnu; nc; ntg: ð62Þ

The previous derivation concerns the set fΓαΓ
†
βg; the

evolution equations for fΓ†
αΓβg, fΔαΔ

†
βg and fΔ†

αΔβg
are given in the Appendix.
To have a gFC scenario stable under the one-loop

RGE, one needs the simultaneous diagonalizability of
fY0

½q�1; Y
0
½q�2g to be preserved, that is,

D½Y0
½d�iY

0†
½d�j; Y

0
½d�kY

0†
½d�l� ¼ 0; D½Y0

½u�iY
0†
½u�j; Y

0
½u�kY

0†
½u�l� ¼ 0;

D½Y0†
½d�iY

0
½d�j; Y

0†
½d�kY

0
½d�l� ¼ 0; D½Y0†

½u�iY
0
½u�j; Y

0†
½u�kY

0
½u�l� ¼ 0:

ð63Þ

With Eqs. (60)–(62), the conditions expressed by the matrix
equations in (63) are formulated in full generality, for fixed
mass matrices Md and Mu and CKM mixings V, in terms
of the six complex parameters nj in Eq. (38). For example,
element ða; bÞ of the first stability condition in Eq. (63), for
i ¼ j, k ¼ l, D½Y0

½d�iY
0†
½d�i; Y

0
½d�kY

0†
½d�k� ¼ 0, reads

0¼
X3
q¼1

X2
h¼1

V�
qaVqbfjyuh;qj2ðjydi;aj2jydk;bj2− jydi;bj2jydk;aj2Þ

−2ðyuh;qyu�i;qydh;byd�i;bþyui;qy
u�
h;qy

d
i;ay

d�
h;aÞðjydk;bj2− jydk;aj2Þ

þ2ðyuh;qyu�k;qydh;byd�k;bþyuk;qy
u�
h;qy

d
k;ay

d�
h;aÞðjydi;bj2− jydi;aj2Þg:

ð64Þ

The complete set of conditions is given in the Appendix.
For each set in Eq. (63), there are six choices of i, j, k,
l ¼ 1, 2, in the 2HDM, which give, at least, three
independent complex equations each. It is clear that, in
terms of the six complex parameters nj, the system is
largely overconstrained. In Sec. III C below, we check that
the known stable solutions withN f ∝ Mf are recovered. It
is, however, beyond the scope of this work to address if
other solutions could a priori exist for the general one-loop
RGE stability conditions of gFC.
The lepton sector is discussed in Sec. III D. Finally, in

Sec. III E, we present some particular solutions that arise
when the CKM matrix reduces to a Cabibbo-like block-
diagonal mixing.

C. Stable gFC with N f ∝ Mf

When one substitutes N q ¼ αqMq, αq ∈ C, in the
conditions for one-loop RGE stability of gFC given in
the Appendix, solving them for αu and αd reduces to
finding solutions of

ð1þ αdαuÞðα�u − αdÞ ¼ 0; ð65Þ

that is, αu ¼ −α−1d or α�u ¼ αd. In both cases, there is a basis
for the scalars [77]

�
H0

1

H0
2

�
¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ jαdj2
p �

1 αd

−α�d 1

��
H1

H2

�
; ð66Þ

withH1 andH2 in Eq. (3), such that in Eq. (11)H0
1 couples

only to d0R while H0
2 couples only to u0R for αu ¼ −α−1d ; for

αu ¼ α�d, H
0
1 couples to d0R and u0R, while H0

2 does not.
These cases are none other than the 2HDMs of types II and
I, respectively. For the particular case αu ¼ α�d ¼ 0, the
scalar doublet that has a zero vacuum expectation value has
vanishing Yukawa couplings: this is the inert 2HDM [29].
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D. Stable gFC in the lepton sector

The one-loop RGE of the lepton Yukawa couplings in
Eq. (29) reads [87,88]

DΠα ¼ alΠα þ
Xn¼2

ρ¼1

Tl
α;ρΠρ þ

Xn¼2

ρ¼1

�
ΠαΠ

†
ρΠρ þ

1

2
ΠρΠ

†
ρΠα

�

with Tl
α;ρ ¼ Td

α;ρ; ð67Þ

where al ¼ − 9
4
g2 − 15

4
g02. With ΠL ¼ P

n¼2
ρ¼1 ΠρΠ†

ρ,
ΠR ¼ P

n¼2
ρ¼1 Π

†
ρΠρ,

DΠα ¼ alΠα þ
Xn¼2

ρ¼1

Tl
α;ρΠρ þ ΠαΠR þ 1

2
ΠLΠα: ð68Þ

The crucial difference in the leptonic sector is that,
following Eq. (68),

DðΠαΠ†
βÞ ¼ 2alΠαΠ†

β

þ
Xn¼2

ρ¼1

ðTl
α;ρΠρΠ

†
β þ Tl�

β;ρΠαΠ
†
ρÞ þ 2ΠαΠRΠ

†
β

þ 1

2
ðΠLΠαΠ

†
β þ ΠαΠ

†
βΠLÞ; ð69Þ

and thus it is clear that if fΠαΠ†
βgα;β¼1;2 is Abelian then

D½ΠαΠ†
β;ΠγΠ†

δ� ¼ ½DðΠαΠ†
βÞ;ΠγΠ†

δ�
þ ½ΠαΠ

†
β;DðΠγΠ

†
δÞ� ¼ 0: ð70Þ

Similarly,

DðΠ†
αΠβÞ ¼ 2alΠ

†
αΠβ þ

Xn¼2

ρ¼1

ðTl�
α;ρΠ

†
ρΠβ þ Tl

β;ρΠ
†
αΠρÞ

þ ΠRΠ
†
αΠ†

β þ Π†
αΠ†

βΠR þ Π†
αΠLΠβ; ð71Þ

and thus, if fΠ†
αΠβgα;β¼1;2 is Abelian, then

D½Π†
αΠβ;Π†

γΠδ� ¼ ½DðΠ†
αΠβÞ;Π†

γΠδ�
þ ½Π†

αΠβ;DðΠ†
γΠδÞ� ¼ 0: ð72Þ

That is, if the Yukawa couplings of leptons are gFC, as in
Eq. (38), this is not altered by the RGE: general flavor
alignment is one-loop stable in the lepton sector. This can
be directly traced back to the absence of right-handed
neutrinos and Yukawa couplings involving them in
Eq. (29), in clear contrast with the quark sector. This result
represents a generalization of previous results restricted to
the so-called aligned case and pointed out in Ref. [79], in
agreement with the findings of Refs. [82,89]: at one loop
level the charged lepton sector remains general Flavour

Conserving in full generality without any additional con-
straint. To be specific and going to the simplest aligned
cases, types I, II, X, and Y models are defined in the quark
sector by

Type I;X

�
N d ¼ cot βMd;

N u ¼ cot βMu;

Type I;Y

�
N d ¼ − tan βMd;

N u ¼ cot βMu:
ð73Þ

The fact that the leptonic sector alignment was known to be
stable under RGE implies that one could analyze the
experimental data with the previous equation together with
the more general leptonic structure (Π2 ¼ ξle−iθΠ1)

N l ¼ cot β

�
− tan β þ ξl
cot β þ ξl

�
Ml ð74Þ

in the framework of a model one-loop stable under RGE.
This would include in a single analysis both types I and X
or types II and Y. Note that with the appropriate limit ξl →
0 or ξl → ∞ one recovers the four models. Equation (72)
implies the new more general result that the models
implemented by Eq. (73) together with an arbitrary
diagonal N l [not just with Eq. (74)] are one-loop stable
under RGE.

E. Stable gFC with Cabibbo-like mixing

The CKM matrix has a hierarchical structure; keeping
only the largest mixing, it has the form

Vθc ¼

0
B@

cos θc sin θc 0

− sin θc cos θc 0

0 0 1

1
CA ð75Þ

with θc ≃ 0.22 the Cabibbo mixing angle. It is interesting to
analyze the question of one-loop RGE stability of gFC
conditions with V → Vθc in Eq. (75). First, it is interesting
on its own to know if this simplified mixing allows for
some stable gFC scenario; second, if that is the case, in
terms of thoseN q matrices, the deviations of gFC produced
by the RGE would be controlled by the initial deviations of
the complete CKM matrix from Vθc , the subleading
mixings.
One should first notice that, since Vθc decouples the third

quark generation, nb and nt are expected to remain free
parameters. Then, since the only remaining stability con-
ditions concern elements ða; bÞ ¼ ð1; 2Þ or (2, 1), all the
mixing combinations V�

qaVqb, VaqV�
bq equal either

cos θc sin θc or − cos θc sin θc, and thus the dependence
of the stability conditions on θc disappears.
Two classes of stable gFC scenarios follow from the

discussion in Sec. III C. The first, with
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N d ¼ diagðαmd; αms; nbÞ;
N u ¼ diagðα�mu; α�mc; ntÞ; ð76Þ

corresponds to a type-I 2HDM for the first two generations,
while nb and nt are free (and thus M−1

q N q ≠ αq1). Some
particular limit—the extreme chiral limit—of Eq. (76) was
already obtained in Ref. [79] to justify V ≃ 1. The second is

N d ¼ diagðαmd; αms; nbÞ;
N u ¼ diagð−α−1mu;−α−1mc; ntÞ; ð77Þ

which corresponds instead to a type-II 2HDM for the first
two generations (with free nb, nt, andM−1

q N q ≠ αq1, too).
In addition to Eqs. (76) and (77), one can check that

N d ¼ diagðeiφdms; eiφdmd; nbÞ;
N u ¼ diagðeiφumc; eiφumu; ntÞ; ð78Þ

with arbitrary real φd and φu (and again, arbitrary complex
nb and nt), gives indeed another stable gFC scenario in
whichN q andMq are not even proportional in the first two
generations sector.

IV. PHENOMENOLOGY

A. General considerations

The Yukawa interactions in Eq. (25) or (28), together
with the absence of tree-level FCNCs parametrized in
Eq. (38), have interesting phenomenological consequences
in different observables, since they may produce deviations
from SM expectations. Those windows on new physics in
different observables are, of course, related: they are
controlled by the parameters nj in Eq. (38), by the values
of the masses mH� , mH, and mA and by the mixings in the
scalar sector,Rij in Eq. (25). In the following, we consider
for simplicity the CP-conserving case in Eq. (27). Our
interest lies in the parameters nj in Eq. (38). Among the
observables of interest, those that (i) involve the lowest
number of new non-SM parameters and (ii) provide direct
constraints from existing measurements are the following:

(i) Observables probing the couplings of the 125 GeV
Higgs-like scalar, which we identify with h, that is,
(i) production mechanisms and (ii) decay modes. In
addition to the nj parameters, they involve one extra
parameter, the mixing cβα if there is no CP violation
in the scalar sector; in the general case, two
independent mixings are involved.

(ii) Observables probing the couplings of the charged
scalar H�, in particular, effects of H� in flavor-
changing processes in which the SM contributions
involve virtual W� exchange like (i) tree-level
decays, modifying, e.g., the expected universality
of weak interactions, and (ii) one-loop FCNC

processes like neutral meson mixings and rare
decays. These observables, besides the nj parame-
ters, depend on the mass mH� (and no dependence
on the neutral scalar mixings).

We concentrate in the rest of this work on the flavor-
conserving observables related to h: besides probing the
gFC matrices in Eq. (38), the bounds they impose also
apply to the same flavor-conserving couplings of a general
2HDM. As mentioned above, we should stress that, in this
context, there are other relevant constraints and that, in
general, they can have an important impact on the model
considered. Among them, one can include the oblique S, T,
and U parameters, flavor physics observables in FCNC
processes like the radiative b → sγ decay, rare decays like
Bs → μþμ−. or the neutral meson mixings; all these
processes are one-loop induced in the gFC scenario and
therefore depend on the masses of the new scalars. Tree-
level processes like Bþ → τþντ also depend on the new
scalar masses. Other constraints depend also on the details
of the scalar potential, like the stability and unitarity
requirements on the Higgs sector. In the present analysis,
we are interested in the new parameters introduced in the
gFC case, so we will not consider all these constraints that
should have an additional impact on the Higgs potential
parameters.
Before addressing the different constraints related to

experiment, one can formulate a first theoretical require-
ment on the perturbativity of the Yukawa couplings:

jnjj
v

≤ Oð1Þ: ð79Þ

The precise value adopted in Eq. (79), e.g., Oð1Þ → 1 orffiffiffiffiffiffi
4π

p
, is not expected to be specially relevant; other

phenomenological requirements will be, typically, more
restrictive. There is, however, an exception: the “decou-
pling limit” [90] of the 2HDM, in which sβα → 1 (cβα → 0)
removes the non-SM effects from the h couplings (while
mH� ≫ v suppresses H�-mediated non-SM effects), leav-
ing the perturbativity requirement as the only effective
constraint. One may further argue that having either
mj ≪ jnjj or mj ≫ jnjj involves fine-tuning between
quantities of very different nature: both mj and nj are
linear combinations, controlled by β, of Yukawa couplings
(times v), but β originates in the scalar potential, meaning
that very disparate values of mj and nj involve significant
cancellations in one or the other, unless β → 0 or β → π=2.
For the sake of clarity, we will only consider Eq. (79) and
ignore the previous concerns about eventual fine-tuning.

B. Production and decay of h

For the observables related to h, one should consider
constraints on nj and cβα arising from h production and
decay processes at the LHC [91]. In connection to them,
additional attention should be paid to the decays of h into
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light fermions since enhanced decays into light fermions
can increase the total width and modify the precise SM
pattern of branching ratios. The cross sections for direct
qq̄ → h production are also important, since large cou-
plings of h to light quarks, in combination with the
luminosities given by the parton distribution functions,
could significantly increase them.
Before addressing the Yukawa couplings themselves,

we recall that, owing to the mixing in the scalar sector, the
couplings hVV (V ¼ W, Z) are modified with respect to the
SM as

hVV; SM∶ mV ↦ gFC-2HDM∶ sβαmV: ð80Þ

These couplings are involved in vector boson fusion (VBF)
and associated production mechanisms and in decays
h → VV�.
For the different couplings to fermions Lhff ¼

−hf̄ðaf þ ibfγ5Þf in Eq. (28), we have a scalar term af,
straightforward to compare with the SM one,

af∶ SM∶ mj=v ↦ gFC-2HDM∶ ðsβαmj þ cβαReðnjÞÞ=v;
ð81Þ

and a pseudoscalar term bf absent in the SM,

bf∶ SM∶ 0 ↦ gFC-2HDM∶ cβαImðnjÞ=v: ð82Þ

We now discuss in turn decay and production processes.

1. Decays of h

The decay width h → f̄f, for a generic Yukawa inter-
action Lhff ¼ −hf̄ðaf þ ibfγ5Þf, is, at tree level,

Γðh→ f̄fÞ¼NcðfÞ
mh

8π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−4

m2
f

m2
h

s ��
1−4

m2
f

m2
h

�
jafj2þjbfj2

�
;

ð83Þ

with Nc ¼ 3 for quarks and Nc ¼ 1 for leptons; neglecting
4m2

f=m
2
h ≪ 1,

Γðh → f̄fÞ ¼ NcðfÞ
mh

8π
½jafj2 þ jbfj2�: ð84Þ

With Eqs. (81) and (82),

Γðh → f̄fÞSM∶
NcðfÞ
8π

mh

v2
m2

f ↦ Γðh → f̄fÞgFC-2HDM∶
NcðfÞ
8π

mh

v2
½s2βαm2

f þ 2sβαcβαmfReðnfÞ þ c2βαjnfj2�: ð85Þ

The decay h → γγ, central in the discovery of the Higgs,
has an amplitude controlled in the SM by two interfering
contributions, the one-loop triangle diagrams with virtual
W’s and top quarks. The former is modified according to
Eq. (80). The latter is the only relevant one involving
quarks in the SM because of the large ht̄t coupling: mt=v;
this amplitude is modified according to Eq. (81). With a
pseudoscalar coupling now present, Eq. (82), there is an
additional contribution that, however, does not interfere
with the SM-like top(scalar coupling)+W. Furthermore,
there are other contributions that one may consider: one due
to diagrams with virtual H�’s and the ones due to other
fermions with enhanced couplings to h due to sizable nj.

For the charged scalar, they cannot be neglected if H� is
relatively light, and thus, barring that possibility, we do not
consider them. For the remaining fermions, the values of
cβα that h⇆WW decay and production require are typically
small (jcβαj ≤ 0.1), and thus the values of nj that one would
need for their contributions to be relevant would be at least
nj ∼mt: they would produce huge contributions to the
width ΓðhÞ or to q̄q → h production cross sections (see the
discussion in Sec. IV B 2), in addition to the perturbativity
and fine-tuning concerns on the Yukawa couplings already
mentioned, and we thus ignore them altogether, since they
will be rendered negligible once other constraints are
considered. The width of h → γγ reads

Γðh → γγÞgFC-2HDM
¼ α2

256π3
m3

h

v2

�����X
f

NcðfÞQ2
f

afv

mf
AFðxfÞ þ sβαAVðxWÞ þ gH�ASðxH�Þ

����2þ
����X

f

NcðfÞQ2
f

bfv

mf
ÂFðxfÞ

����2
�
; ð86Þ

with xX ¼ 4m2
X=m

2
h. The sum over fermions f includes

up- and down-type quarks, with Qf ¼ 2=3 and −1=3,
respectively, and charged leptons with Qf ¼ −1. The

contribution of the charged scalar H� corresponds to an

interaction LHþH−h ¼ −gH�
2m2

H�
v HþH−h. gH� depends

on the details of the scalar potential that we do not
address since this contribution can be safely neglected
for mH� > v.
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The decay into gluons h → gg proceeds through similar
diagrams, with the ones mediated by leptons and byW and
H� bosons absent:

Γðh → ggÞgFC-2HDM ¼ α2S
128π3

m3
h

v2

�����X
f

afv

mf
AFðxfÞ

����2

þ
����X

f

bfv

mf
ÂFðxfÞ

����2
�
: ð87Þ

The couplings af and bf in Eqs. (86) and (87) appear
divided by fermion mass mf since the AF and ÂF functions
are defined including the mass factor of the SM hf̄f vertex.
The loop functions are [92]

AFðxÞ ¼−2x½1þð1− xÞfðxÞ�; ÂFðxÞ ¼−2xfðxÞ;
AVðxÞ ¼ 2þ 3xþ 3xð2− xÞfðxÞ; ASðxÞ ¼ xð1− xfðxÞÞ;

ð88Þ

where

fðxÞ ¼
8<
:

arcsin2ð1= ffiffiffi
x

p Þ; x ≥ 1;

− 1
4

h
ln
	
1þ ffiffiffiffiffiffi

1−x
p

1−
ffiffiffiffiffiffi
1−x

p


− iπ

i
2
; x < 1.

ð89Þ

The dominant contribution in h → γγ comes from
AVðxWÞ ¼ −8.339. Other representative values of the
functions are shown in Table I. It is important to stress
that, while QCD corrections to Eq. (86) are small, that is not
the case for Eq. (87) (see, e.g., Ref. [93]); we account for
them by using

Γðh → ggÞgFC-2HDM →
Γðh → ggÞgFC-2HDM

Γðh → ggÞSM
× Γðh → ggÞSM ref ; ð90Þ

with Γðh → ggÞSM ref ¼ 0.351 MeV the SM reference value

from Table II and
Γðh→ggÞgFC-2HDM

Γðh→ggÞSM computed according to

Eq. (87) (for the SM denominator afv
mf

¼ 1, bf ¼ 0). For

completeness, reference values of the SM Higgs decays
[94–97] are reproduced in Table II.

2. Production of h

In addition to the decay widths, production mechanisms
are also modified. Besides VBF and associated production,
already commented on [Eq. (80)], the most relevant one is
gluon-gluon fusion (ggF) gg → h [99]. The elementary
process is the reverse of the decay h → gg, which is then
convoluted with the gluon distribution functions in the
proton (in the narrow-width approximation, production
and decay are related straightforwardly). As in the case
of the decay, Eq. (90), we incorporate QCD corrections by
normalizing the SM prediction to the reference value in
Table III, which shows reference cross sections for different
production mechanisms [94–97].

TABLE I. Values of AF and ÂF for charged fermions of the second and third generations; running masses at
μ ¼ mh [98] are used.

f t b τ

AFðxfÞ 1.3796 −ð4.37þ 4.75iÞ10−2 −ð2.30þ 2.09iÞ10−2
ÂFðxfÞ 2.1010 −ð4.78þ 4.76iÞ10−2 −ð2.46þ 2.09iÞ10−2

f c s μ

AFðxfÞ −ð4.87þ 3.29iÞ10−3 −ð8.99þ 3.89iÞ10−5 −ð2.53þ 1.20iÞ10−4
ÂFðxfÞ −ð5.07þ 3.29iÞ10−3 −ð9.15þ 3.89iÞ10−5 −ð2.59þ 1.20iÞ10−4

TABLE II. Reference SM Higgs decay branching ratios (BR) for mh ¼ 125 GeV; the total width is
ΓðhÞ ¼ 4.1 MeV.

Channels f̄f b̄b τ̄τ c̄c μ̄μ s̄s

BR 0.577 6.32 × 10−2 2.91 × 10−2 2.19 × 10−4 2.46 × 10−4

Channels VV gg WWð�Þ ZZð�Þ γγ γZ

BR 8.57 × 10−2 0.215 2.64 × 10−2 2.28 × 10−3 1.54 × 10−3

TABLE III. Reference SM production cross sections for mh ¼
125 GeV (in pb).

ggF VBF WH ZH ttH bbH

8 TeV 19.27 1.578 0.7046 0.4153 0.1293 0.2035
13 TeV 43.92 3.748 1.380 0.8696 0.5085 0.5116
14 TeV 49.47 4.233 1.522 0.9690 0.6113 0.5805
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We now turn to the direct q̄q → h production mechanism
shown in Fig. 1. The motivation to consider this production
mechanism is that, when jnqj ≫ mq, the corresponding
cross section may become inappropriately large; one is
considering light quarks q ≠ t, b. Sensitivity to enhanced
Yukawa couplings of light quarks at the LHC has also been
discussed, e.g., in Refs. [100–103].
For a generic Yukawa interaction Lhqq ¼ −hq̄ðaqþ

ibqγ5Þq, the tree-level cross section for direct production
ppðq̄qÞ → h is, in the narrow-width approximation,

σ½ppðq̄qÞ → h� ¼ ðjaqj2 þ jbqj2Þσ0ðEÞLq̄qðEÞ; ð91Þ

where

σ0ðEÞ≡ 2
π

8NcE2
¼

�
TeV
E

�
2

101.8 pb;

Lq̄qðEÞ≡
Z

1

x0

dxfpq̄ðx;Q2Þfpqðx0=x;Q2Þ 1
x
; ð92Þ

with E the center-of-mass proton energy, fpy the distribution

function of parton y in the proton, x0 ¼ m2
h

4E2, and Q the
factorization scale.
In Table IV, we collect the values of σ½ppðq̄qÞ → h�

and Lq̄q computed [104] for different quarks4 and setting
jaqj2 þ jbqj2 ¼ 1 in Eq. (91); this value of the couplings is
obviously too large since it effectively corresponds, with
respect to the SM, to the changemj=v ↦ v=v, but it allows
for easy use. Consider, for illustration, that for the LHC at
8 TeV σ½ppðūuÞ → h� ∼ 10 pb; one can readily obtain

σ½ppðūuÞ → h� ∼ 10 pb ⇔ jaqj2 þ jbqj2 ∼ 7.3 × 10−5:

ð93Þ
Although considering σ½ppðūuÞ → h� ∼ 10 pb may be
unrealistic (the total production cross section in Table III

for 8 TeV is ∼22 pb), from Eq. (93), Γðh → uūÞ ∼ 1 MeV;
even if it is a significant contribution to the width ΓðhÞ, it
might still be compatible with the overall pattern of Higgs
signal strengths. To our knowledge, there are no dedicated
analyses of q̄q → h (q ≠ b, t) from which experimental
input can be used in this manner. However, it is reasonable
to expect that this kind of production potentially
“contaminates” the analyses of gluon-gluon fusion; in that
case, one should add all σ½ppðq̄qÞ → h� contributions for
light q to the gluon-gluon fusion cross section when
analyzing Higgs signal strengths. It is then clear that
bounds more stringent than Eq. (93) would follow for
the sum over all the different channels involved. The
simple connection among the decays h → q̄q and the
q̄q → h production mechanism—in the narrow-width
approximation—that follows from Eqs. (85) and (91) is

σ½ppðq̄qÞ → h�=1 pb
Γðh → q̄qÞ=1 MeV

¼ 6.825
�
TeV
E

�
2
�
Lq̄qðEÞ
103

�
; ð94Þ

which allows for easy comparison of the relative strengths
of the constraints imposed by q̄q → h production and
h → q̄q decay for light quarks q.

3. Constraints

The main source of experimental constraints that we use
is the combined analysis of LHC-Run I data from the
ATLAS and CMS collaborations in Ref. [91], which
provides detailed information on (production) × (decay)
of the 125 GeV Higgs h for:

(i) production: ggF, VBF, associated Wh, Zh, and tth;
(ii) decay: h → γγ, ZZ, WW, ττ̄ and bb̄.

Results from LHC-Run II in specific channels like (asso-
ciated Vh) × (h→bb̄) [105,106] or (ggFþVBF) × (h→ ττ̄)
[107] are starting to improve over Ref. [91]. One should
also consider off-shell ðggFþ VBFÞ → hð�Þ → WWð�Þ
constraints on the total width ΓðhÞ [108], even if they
are still weak [109,110]. Finally, dedicated studies like
Refs. [111,112] put useful bounds on h → μþμ−, eþe−.

C. Electric dipole moments

Asdiscussed at the end of Sec. II, nonrealN f matrices are a
source of CP violation in scalar-fermion interactions, which
can induce electric dipole moments (EDMs). Consider,

FIG. 1. q̄q → h process.

TABLE IV. σ½ppðq̄qÞ → h� ð×103Þ in pb and Lq̄qðE2Þ ð×103Þ
for different q̄q.

d̄d ūu s̄s c̄c

Ld̄d σ Lūu σ Ls̄s σ Lc̄c σ

8 TeV 14.56 16.60 21.53 24.53 4.41 5.02 2.65 3.01
13 TeV 74.57 29.17 105.28 41.18 27.70 10.84 17.92 7.01
14 TeV 95.49 31.53 133.90 44.21 36.46 12.04 23.83 7.87

4Equation (91) is obtained using the tree-level partonic cross
section; furthermore, the results in Table IV are obtained by
multiplying these simple predictions by a common Oð1Þ factor
(one for each LHC energy case), chosen such that σ½ppðb̄bÞ → h�
in Eq. (91) reproduces the improved reference values in
Refs. [94–97]. We also take Q ¼ E=2.
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e.g., an electron-Higgs coupling Lhee ¼ −hēðae þ ibeγ5Þe;
the one-loop diagram in Fig. 2 gives a contribution to the
electron EDM de:

de ¼
3meaebe
16π2m2

h

�
1þO

�
m2

e

m2
h

��
: ð95Þ

It is to be noticed that, for ae ∼ be ∼me=v, Eq. (95) gives
de ∼ 10−34 e · cm. When jaej, jbej ≫ me=v are a priori
allowed, up to the effect of other constraints, a significant
enhancement in de can be expected. For current experimental
bounds jdej < 10−27 e · cm, considering only this contribu-
tion gives

aebe < 8 × 10−5; ð96Þ

or, with Eqs. (81) and (82) and neglectingme with respect to
cβαne,

c2βαReðneÞImðneÞ < 5 GeV2: ð97Þ

Anticipating results from Sec. IVD, in particular Fig. 4(g), it
is clear that the bounds imposed by the LHC results are more
stringent thanEq. (97). It should also be noticed that including
contributions analogous to Fig. 2 with h → H, A, gives

ReðneÞImðneÞ
�
c2βα þ s2βα

m2
h

m2
H
þ m2

h

m2
A

�
< 5 GeV2 ð98Þ

and does not change this conclusion. Furthermore, one-loop
contributions with virtual H� and neutrinos are suppressed.
It is well known that two-loop “Barr-Zee” [113–118]

contributions can be significant; studies such as
Refs. [119,120] address such constraints on CP-violating
Higgs-fermion couplings. However, those contributions
involve different nf couplings simultaneously, together
with the masses of the different scalars, preventing a simple
translation into bounds on a single parameter. It is to be
noticed, too, that cancellations among different diagrams in
that class may occur [67,121]. Including such a kind of
analysis is beyond the scope of this work; in any case, one
should keep in mind that the analysis of EDMs may have
some impact on the results of Sec. IV D. The previous
discussion also applies to the EDMs of the u and d quarks
and the experimental constraints that the neutron EDM

bounds impose, including, in addition, the impact of QCD
effects [122].

D. Analysis

With the deviations with respect to the SM of the
couplings of h and their implications for decays and
production mechanisms, one can impose the experimental
constraints of Sec. IV B 3 and explore the allowed values
of cβα and the gFC parameters nf in Eq. (38). For the
results presented in the following, we consider the most
conservative situation; i.e., all parameters are free to vary
simultaneously. Compared to restricted situations in which
not all parameters are considered simultaneously, this offers
a safer interpretation of excluded regions (they are excluded
whatever the values of the parameters not displayed) at the
price, of course, of larger allowed regions.
Figure 3 shows nf vs cβα for all quarks and leptons.

Some comments are in order:
(i) As expected, for cβα → 0, the constraints on nf

disappear.
(ii) For u, c, d, and s quarks, the allowed regions are

almost identical, as one could anticipate from their
irrelevant role, within the SM, in the available
production × decay Higgs signal strengths. The
corresponding nf’s appear to be effectively limited
by the contributions to the Higgs width.

(iii) Surprisingly, the allowed size of jntj appears to be
independent of cβα; this will be discussed in con-
nection with Fig. 4(c) below.

(iv) The nb and nτ cases are also similar, with allowed
regions differing from the u, c, d, and s cases for
jnqj’s below 10–15 GeV and not small cβα.

(v) For ne and nμ, the allowed regions are much
more constrained, owing to the bounds set by
dedicated pp → h → eþe−, μþμ− analyses such
as Refs. [111,112].

Although Fig. 3 shows absolute bounds on jnfj’s, it does
not give information on argðnfÞ’s and cannot be directly
read in terms of the scalar and pseudoscalar couplings of h
in Eqs. (81) and (82). Considering that, Fig. 4 shows b̄f vs
āf with

āf ≡ sβαmf þ cβαReðnfÞ; b̄f ¼ cβαImðnfÞ: ð99Þ

Furthermore, to maintain some information on cβα, allowed
regions corresponding to jcβαj<0.01, to 0.01< jcβαj<0.1,
and to 0.1 < jcβαj are displayed. One can notice that:

(i) for the first and second fermion generations, there is
no dependence on argðnfÞ, since only decays, with
rates proportional to jāfj2 þ jb̄fj2, are relevant. For
quarks, the allowed region for jcβαj < 0.01 is
smaller; this is simply due to the perturbativity
requirement in Eq. (79).

FIG. 2. h-mediated contribution to de at one loop.
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(ii) For the top quark, two separate regions are allowed;
this is also expected since independent sign changes
in both āt and b̄t (together with sign changes in cβα,
sβα) do not alter the predictions. For jcβαj < 0.01, the
allowed regions are quite reduced and placed around
ðāt; b̄tÞ ¼ ð�mt; 0Þ; with 0.01 < jcβαj < 0.1, their
size increases, and only for jcβαj > 0.1, the interplay
of (i) pseudoscalar contributions to gg → h and
h → γγ and (ii) W-top(scalar) interference in
h → γγ gives rise to larger regions.

(iii) For b and τ, the regions for not-too-small mixing,
jcβαj > 0.01, are ring shaped;mb andmτ set the radii
of such regions, as could be expected from the agree-
ment of h → bb̄ and h → ττ̄ signal strengths with
SM expectations. For small mixing, jcβαj < 0.01,
the perturbativity requirement on jnbj and jnτj limits
the allowed departure from ðāf;b̄fÞ¼ð�mf;0Þ,
giving in fact, for the b case, two disjoint patches.

To close this section, we recall the discussion on q̄q → h
production in Sec. IV B 2; as commented there, values of

FIG. 3. jnfj vs cβα for the different fermions f; darker to lighter regions correspond to 68%, 95%, and 99% C.L.
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nf in agreement with the SM-like Higgs signal strengths
could potentially give production cross sections not far
from the dominating SM ones. Figure 5 shows

σ½qq̄h�
σ½ppðggÞ→h�SM
≡
� X

q¼u;c;d;s

σ½ppðqq̄Þ→h�
��

σ½ppðggÞ→h�SM; ð100Þ

vs the total Higgs width and vs the gluon-gluon fusion
production cross section in two different analyses: in
Figs. 5(a) and 5(b), σ½qq̄h� is added to the ggF production
cross section, while in Figs. 5(c) and 5(d), it is not (and
therefore, in the analysis, it does not directly affect
observables constrained by experiment). Comparing
Figs. 5(a) and 5(b) with 5(c) and 5(d), one can notice that
the constraints from Higgs signal strengths are able to
bound the size of σ½qq̄h�, even if there is room for an
overall qq̄ → h cross section, which is quite sizable, not far

FIG. 4. Allowed regions at 99% C.L. for pseudoscalar vs scalar couplings for the different fermions f with
Lhf̄f ¼ − h

v f̄ðāf þ ib̄fγ5Þf.
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from the complete SM Higgs production cross section.
Furthermore, when σ½qq̄h� is added to the ggF production
cross section, the agreement with the observed Higgs signal
strengths allows for a smaller amount of qq̄ → h, and for
sizable qq̄ → h, it is achieved at the cost of (i) reducing
the ggF production cross section and (ii) increasing the total
width ΓðhÞ, as the shape of the allowed regions in Figs. 5(a)
and 5(b) shows. For the results in Figs. 3 and 4, the bounds
on the different āf and b̄f do not differ in either analysis. It
should be finally mentioned that, in connection with the
previous comments and the size of σ½ppðqq̄Þ → h�, it might
be interesting to analyze, for the remaining neutral scalars
H and A, the cross sections for ppðqq̄Þ → H, A at the LHC.

E. Other flavor-conserving models

In this section, we present, for comparison, results
corresponding to other flavor-conserving 2HDMs: types
I, II, X (or lepton specific), and Y (or flipped) in Sec. IV E 1
and the aligned 2HDMs in Sec. IV E 2. The analyses are
performed by imposing the same constraints used above in
the analysis of the gFC scenario.

1. Z2 2HDMs

In 2HDMs of types I, II, X, and Y, there is only one
Yukawa coupling matrix in each secctor (up and down
quarks and charged leptons), and consequently, the N f

FIG. 5. Effect of including qq̄ → h production in ggF in analyses of Higgs signal strengths; darker to lighter regions correspond to
68%, 95%, and 99% C.L.
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matrices are proportional to the corresponding mass matri-
ces Mf , as shown in Eqs. (101)–(104):

2HDM I∶ N u ¼ t−1β Mu; N d ¼ t−1β Md; N l ¼ t−1β Ml;

ð101Þ
2HDM II∶N u ¼ t−1β Mu; N d ¼−tβMd; N l ¼−tβMl;

ð102Þ
2HDM X∶N u ¼ t−1β Mu; N d ¼ t−1β Md; N l ¼−tβMl;

ð103Þ
2HDM Y∶N u ¼ t−1β Mu; N d ¼−tβMd; N l ¼ t−1β Ml:

ð104Þ

The only parameters relevant for the analyses are cβα and
tβ. The allowed regions for tβ vs cβα are shown in Fig. 6. It
is to be noticed that tβ ≪ 1 is not allowed because of the
perturbativity constraint on the top-quark Yukawa cou-
plings; with Mu ¼ vffiffi

2
p sβΔ2, the constraint trivially givesffiffi

2
p

mt
vsβ

< Oð1Þ. In model I, the there is no constraint on

tβ ≫ 1; in models II and Y, the perturbativity constraint due
to mb does limit tβ ≫ 1, while, similarly, in model X, it is

mτ that limits tβ ≫ 1. For the different Lhff ¼ − āf
v hf̄f

interactions, in models I, II, X, and Y, either āf
mf

¼
sβα þ t−1β cβα or āf

mf
¼ sβ − tβcβα, identical for all three

generations in each sector:

2HDM I∶
āu
mu

¼ sβα þ t−1β cβα;
ād
md

¼ sβα þ t−1β cβα;
āl
ml

¼ sβα þ t−1β cβα; ð105Þ

2HDM II∶
āu
mu

¼ sβα þ t−1β cβα;
ād
md

¼ sβ − tβcβα;
āl
ml

¼ sβ − tβcβα; ð106Þ

2HDM X∶
āu
mu

¼ sβα þ t−1β cβα;
ād
md

¼ sβα þ t−1β cβα;
āl
ml

¼ sβα − tβcβα; ð107Þ

2HDM Y∶
āu
mu

¼ sβα þ t−1β cβα;
ād
md

¼ sβα − tβcβα;
āl
ml

¼ sβα þ t−1β cβα: ð108Þ

FIG. 6. tβ vs cβα; darker to lighter regions correspond to 68%, 95%, and 99% C.L.

FIG. 7. āu=mu vs cβα; darker to lighter regions correspond to 68%, 95%, and 99% C.L.
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There is no pseudoscalar interaction term. Figures 7–9
show āf=mf vs cβα in each sector for the different models.
It is clear that, overall, the allowed regions remain close to
āf
mf

¼ �1 for all cβα and tβ values, in clear contrast to Fig. 4

in the gFC scenario.

2. Aligned 2HDM

In the aligned 2HDM,

Δ2 ¼ ξuΔ1; Γ2 ¼ ξdΓ1; Π2 ¼ ξlΠ1: ð109Þ

The perturbativity constraint on the top-quark Yukawa
couplings reads, with M0

u ¼ vffiffi
2

p ðcβ þ sβξuÞΔ1 ¼
vffiffi
2

p ξ−1u ðcβ þ sβξuÞΔ2,

ffiffiffi
2

p
mt

vjcβ þ sβξuj
;

ffiffiffi
2

p
mtjξuj

vjcβ þ sβξuj
< Oð1Þ; ð110Þ

that is, roughly, jcβ þ sβξuj, jcβξ−1u þ sβj > 1, which
imposes the shape of the allowed jξuj vs tβ region in
Fig. 10(a) (for ξd and ξl, regions with similar shape also
follow, with mt → mb, mτ rescalings). Contrary to models

FIG. 8. ād=md vs cβα; darker to lighter regions correspond to 68%, 95%, and 99% C.L.

FIG. 9. āl=ml vs cβα; darker to lighter regions correspond to 68%, 95%, and 99% C.L.

FIG. 10. Aligned; darker to lighter regions correspond to 68%, 95%, and 99% C.L.
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I, II, X, and Y, the aligned 2HDM allows for the simulta-
neous presence of scalar and pseudoscalar interactions,
Lhff ¼ − h

v f̄ðāf þ ib̄fγ5Þf. However, as in models I, II, X,

and Y, in each sector, āf
mf

and b̄f
mf

are identical for all three

generations:

āf
mf

¼ sβα þ cβα
ð1 − t2βÞReðξfÞ þ ðjξfj2 − 1Þtβ

j1þ tβξfj2
;

b̄f
mf

¼ cβαð1þ t2βÞ
ImðξfÞ

j1þ tβξfj2
: ð111Þ

Figures 10(b)–10(d) show b̄f
mf

vs āf
mf

allowed regions for each

sector. It is to be noticed that the allowed regions are similar
to the ones for third-generation fermions in Fig. 4 of the
gFC scenario. However, it is clear that they differ quite
substantially from the allowed regions for the first and
second generation in the remaining subfigures of Fig. 4.

V. CONCLUSIONS

In this paper, we analyze the question of general flavor
conservation in extensions of the SM with additional
scalar doublets, in particular the 2HDM. The effect of the
one-loop renomalization group evolution of the Yukawa
coupling matrices on gFC scenarios is discussed in detail.
In particular, it is to be stressed that in the absence of
Yukawa couplings with right-handed neutrinos gFC in the
lepton sector is stable. For the quark sector, some one-loop
RGE-stable scenarios are discussed, including the case of
a Cabibbo-like quark mixing matrix. At a phenomeno-
logical level, we discuss the constraints that existing data
on flavor-conserving processes, in particular, the ones
related to the Higgs, impose on the parameters describing

gFC in the different fermion sectors, including a detailed
numerical analysis of that parameter space. Direct qq̄ → h
production is also considered in detail; although it is
completely negligible in the SM, that might not be the
case in scenarios such as 2HDMs, and it may even be
relevant for the production of the additional non-SM
neutral scalars.
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APPENDIX: RGE DETAILS

The analysis of the RGE of the quark Yukawa couplings
and the stability of the gFC scenario in Eq. (38) has been
presented in detail for the set fΓαΓ

†
βg in Secs. III A and III B.

We reproduce in this Appendix the equations relevant for
fΓαΓ

†
βg and also for fΓ†

αΓβg, fΔαΔ
†
βg and fΔ†

αΔβg, omitted
for conciseness in Sec. III. In correspondence with
Eqs. (46)–(48),

DðΓαΓ†
βÞ ¼ f½dL�αβ ðΓÞ þ g½dL�αβ ðΓ;ΔÞ; DðΔαΔ†

βÞ ¼ f½uL�αβ ðΔÞ þ g½uL�αβ ðΓ;ΔÞ;
DðΓ†

αΓβÞ ¼ f½dR�αβ ðΓÞ þ g½dR�αβ ðΓ;ΔÞ; DðΔ†
αΔβÞ ¼ f½uR�αβ ðΔÞ þ g½uR�αβ ðΓ;ΔÞ; ðA1Þ

with

f½dL�αβ ðΓÞ ¼ 2adΓαΓ
†
β þ

Xn¼2

ρ¼1

½Td
α;ρΓρΓ

†
β þ Td�

β;ρΓαΓ
†
ρ� þ 2ΓαΓRΓ

†
β þ

1

2
ΓLΓαΓ

†
β þ

1

2
ΓαΓ

†
βΓL;

g½dL�αβ ðΓ;ΔÞ ¼ 1

2
ΔLΓαΓ

†
β þ

1

2
ΓαΓ

†
βΔL − 2

Xn¼2

ρ¼1

½ΔρΔ
†
αΓρΓ

†
β þ ΓαΓ

†
ρΔβΔ

†
ρ�; ðA2Þ

f½dR�αβ ðΓÞ ¼ 2adΓ†
αΓβ þ

Xn¼2

ρ¼1

½Td�
α;ρΓ†

ρΓβ þ Td
β;ρΓ

†
αΓρ� þ Γ†

αΓLΓβ þ ΓRΓ†
αΓβ þ Γ†

αΓβΓR;

g½dR�αβ ðΓ;ΔÞ ¼ Γ†
αΔLΓβ − 2

Xn¼2

ρ¼1

½Γ†
ρΔαΔ

†
ρΓβ þ Γ†

αΔρΔ
†
βΓρ�; ðA3Þ
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f½uL�αβ ðΔÞ ¼ 2auΔαΔ
†
β þ

Xn¼2

ρ¼1

½Tu
α;ρΔρΔ

†
β þ Td�

β;ρΔαΔ
†
ρ� þ 2ΔαΔRΔ

†
β þ

1

2
ΔLΔαΔ

†
β þ

1

2
ΔαΔ

†
βΔL;

g½uL�αβ ðΓ;ΔÞ ¼ 1

2
ΓLΔαΔ

†
β þ

1

2
ΔαΔ

†
βΓL − 2

Xn¼2

ρ¼1

½ΓρΓ
†
αΔρΔ

†
β þ ΔαΔ

†
ρΓβΓ

†
ρ�; ðA4Þ

and

f½uR�αβ ðΓÞ ¼ 2auΔ
†
αΔβ þ

Xn¼2

ρ¼1

½Tu�
α;ρΔ

†
ρΔβ þ Tu

β;ρΔ
†
αΔρ� þ Δ†

αΔLΔβ þΔRΔ
†
αΔβ þ Δ†

αΔβΔR;

g½uR�αβ ðΓ;ΔÞ ¼ Δ†
αΓLΔβ − 2

Xn¼2

ρ¼1

½Δ†
ρΓαΓ

†
ρΔβ þ Δ†

αΓρΓ
†
βΔρ�: ðA5Þ

The RGE of the commutation relations of Eq. (37) reads

D½ΓαΓ†
β;ΓγΓ†

δ� ¼ ½g½dL�αβ ðΓ;ΔÞ;ΓγΓ†
δ� þ ½ΓαΓ†

β; g
½dL�
γδ ðΓ;ΔÞ�;

D½Γ†
αΓβ;Γ

†
γΓδ� ¼ ½g½dR�αβ ðΓ;ΔÞ;Γ†

γΓδ� þ ½Γ†
αΓβ; g

½dR�
γδ ðΓ;ΔÞ�;

D½ΔαΔ
†
β;ΔγΔ

†
δ� ¼ ½g½uL�αβ ðΓ;ΔÞ;ΔγΔ

†
δ� þ ½ΔαΔ

†
β; g

½uL�
γδ ðΓ;ΔÞ�;

D½Δ†
αΔβ;Δ

†
γΔδ� ¼ ½g½uR�αβ ðΓ;ΔÞ;Δ†

γΓδ� þ ½Δ†
αΔβ; g

½uR�
γδ ðΓ;ΔÞ�; ðA6Þ

which, following the discussion in Sec. III B, lead to (summation over h ¼ 1, 2 understood)

fdLg≡ v2

2
U†

dL

	
D
h
Y0
½d�iY

0†
½d�j; Y

0
½d�kY

0†
½d�l
i


UdL

¼ Y ½d�iY
†
½d�jV

†Y ½u�hY
†
½u�hVY ½d�kY

†
½d�l − Y ½d�kY

†
½d�lV

†Y ½u�hY
†
½u�hVY ½d�iY

†
½d�j

− 2
h
V†Y ½u�hY

†
½u�iV; Y ½d�kY

†
½d�l
i
Y ½d�hY

†
½d�j − 2Y ½d�iY

†
½d�h

h
V†Y ½u�jY

†
½u�hV; Y ½d�kY

†
½d�l
i

þ 2
h
V†Y ½u�hY

†
½u�kV; Y ½d�iY

†
½d�j

i
Y ½d�hY

†
½d�l þ 2Y ½d�kY

†
½d�h

h
V†Y ½u�lY

†
½u�hV; Y ½d�iY

†
½d�j

i
; ðA7Þ

fdRg≡ v2

2
U†

dR
ðD½Y0†

½d�iY
0
½d�j; Y

0†
½d�kY

0
½d�l�ÞUdR

¼
h
Y†
½d�iV

†Y ½u�hY
†
½u�hVY ½d�j; Y

†
½d�kY ½d�l

i
−
h
Y†
½d�kV

†Y ½u�hY
†
½u�hVY ½d�l; Y

†
½d�iY ½d�j

i
− 2

h
Y†
½d�hV

†Y ½u�iY
†
½u�hVY ½d�j; Y

†
½d�kY ½d�l

i
− 2

h
Y†
½d�iV

†Y ½u�hY
†
½u�jVY ½d�h; Y

†
½d�kY ½d�l

i
þ 2

h
Y†
½d�hV

†Y ½u�kY
†
½u�hVY ½d�l; Y

†
½d�iY ½d�j

i
þ 2

h
Y†
½d�kV

†Y ½u�hY
†
½u�lVY ½d�h; Y

†
½d�iY ½d�j

i
; ðA8Þ

fuLg≡ v2

2
U†

uL

	
D
h
Y0
½u�iY

0†
½u�j; Y

0
½u�kY

0†
½u�l
i


UuL

¼ Y ½u�iY
†
½u�jVY ½d�hY

†
½d�hV

†Y ½u�kY
†
½u�l − Y ½u�kY

†
½u�lVY ½d�hY

†
½d�hV

†Y ½u�iY
†
½u�j

− 2
h
VY ½d�hY

†
½d�iV

†; Y ½u�kY
†
½u�l
i
Y ½u�hY

†
½u�j − 2Y ½u�iY

†
½u�h

h
VY ½d�jY

†
½d�hV

†; Y ½u�kY
†
½u�l
i

þ 2
h
VY ½d�hY

†
½d�kV

†; Y ½u�iY
†
½u�j

i
Y ½u�hY

†
½u�l þ 2Y ½u�kY

†
½u�h

h
VY ½d�lY

†
½d�hV

†; Y ½u�iY
†
½u�j

i
; ðA9Þ
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and

fuRg≡ v2

2
U†

uR

	
D
h
Y0†
½u�iY

0
½u�j; Y

0†
½u�kY

0
½u�l

i

UuR

¼
h
Y†
½u�iVY ½d�hY

†
½d�hV

†Y ½u�j; Y
†
½u�kY ½u�l

i
−
h
Y†
½u�kVY ½d�hY

†
½d�hV

†Y ½u�l; Y
†
½u�iY ½u�j

i
− 2

h
Y†
½u�hVY ½d�iY

†
½d�hV

†Y ½u�j; Y
†
½u�kY ½u�l

i
− 2

h
Y†
½u�iVY ½d�hY

†
½d�jV

†Y ½u�h; Y
†
½u�kY ½u�l

i
þ 2

h
Y†
½u�hVY ½d�kY

†
½d�hV

†Y ½u�l; Y
†
½u�iY ½u�j

i
þ 2

h
Y†
½u�kVY ½d�hY

†
½d�lV

†Y ½u�h; Y
†
½u�iY ½u�j

i
: ðA10Þ

To compute the matrix elements of Eqs. (A7)–(A10), we notice that

ð½V†Y ½u�iY
†
½u�jV; Y

†
½d�kY ½d�l�Þab ¼

X3
q¼1

V�
qaVqbyui;qy

u�
j;qðyd�k;bydl;b − yd�k;ay

d
l;aÞ; ðA11Þ

and

ð½VY ½d�iY
†
½d�jV

†; Y ½u�kY
†
½u�l�Þab ¼

X3
q¼1

VaqV�
bqy

d
i;qy

d�
j;qðyuk;byu�l;b − yuk;ay

u�
l;aÞ: ðA12Þ

Then, with the parameters in Eq. (62), the matrix elements ða; bÞ of Eqs. (A7)–(A10) read

fdLgab ¼
X3
q¼1

Xn¼2

h¼1

V�
qaVqbfjyuh;qj2ðydi;ayd�j;aydk;byd�l;b − ydi;by

d�
j;by

d
k;ay

d�
l;aÞ

− 2ðyuh;qyu�i;qydh;byd�j;b þ yuj;qy
u�
h;qy

d
i;ay

d�
h;aÞðydk;byd�l;b − ydk;ay

d�
l;aÞ

þ 2ðyuh;qyu�k;qydh;byd�l;b þ yul;qy
u�
h;qy

d
k;ay

d�
h;aÞðydi;byd�j;b − ydi;ay

d�
j;aÞg: ðA13Þ

fdRgab ¼
X3
q¼1

Xn¼2

h¼1

V�
qaVqbfðyd�k;bydl;b − yd�k;ay

d
l;aÞðjyuh;qj2yd�i;aydj;b − 2yui;qy

u�
h;qy

d�
h;ay

d
j;b − 2yuh;qy

u�
j;qy

d�
i;ay

d
h;bÞ

− ðyd�i;bydj;b − yd�i;ay
d
j;aÞðjyuh;qj2yd�k;aydl;b − 2yuk;qy

u�
h;qy

d�
h;ay

d
l;b − 2yuh;qy

u�
l;qy

d�
k;ay

d
h;bÞg; ðA14Þ

fuLgab ¼
X3
q¼1

Xn¼2

h¼1

VaqV�
bqfjydh;qj2ðyui;ayu�j;ayuk;byu�l;b − yui;by

u�
j;by

u
k;ay

u�
l;aÞ

− 2ðydh;qyd�i;qyuh;byu�j;b þ ydj;qy
d�
h;qy

u
i;ay

u�
h;aÞðyuk;byu�l;b − yuk;ay

u�
l;aÞ

þ 2ðydh;qyd�k;qyuh;byu�l;b þ ydl;qy
d�
h;qy

u
k;ay

u�
h;aÞðyui;byu�j;b − yui;ay

u�
j;aÞg; ðA15Þ

and

fuRgab ¼
X3
q¼1

Xn¼2

h¼1

VaqV�
bqfðyu�k;byul;b − yu�k;ay

u
l;aÞðjydh;qj2yu�i;ayuj;b − 2ydi;qy

d�
h;qy

u�
h;ay

u
j;b − 2ydh;qy

d�
j;qy

u�
i;ay

u
h;bÞ

− ðyu�i;byuj;b − yu�i;ay
u
j;aÞðjydh;qj2yu�k;ayul;b − 2ydk;qy

d�
h;qy

u�
h;ay

u
l;b − 2ydh;qy

d�
l;qy

u�
k;ay

u
h;bÞg: ðA16Þ

For diagonal elements, a ¼ b, the right-hand sides of Eqs. (A13)–(A16) are identically zero. For i ¼ j and k ¼ l, by
construction, we have in addition fqXgba ¼ −fqXg�ab (q ¼ u, d, X ¼ L, R). For illustration, we show in the following
Eqs. (A13)–(A16) for 2HDM and i ¼ j ¼ 1, k ¼ l ¼ 2:
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fdLgdadb ¼
X3
uq¼1

V�
uqda

Vuqdbfðm2
uq þ jnuq j2Þðm2

da
jndb j2 −m2

db
jnda j2Þ − 2ðjndb j2 − jnda j2Þðmuqmdbðmuqmdb þ nuqndbÞ

þmuqmdaðmuqmda þ n�uqn
�
da
ÞÞ þ 2ðm2

db
−m2

da
Þðn�uqn�dbðmuqmdb þ nuqndbÞ þ nuqndaðmuqmda þ n�uqn

�
da
ÞÞg;

ðA17Þ

fdRgdadb ¼
X3
uq¼1

V�
uqda

Vuqdbfðjndb j2 − jnda j2Þðm2
uq þ jnuq j2Þmdamdb − 2ðjndb j2 − jnda j2Þðmuqmdbðmuqmda þ n�uqn

�
da
Þ

þmuqmdaðmuqmdb þ nuqndbÞÞ − ðm2
db
−m2

da
Þðm2

uq þ jnuq j2Þn�dandb
þ 2ðm2

db
−m2

da
Þðnuqndbðmuqmda þ n�uqn

�
da
Þ þ n�uqn

�
da
ðmuqmdb þ nuqndbÞÞg; ðA18Þ

fuLguaub ¼
X3
dq¼1

VuadqV
�
ubdq

fðm2
dq
þ jndq j2Þðm2

ua jnub j2 −m2
ub jnua j2Þ − 2ðjnub j2 − jnua j2Þðmdqmubðmdqmub þ ndqnubÞ

þmdqmuaðmdqmua þ n�dqn
�
uaÞÞ þ 2ðm2

ub −m2
uaÞðn�dqn�ubðmdqmub þ ndqnubÞ þ ndqnuaðmdqmua þ n�dqn

�
uaÞÞg;

ðA19Þ

and

fuRguaub ¼
X3
q¼1

VuadqV
�
ubdq

fðjnub j2 − jnua j2Þðm2
dq
þ jndq j2Þmuamub − 2ðjnub j2 − jnua j2Þðmdqmubðmdqmua þ n�dqn

�
uaÞ

þmdqmuaðmdqmub þ ndqnubÞÞ − ðm2
ub −m2

uaÞðm2
dq
þ jndq j2Þn�uanub

þ 2ðm2
ub −m2

uaÞðndqnubðmdqmua þ n�dqn
�
uaÞ þ n�dqn

�
uaðmdqmub þ ndqnubÞÞg: ðA20Þ

The formal generalization of the conditions in this Appendix and in Sec. III to the case of models with n Higgs doublets
instead of two is almost straightforward.
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