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We explore two-Higgs-doublet models with nonstandard flavor structures. In analogy to the four well-
studied models with natural flavor conservation (type 1, type 2, lepton-specific, and flipped), we identify
four models that preserve an approximate Uð2Þ5 flavor symmetry acting on the first two generations. In all
four models, the couplings of the 125 GeV Higgs are modified in characteristic flavor nonuniversal ways.
The heavy neutral and charged Higgs bosons show an interesting nonstandard phenomenology. We discuss
their production and decay modes and identify the most sensitive search channels at the LHC. We study the
effects on low energy flavor violating processes, finding relevant constraints from Bd and Bs meson
oscillations and from the rare decay Bs → μþμ−. We also find that lepton flavor violating B meson decays
like Bs → τμ and B → Kð�Þτμ might have branching ratios at an observable level.
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I. INTRODUCTION

Measurements of Higgs rates at the LHC show that the
Standard Model (SM) Higgs mechanism provides the bulk
of the masses of the third-generation fermions. The decay
h → τþτ− has been observed at a rate compatible with the
SM prediction [1]. Similarly, evidence exists for a SM-like
h → bb̄ decay [2,3]. Recently, production of the Higgs in
association with top quarks has been observed in agreement
with the SM [4].
Much less is known about the origin of the first- and

second-generation masses. With the exception of the
muon, direct measurements of Higgs couplings to the light
fermions are extremely challenging. It is therefore
unknown if the light fermions obtain their mass from the
Higgs boson. A complementary approach to probe the
origin of light fermion masses is to search for signatures of
alternatives to the SM Higgs mechanism in which the light
fermion masses originate from a new source of electroweak
symmetry breaking. The simplest realization of such a
setup is the two-Higgs-doublet model (2HDM).
In [5] a 2HDM setup was proposed in which one Higgs

doublet couples only to the third-generation fermions, and
a second Higgs doublet couples mainly to the first and
second generation (see also [6–9]). A dynamical generation
of such a coupling structure can be achieved using the

flavor-locking mechanism [10,11]. The collider phenom-
enology of this “flavorful” 2HDM scenario was discussed
in [12].
The proposed 2HDM goes beyond the principle of

natural flavor conservation (NFC) [13] and introduces
flavor changing neutral currents (FCNCs) at tree level.
However, the Yukawa couplings of the first Higgs doublet
to the third generation preserve a Uð2Þ5 flavor symmetry,
which is only broken by the small couplings of the second
Higgs doublet. The approximate Uð2Þ5 symmetry protects
the most sensitive flavor violating transitions between the
second and first generation.
In this work we explore additional flavor structures for

2HDMs that approximately preserve a Uð2Þ5 flavor sym-
metry for the first two generations. Starting from the flavorful
2HDMscenario of [5]we “twist” theYukawacouplings of the
down-type quarks and/or leptons by exchanging the Higgs
doublets these fermions couple to. In analogy to the four
well-studied 2HDMswith natural flavor conservation (type 1,
type 2, lepton-specific, and flipped) we obtain four flavorful
2HDMs in which the third and first two generations of each
fermion type (up-type quarks, down-typequarks, and leptons)
obtain the bulk of their mass from a different source. The
nonstandard flavor structures of these four 2HDMs lead to
(i) distinct, flavor nonuniversal modifications of all Higgs
couplings with respect to the models with NFC, and
(ii) potentially sizable flavor violating Higgs couplings
involving the third-generation fermions. This implies an
interesting characteristic collider and flavor phenomenology.
(For recent work on 2HDMs with other nonstandard flavor
structures see [14–26].)
The paper is structured as follows. In Sec. II we intro-

duce the four flavorful 2HDMs and discuss the Yukawa
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textures and the couplings of the fermions to the various
Higgs boson mass eigenstates. In Sec. III we consider the
phenomenology of the 125 GeV Higgs boson, comparing
the predicted production and decay rates in our models to
measurements at the LHC. In Secs. IV and V we evaluate
the production cross sections and decay branching ratios of
the heavy neutral and charged Higgs bosons. We then
compare the model predictions to the limits from current
searches for extra Higgs bosons that are being performed at
the LHC and identify the most sensitive collider probes of
the models. In Sec. VI we investigate the characteristic
effects of the new sources of flavor violation on low energy
flavor violating processes such as meson mixing and rare B
meson decays. We conclude in Sec. VII.

II. FLAVORFUL TWO-HIGGS-DOUBLETMODELS

One of the simplest realizations of a viable alternative
framework of mass generation is 2HDMs with one doublet
coupling only to the third generation, and a second doublet
coupling mainly to the first and second generation. Such a
setup was proposed in [5] (see also [6–9]). The masses of
the SM fermions arise from two sources: the vacuum
expectation values of two-Higgs doublets ϕ and ϕ0. The
relevant part of the 2HDM Lagrangian is

−L2HDM⊃
X
i;j

ðλuijðq̄iujÞϕ̃þλdijðq̄idjÞϕþλeijðl̄iejÞϕÞþH:c:

þ
X
i;j

ðλ0uijðq̄iujÞϕ̃0 þλ0dijðq̄idjÞϕ0 þλ0eijðl̄iejÞϕ0Þ

þH:c:; ð1Þ

where ϕ̃ð0Þ ¼ iσ2ðϕð0ÞÞ�. The three generations of quark
and lepton doublets are denoted by qi and li, and ui, di,
and ei are the up quark, down quark, and charged lepton
singlets, respectively. The λ and λ0 matrices are the Yukawa
couplings.1

The above setup for the Higgs couplings violates the
principle of natural flavor conservation. Both of the Higgs
doublets couple to the leptons, the up-type quarks, and the
down-type quarks, leading to FCNCs at tree level.

A. Yukawa textures

We are interested in Yukawa couplings beyond NFC that
do not introduce an unacceptably large amount of flavor
violation. This can be achieved by demanding that one set
of the Yukawa couplings preserve a Uð2Þ5 flavor sym-
metry, acting on the first two generations. In this case,
flavor transitions between the first and second generation

are protected. Such transitions are absent at first order in
flavor symmetry breaking and arise only at second order as
an effective ð2 → 3Þ × ð3 → 1Þ transition. Aswewill discuss
in Sec. VI, effects in neutral kaon and D meson oscillations
are indeed typically well below present constraints.
We consider the following set of Yukawa matrices in the

flavor basis2:

λu1;2 ∼
ffiffiffi
2

p

vu1;2

0
B@

mu mu mu

mu mc mc

mu mc mc

1
CA; λu3 ∼

ffiffiffi
2

p

vu3

0
B@

0 0 0

0 0 0

0 0 mt

1
CA;

ð2aÞ

λd1;2 ∼
ffiffiffi
2

p

vd1;2

0
B@
md λms λ3mb

md ms λ2mb

md ms ms

1
CA; λd3 ∼

ffiffiffi
2

p

vd3

0
B@
0 0 0

0 0 0

0 0 mb

1
CA;

ð2bÞ

λl1;2 ∼
ffiffiffi
2

p

vl1;2

0
B@

me me me

me mμ mμ

me mμ mμ

1
CA; λl3

∼
ffiffiffi
2

p

vl3

0
B@

0 0 0

0 0 0

0 0 mτ

1
CA:

ð2cÞ

Due to the rank 1 nature of the λu3 , λd3 , λe3 Yukawa couplings,
theUð2Þ5 flavor symmetry acting on the first two generations
is only broken by the small λu1;2 , λd1;2 , λe1;2 Yukawa couplings.
Such a pattern of textures can be obtained using e.g., the
flavor locking mechanism [10,11]. Note that the above
Yukawa couplings contain additional structure that is not
dictated by the approximate Uð2Þ5 flavor symmetry. Our
choice is motivated on the one hand by simplicity (the
Yukawa matrices do not contain any unnecessary hierar-
chies) and on the other hand by robustness: the entries in the
Yukawa couplings of the first and second generations are
chosen such that the mass eigenvalues reproduce the
observed values without any tuning. The structure in the
down sector leads naturally to the observed pattern in
the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements.
Alternatively, the CKMmatrix could also be generated in the
up sector, but we will not consider this option here as it
requires additional hierarchies in the up Yukawa coupling.
The entries in the abovematrices are given up toOð1Þ factors
that, in all generality, can be complex.
The vacuum expectation values vi in Eqs. (2a)–(2c)

correspond to either v or v0, depending on the model under

1We do not consider neutrino masses and mixing in this work.
Neutrino masses could for example originate from a standard
seesaw mechanism (with heavy right-handed neutrinos far above
the TeV scale). In such a case none of the observables considered
in our study will be affected in any significant way.

2In this work we discuss the phenomenological implications
of this specific set of Yukawa matrices. There are certainly
other Yukawa textures that preserve an approximate Uð2Þ5
flavor symmetry and that can reproduce the observed fermion
masses and mixings. Such textures might lead to a different
phenomenology.
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consideration. The Yukawa couplings for the third or first
two generations are identified with the λ and λ0 couplings
introduced in Eq. (1), accordingly. Without loss of general-
ity, we denote the Higgs doublet that couples to the top
quark with ϕ [27], i.e., vu3 ¼ v, vu1;2 ¼ v0 and λu3 ¼ λu,
λu1;2 ¼ λ0u. This leaves us with four distinct “flavorful”
possibilities to assign the two-Higgs doublets to the down-
quarks and leptons. In analogy to the four well-known
2HDMs with natural flavor conservation (that we refer to as
type 1A, type 2A, lepton-specific A, and flipped A, in the
following) we denote our four flavorful models as type 1B,
type 2B, lepton-specific B, and flipped B. The type 1B
model was studied in some detail in [5,11,12]. The
coupling structure of all four flavorful models is summa-
rized in Table I.
Rotating the fermions into mass eigenstates, we define

the following mass parameters:

mu
qq0 ¼

vffiffiffi
2

p hqLjλujq0Ri; m0u
qq0 ¼

v0ffiffiffi
2

p hqLjλ0ujq0Ri; ð3Þ

with quark mass eigenstates q; q0 ¼ u, c, t. These mass
parameters obey mu

qq0 þm0u
qq0 ¼ mqδqq0, where mq are the

observed up-type quark masses. Analogous definitions and
identities hold for the down-type quarks and the charged
leptons. We derive expressions for the m0 mass parameters
in the mass eigenstate basis that automatically reproduce
the observed fermion masses and CKM matrix elements.
We find the following values for the up mass parameters in
all four types of flavorful models:

m0
uu ¼ mu þOð1Þ ×m2

u

mt
; m0

cc ¼ mc þOð1Þ ×m2
c

mt
;

m0
tt ¼ Oð1Þ ×mc; ð4aÞ

m0
uc ¼

m0
utm0

tc

mt

�
1þOð1Þ ×mc

mt

�
;

m0
ut ¼ Oð1Þ ×mu; m0

ct ¼ Oð1Þ ×mc; ð4bÞ

m0
cu ¼

m0
ctm0

tu

mt

�
1þOð1Þ ×mc

mt

�
;

m0
tu ¼ Oð1Þ ×mu; m0

tc ¼ Oð1Þ ×mc: ð4cÞ

For leptons we find analogous expressions for the off-
diagonal mass parameters in all four types:

m0
eμ ¼

m0
eτm0

τμ

mτ

�
1þOð1Þ ×mμ

mτ

�
;

m0
eτ ¼ Oð1Þ ×me; m0

μτ ¼ Oð1Þ ×mμ; ð5aÞ

m0
μe ¼

m0
μτm0

τe

mτ

�
1þOð1Þ ×mμ

mτ

�
;

m0
τe ¼ Oð1Þ ×me; m0

τμ ¼ Oð1Þ ×mμ: ð5bÞ

However, the diagonal mass terms depend on the type of
flavorful model:

m0
ee ¼

(
me þOð1Þ × m2

e
mτ

type 1B; flippedB

Oð1Þ × m2
e

mτ
type 2B; lepton-specific B

;

ð5cÞ

m0
μμ ¼

(
mμ þOð1Þ × m2

μ

mτ
type 1B; flippedB

Oð1Þ × m2
μ

mτ
type 2B; lepton-specific B

;

ð5dÞ

m0
ττ ¼

(
Oð1Þ ×mμ type 1B; flippedB

mτ þOð1Þ ×mμ type 2B; lepton-specific B
:

ð5eÞ

Finally, for the down quarks we find for all four types

m0
bs ¼ Oð1Þ ×ms; m0

ds ¼ m0
bsV

�
td

�
1þOð1Þ × ms

mb

�
;

ð6aÞ

m0
bd ¼ Oð1Þ ×md; m0

sd ¼ m0
bdV

�
ts

�
1þOð1Þ × ms

mb

�
:

ð6bÞ

TABLE I. Summary of the way in which the SM quarks and
leptons couple to the two-Higgs doublets ϕ and ϕ0 in each of the
considered models. In the models with natural flavor conserva-
tion (A), all generations of each type of fermion couple to the
same Higgs doublet. In the flavorful models (B), the third
generation and the first two generations couple to different Higgs
doublets.

Model u1;2 u3 d1;2 d3 e1;2 e3R

Type 1A Φ Φ Φ Φ Φ Φ
Type 1B Φ0 Φ Φ0 Φ Φ0 Φ

Type 2A Φ Φ Φ0 Φ0 Φ0 Φ0
Type 2B Φ0 Φ Φ Φ0 Φ Φ0

Flipped A Φ Φ Φ0 Φ0 Φ Φ
Flipped B Φ0 Φ Φ Φ0 Φ0 Φ

Lepton-specific A Φ Φ Φ Φ Φ0 Φ0
Lepton-specific B Φ0 Φ Φ0 Φ Φ Φ0
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The diagonal entries and the remaining off-diagonal entries depend on the type of model:

m0
dd ¼

8<
:

md −m0
bdV

�
td

�
1þOð1Þ × ms

mb

�
type 1B; lepton-specific B

−m0
bdV

�
td

�
1þOð1Þ × ms

mb

�
type 2B; flippedB

; ð6cÞ

m0
ss ¼

8<
:

ms −m0
bsV

�
ts

�
1þOð1Þ × ms

mb

�
type 1B; lepton-specific B

−m0
bsV

�
ts

�
1þOð1Þ × ms

mb

�
type 2B; flippedB

; ð6dÞ

m0
bb ¼

�
Oð1Þ ×ms type 1B; lepton-specific B

mb þOð1Þ ×ms type 2B; flippedB
; ð6eÞ

m0
sb ¼

8<
:

−V�
tsmb

�
1þOð1Þ × ms

mb

�
type 1B; lepton-specific B

þV�
tsmb

�
1þOð1Þ × ms

mb

�
type 2B; flippedB

; ð6fÞ

m0
db ¼

8<
:

−V�
tdmb

�
1þOð1Þ × ms

mb

�
type 1B; lepton-specific B

þV�
tdmb

�
1þOð1Þ × ms

mb

�
type 2B; flippedB

: ð6gÞ

As we assume that the CKM matrix is generated in the
down sector, the CKM elements Vts and Vtd appear in
several of the down-type mass parameters.
The Oð1Þ terms in the above expressions are free param-

eters that in general can be complex. It isworth noting that due
to those Oð1Þ terms, the off-diagonal mass parameters mff0

and mf0f need not be the same for any type of fermion. It is
also important to note that in all cases themassparameters that
are responsible for flavormixing between the first and second
generation are suppressed by small mass ratios and not
independent from the mass entries that parametrize mixing
with the third generation. All ð2 → 1Þ mixing is given by an
effective ð2 → 3Þ × ð3 → 1Þ mixing. This is a consequence

of the breaking of the Uð2Þ5 symmetry by only one set of
Yukawa couplings.

B. Couplings of the Higgs bosons

Next, we discuss the couplings of the physical Higgs
bosons in the four different models. We largely follow the
notation and conventions in [12] and state only the relevant
results.
The part of the Lagrangian that parametrizes the cou-

plings to the three neutral scalars, h, H, and A (we identify
h with the 125 GeV Higgs), as well as the charged Higgs
H� to mass eigenstate fermions, is written as

L ⊂ −
X
f¼d;l

X
i;j

ðf̄iPRfjÞðhðYf
hÞij þHðYf

HÞij − iAðYf
AÞijÞ þ H:c: −

X
i;j

ðūiPRujÞðhðYu
hÞij þHðYu

HÞij þ iAðYu
AÞijÞ þ H:c:

−
ffiffiffi
2

p X
i;j

ððd̄iPRujÞH−ðYu
�Þij − ðūiPRdjÞHþðYd

�Þij − ðν̄iPRljÞHþðYl
�ÞijÞ þ H:c: ð7Þ

For the flavor diagonal and off-diagonal couplings of the
neutral Higgs bosons to leptons one finds

κhlilj
mlj

vW
≡ ðYl

hÞij ¼
mlj

vW

�
cα
sβ

δij −
m0

lilj

mlj

cβ−α
sβcβ

�
; ð8Þ

κHlilj

mlj

vW
≡ ðYl

HÞij ¼
mlj

vW

�
sα
sβ

δij þ
m0

lilj

mlj

sβ−α
sβcβ

�
; ð9Þ

κAlilj

mlj

vW
≡ ðYl

AÞij ¼
mlj

vW

�
−
1

tβ
δij þ

m0
lilj

mlj

1

sβcβ

�
; ð10Þ

where we introduced the coupling modifiers κ with
respect to the SM Higgs couplings. We use the notation
cϕ ¼ cosϕ, sϕ ¼ sinϕ, and tϕ ¼ tanϕ. The angle α para-
metrizes the mixing between the neutral CP-even compo-
nents of the two-Higgs doublets and tan β ¼ v=v0 is the
ratio of Higgs vacuum expectation values. Completely
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analogous expressions hold for the neutral Higgs couplings
to the up-type and down-type quarks.
Ignoring neutrino mixing (which is of no relevance for

our study) one finds for the charged Higgs couplings to
leptons

κ�νilj
mlj

vW
≡ ðYl

�Þij ¼
mlj

vW

�
−
1

tβ
δij þ

m0
lilj

mlj

1

sβcβ

�
: ð11Þ

In the expressions for the charged Higgs couplings to
quarks, the CKM matrix V enters. We find

κ�diuj
muj

vW
V�
ujdi

≡ ðYu
�Þij

¼ muj

vW
V�
ujdi

�
−
1

tβ
þ
X
k

m0
ukuj

muj

V�
ukdi

V�
ujdi

1

sβcβ

�
;

ð12Þ

κ�uidj
mdj

vW
Vuidj ≡ ðYd

�Þij

¼ mdj

vW
Vuidj

�
−
1

tβ
þ
X
k

m0
dkdj

mdj

Vuidk

Vuidj

1

sβcβ

�
:

ð13Þ

All of these expressions for the couplings are completely
generic and can be applied to any of our flavorful models.
The only terms that change in the different models are the
m0 mass parameters, as given in Eqs. (4)–(6).
In Tables II–IV, we show the leading order coupling

modifiers for the flavor diagonal couplings of the Higgs
bosons κi ≡ κii as an expansion in 1=m3, where
m3 ¼ mt;mb;mτ. We compare the coupling modifiers of
all four flavorful 2HDM types to those of the four 2HDM
types with natural flavor conservation. As is well known,
the coupling modifiers are flavor universal in the models
with natural flavor conservation. In the flavorful models the
modifiers are flavor dependent and differentiate between
the third generation and the first two generations.

III. LIGHT HIGGS PHENOMENOLOGY

A. Constraints from Higgs signal strength
measurements

The introduction of a second doublet alters the couplings
to the 125 GeV Higgs boson h as shown in Table II as well
as Eq. (8). We can compare the Higgs production and decay
rates predicted by our models to those measured by ATLAS
and CMS in order to constrain the new physics param-
eter space.

TABLE II. The leading order flavor diagonal coupling modifiers of the 125 GeV Higgs h.

Model κhV κhu3 κhu1;2 κhd3 κhd1;2 κhl3 κhl1;2
Type 1A sβ−α cα=sβ cα=sβ cα=sβ cα=sβ cα=sβ cα=sβ
Type 1B sβ−α cα=sβ −sα=cβ cα=sβ −sα=cβ cα=sβ −sα=cβ
Type 2A sβ−α cα=sβ cα=sβ −sα=cβ −sα=cβ −sα=cβ −sα=cβ
Type 2B sβ−α cα=sβ −sα=cβ −sα=cβ cα=sβ −sα=cβ cα=sβ

Flipped A sβ−α cα=sβ cα=sβ −sα=cβ −sα=cβ cα=sβ cα=sβ
Flipped B sβ−α cα=sβ −sα=cβ −sα=cβ cα=sβ cα=sβ −sα=cβ
Lepton-specific A sβ−α cα=sβ cα=sβ cα=sβ cα=sβ −sα=cβ −sα=cβ
Lepton-specific B sβ−α cα=sβ −sα=cβ cα=sβ −sα=cβ −sα=cβ cα=sβ

TABLE III. The leading order flavor diagonal coupling modifiers of the heavy scalar Higgs H.

Model κHV κHu3 κHu1;2 κHd3 κHd1;2 κHl3
κHl1;2

Type 1A cβ−α sα=sβ sα=sβ sα=sβ sα=sβ sα=sβ sα=sβ
Type 1B cβ−α sα=sβ cα=cβ sα=sβ cα=cβ sα=sβ cα=cβ

Type 2A cβ−α sα=sβ sα=sβ cα=cβ cα=cβ cα=cβ cα=cβ
Type 2B cβ−α sα=sβ cα=cβ cα=cβ sα=sβ cα=cβ sα=sβ

Flipped A cβ−α sα=sβ sα=sβ cα=cβ cα=cβ sα=sβ sα=sβ
Flipped B cβ−α sα=sβ cα=cβ cα=cβ sα=sβ sα=sβ cα=cβ

Lepton-specific A cβ−α sα=sβ sα=sβ sα=sβ sα=sβ cα=cβ cα=cβ
Lepton-specific B cβ−α sα=sβ cα=cβ sα=sβ cα=cβ cα=cβ sα=sβ

FLAVORFUL TWO-HIGGS-DOUBLET MODELS WITH A TWIST PHYS. REV. D 98, 075005 (2018)

075005-5



To determine the constraints from the measured Higgs
signals we construct a χ2 function:

χ2 ¼
X
i;j

�ðσ × BRÞexpi

ðσ × BRÞSMi
−
ðσ × BRÞBSMi

ðσ × BRÞSMi

�

×

�ðσ × BRÞexpj

ðσ × BRÞSMj
−
ðσ × BRÞBSMj

ðσ × BRÞSMj

�
ðcovÞ−1ij ; ð14Þ

where ðσ × BRÞexpi , ðσ × BRÞSMi , and ðσ × BRÞBSMi are the
experimental measurements, the Standard Model predic-
tions, and flavorful 2HDM predictions, respectively, for the
production cross sections times branching ratio of the
various measured channels.
The ratios of experimental measurements and SM

predictions that enter Eq. (14) are given by the signal
strength modifiers that are reported by ATLAS and CMS.
The SM predictions for the production cross sections and
branching ratios are taken from [28]. The ratios of BSM
and SM predictions for individual channels can be obtained
in a straightforward way as functions of the coupling
modifiers. For the gluon-gluon fusion production (ggf);
vector boson fusion production (VBF); production in
association withW and Z bosons (Wh, Zh); and production
in association with top quarks (tth), we have

σBSMggf

σSMggf
≃ 1.065ðκht Þ2 þ 0.002ðκhbÞ2 − 0.067ðκhbÞðκht Þ; ð15Þ

σBSMVBF

σSMVBF
¼ σBSMWh

σSMWh

¼ σBSMZh

σSMZh
¼ ðκhVÞ2;

σBSMtth

σSMtth
¼ ðκht Þ2; ð16Þ

where for the loop-induced gluon-gluon fusion we take into
account the top and bottom contributions at one loop. For
tree level decays, the partial widths simply scale with the
appropriate coupling modifiers. In the case of the loop-
induced h → gg decay width we take into account the top
and bottom contributions at one loop. (We explicitly
checked that loops with lighter quarks do not lead to
any appreciable effects.) For h → γγ we consider W, top,

and bottom loops. We neglect charged Higgs loops, that are
typically tiny, giving [29]:

ΓBSM
WW�

ΓSM
WW�

¼ ΓBSM
ZZ�

ΓSM
ZZ�

¼ ðκhVÞ2;
ΓBSM
ff̄

ΓSM
ff̄

¼ ðκhfÞ2;

for f ¼ b; τ; c; s; μ; ð17Þ
ΓBSM
gg

ΓSM
gg

≃ 1.065ðκht Þ2 þ 0.002ðκhbÞ2 − 0.067ðκhbÞðκht Þ; ð18Þ

ΓBSM
γγ

ΓSM
γγ

≃ 1.640ðκhVÞ2 þ 0.080ðκht Þ2 − 0.725ðκhVÞðκht Þ

þ 0.006ðκhVÞðκhbÞ − 0.001ðκhbÞðκht Þ: ð19Þ
The covariance matrix in Eq. (14) contains the exper-

imental uncertainties and (where available) the correlations
among the uncertainties. We assume that theory uncertain-
ties in the ratio of BSM and SM predictions are negligible
compared to current experimental uncertainties. We take
into account the Higgs signal strengths from the LHC run 1
combination [30], as well as several individual run 2
results, in particular measurements of h → ZZ� [31,32],
h → WW� [33,34], h → γγ [35,36], h → τþτ− [1], h → bb̄
[2,3], and h → μþμ− [37,38]. We also include results on
Higgs production in association with top quarks [39–41].
(See [42,43] for recent Higgs signal strength studies of
2HDMs with natural flavor conservation.)
The couplings of h are largely determined by the

parameters α and β. Subleading corrections enter through
them0 mass parameters; see Eq. (8). We use the χ2 function
to put constraints on the α and β parameters, allowing the
Oð1Þ coefficients in the subleading corrections to vary in
the range ð−3; 3Þ. The allowed regions in the cosðβ − αÞ vs
tan β plane that we obtain in this way are shown in Fig. 1.
The dark (light) green regions correspond to the 1σ and 2σ
allowed regions (that we define as Δχ2 ¼ χ2 − χ2SM < 1; 4)
in the four flavorful models. We also compare these regions
to the 2σ constraint in the corresponding models with
natural flavor conservation (dashed contours). The plot for
the type 1B model updates the corresponding result in [12].

TABLE IV. The leading order flavor diagonal coupling modifiers of the pseudoscalar Higgs A and charged
Higgs H�.

Model κAu3 , κ
�
diu3

κAu1;2 , κ
�
diu1;2

κAd3 , κ
�
uid3

κAd1;2 , κ
�
uid1;2

κAl3 , κ
�
ν3l3

κAl1;2
, κ�ν1;2l1;2

Type 1A −1=tβ −1=tβ −1=tβ −1=tβ −1=tβ −1=tβ
Type 1B −1=tβ tβ −1=tβ −1=tβ −1=tβ tβ

Type 2A −1=tβ −1=tβ tβ tβ tβ tβ
Type 2B −1=tβ tβ tβ −1=tβ tβ −1=tβ
Flipped A −1=tβ −1=tβ tβ tβ −1=tβ −1=tβ
Flipped B −1=tβ tβ tβ −1=tβ −1=tβ tβ

Lepton-specific A −1=tβ −1=tβ −1=tβ −1=tβ tβ tβ
Lepton-specific B −1=tβ tβ −1=tβ tβ tβ −1=tβ
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The couplings of the 125 GeV Higgs to the third-
generation fermions are already constrained by current
data to be SM-like at the level of 10%–20%. By coupling
the τ and/or b to the second doublet (as in the type 2B,
lepton-specific B, and flipped B models), we therefore find
the parameter space to be more strongly constrained than in
the type 1B model. Note that in those models there are two
distinct regions of parameter space: one region close to the
alignment limit cosðβ−αÞ≃0, where the mixing between
the 125 GeV Higgs and heavy Higgs is tiny and all h
couplings become SM-like, and a second narrow strip
where the bottom and/or the tau coupling have opposite
sign with respect to the SM prediction. The constraints for
the type 2B and flipped B models are very similar, implying
that the bottom coupling (which largely determines the total
width of h) is the most important factor in determining the
parameter space of these models. Generally, as tan β gets
very large or very small the κ values can deviate substan-
tially from 1, resulting in strong constraints. Moderate
values for tan β are the least constrained.

Currently, the only decay of the Higgs into a non-third-
generation fermion which has been constrained in a
relevant way at the LHC is the decay to μþμ− [37,38].
However, the current sensitivities to the h → μþμ− decay
are not sufficient to impose strong constraints on our
parameter space, yet. Future precise measurements of
h → μþμ− can potentially constrain large parts of the open
parameter space of the type 1B model. The type 2B and
flipped B models will be mainly constrained by improved
measurements of h → bb̄. For the lepton-specific B model,
future precision measurements of h → τþτ− will give the
most relevant constraints.

B. Flavor violating decays

Along with altering the flavor diagonal couplings of the
light Higgs, the introduction of the second doublet also
introduces flavor violating couplings of h to the fermions.
We expect in our models a number of FCNC decays that are
extremely suppressed in the SM, most notably rare top

FIG. 1. Constraints on cosðβ − αÞ vs tan β based on the results from the LHC measurements of the 125 GeV Higgs signal strengths.
We show both the 1σ and 2σ regions for the four flavorful models in green. We allow the mass parameters to vary up to a factor of 3 times
their expected values. For comparison, the 2σ regions in the corresponding models with natural flavor conservation are shown by the
dashed contours.
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decays t → ch and t → uh as well as lepton flavor violating
Higgs decays h → τμ, h → τe, and h → μe.
In all four flavorful models the branching ratio of t → ch

is given by

BRðt → hcÞ ¼ 2m2
c

m2
t

c2β−α
s2βc

2
β

�jm0
tcj2
m2

c
þ jm0

ctj2
m2

c

�

×
ð1 −m2

h=m
2
t Þ2

ð1 −m2
W=m

2
t Þ2ð1þ 2m2

W=m
2
t Þ

≃ 7.0 × 10−6 ×
c2β−α
s2βc

2
β

�jm0
tcj2
m2

c
þ jm0

ctj2
m2

c

�
: ð20Þ

From our study of Higgs signal strength measurements
described in Sec. III A we find in all four flavorful models
the constraint cβ−αsβcβ

≲ 2.5. Combined with the generic expect-

ation m0
tc ∼m0

ct ∼mc, this implies that BRðt → hcÞ is
typically not larger than ∼few × 10−5. While this is much
larger than the SM prediction of Oð10−15Þ [44], it is below
the current and expected sensitivities at the LHC [45,46].
The decay t → hu is further suppressed by the up-quark
mass and generically not larger than 10−10, i.e., far below
any foreseeable experimental sensitivity. Rare top decays
could have much larger branching ratios if the CKMmatrix
is generated in the up sector.
The branching ratio for the rare Higgs decay h → τμ ¼

h → τþμ− þ τ−μþ is given by

BRðh → τμÞ ¼ mh

8πΓh

m2
μ

v2W

c2β−α
s2βc

2
β

�jm0
τμj2
m2

μ
þ jm0

μτj2
m2

μ

�

≃ 2.3 × 10−4 ×
c2β−α
s2βc

2
β

�jm0
τμj2
m2

μ
þ jm0

μτj2
m2

μ

�
;

ð21Þ

where Γh ≃ 4 MeV is the total Higgs width. This expres-
sion holds in all four flavorful models, and we generically
expect branching ratios up to ∼10−3. This has to be
compared to the current bounds on this branching ratio
from CMS [47] and ATLAS [48]:

BRðh → τμÞCMS < 2.5 × 10−3;

BRðh → τμÞATLAS < 1.43 × 10−2: ð22Þ

Future searches for h → τμ will start to probe interesting
new physics parameter space.
In all our models, the branching ratio of h → τe is

suppressed by a factor of m2
e=m2

μ ∼ 10−5 compared to
h → τμ and is therefore outside the reach of foreseeable
experiments. The branching ratio of h → μe is further
suppressed and generically not larger than 10−10.

IV. HEAVY NEUTRAL HIGGS PRODUCTION
AND DECAYS

We expect a distinct collider phenomenology for the
heavy Higgs bosons in each of our models. In contrast to
models with natural flavor conservation, flavor alignment,
or minimal flavor violation [13,29,49–52], the coupling
modifiers of the heavy Higgs bosons to fermions are not
flavor universal. The difference is particularly striking
for moderate and large tan β. As shown in Table III, for
cosðβ − αÞ ≃ 0 and tan β ≫ 1, whenever the coupling to a
third-generation fermion is suppressed by a factor sin α

sin β≃
1

tan β, the couplings to the corresponding first- and second-
generation fermions are enhanced by a factor cos α

cos β ≃ tan β,
and vice versa. Depending on the type of flavorful model, a
specific set of fermions can dominate the decay of the
heavy Higgs bosons and cause different types of production
modes to be more or less relevant. In the following we will
focus on the type 2B, lepton-specific B, and flipped B
models. The collider phenomenology of the type 1B model
has been discussed previously in [12].
For the numerical results that will be presented in this

section as well as in the subsequent charged Higgs section
we will consider a fixed set of m0 mass parameters. To
choose m0 parameters in the up and lepton sectors, we start
with the Yukawa textures from Eqs. (2a) and (2c), setting
all freeOð1Þ parameters toþ1. The precise values formu;c;t

andme;μ;τ in Eqs. (2a) and (2c) are then fully determined by
demanding that the mass eigenvalues reproduce the known
fermion masses (we use MS masses at a scale of 500 GeV).
In the down sector, the entries in Eq. (2b) of OðλmsÞ,
Oðλ2mbÞ, and Oðλ3mbÞ are chosen to reproduce the CKM
matrix. Themd;s;b parameters in Eq. (2b) are determined by
the known down-quark masses, setting the remaining free
Oð1Þ parameters to þ1. Generically, choosing different
Oð1Þ parameters does not lead to a qualitative change of
the heavy neutral and charged Higgs phenomenology. We
will discuss the quantitative impact of varying the Oð1Þ
parameters where appropriate.

A. Production cross sections

Aswehaveseen inSec. III A, the type2B, lepton-specificB,
and flippedBmodels are strongly constrained byHiggs signal
strength measurements. In order to have maximal freedom
in choosing a value for tan β, we will limit our discussion
to the decoupling limit and thus set cosðβ − αÞ ¼ 0.3

3As shown in Fig. 1, there are also tuned narrow strips of
parameter space beyond the decoupling limit of the type 2B, lepton-
specific B, and flipped B models that are allowed by Higgs signal
strength data. In those regions of parameter space the bottom and/or
the tau couplings of h have opposite sign with respect to the SM
prediction. A detailed study of the heavy Higgs phenomenology in
these “flipped sign scenarios” is beyond the scope of this work. (See
e.g., [53–56] for corresponding studies in other 2HDM scenarios.)
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In this limit the couplings of the heavy scalar and pseudoscalar
Higgs to fermions are identical and, furthermore, their
couplings to gauge bosons vanish. The main production
modes of the heavy neutral Higgs bosons are therefore
gluon-gluon fusion, production in association with tops
or bottoms, and direct production from a qq̄0 initial state.
Vector boson fusion and production in associationwith gauge
bosons is absent.
We compute the cross section of the qq̄0 → H processes

by convoluting the leading order parton level cross section
with the appropriate MMHT 2014 quark parton distribution
functions (PDFs) [57]

σðqiq̄j → HÞ ¼ π

12s
ðjðYq

HÞijj2 þ jðYq
HÞjij2Þ

×
Z

1

m2
H
s

dx
x
fqðxÞfq̄0

�
m2

H

xs

�
; ð23Þ

where s is the center of mass energy of the protons. We take
into account cc̄, bb̄, bs̄, and sb̄ initial states. Given the small
couplings to the lighter quark generations, we find that the
remaining possible quark combinations are always subdomi-
nant (despite the larger PDFs). We do not include higher
order corrections where one or two b quarks appear in the
final state, keeping in mind that such processes might modify
our bb̄ → H and bs → H results by an Oð1Þ amount [58].
In the type 2B and flipped B models, we expect that the
bb̄ → H production is the most relevant for moderate and
large tan β, thanks to the enhanced couplings to bottom
quarks. Production from initial state charm benefits from
slightly larger PDFs but is suppressed by the significantly
smaller charm mass. In the lepton-specific B model instead,
we expect cc̄ → H to dominate for moderate and large tan β,
as the couplings to the bottom are suppressed.
We estimate the gg → H production cross section by

scaling the corresponding cross section of a heavy Higgs
with SM-like couplings from [28] by the ratio of the
leading order H → gg partial width in our model and a
heavy Higgs with SM-like couplings. We take the expres-
sion for the partial width from [59].
Top associated production arises from diagrams like

those shown in Fig. 2. The corresponding cross section is
identical for all four flavorful models. We use the cross

section from [12], which was obtained by summing over
the initial state quarks u and c and convoluting the parton
cross section with the appropriate PDFs.
The plots on the left-hand side of Fig. 3 show the various

production cross sections for the three considered types of
models as function of tan β, for a fixed Higgs mass of
mH ¼ 500 GeV, and cosðβ − αÞ ¼ 0. In the type 2B and
flipped B models, production involving bottom quarks is
typically most relevant, while in the lepton-specific B
model either production from cc̄ or gluon-gluon fusion
dominates. For large tan β, the gluon-gluon fusion produc-
tion is subdominant in all cases due to the suppressed Higgs
coupling to tops. Gluon-gluon fusion is minimal for
intermediate values of tan β ∼ 15, where the heavy Higgs
coupling to tops accidentally vanishes. The precise location
of the minimum depends on the choice of m0 parameters
and can shift by an Oð1Þ factor. For large and small tan β
the shown production cross sections are robust with respect
to Oð1Þ changes in the m0 parameters.
Overall, the total production cross section of a heavy

Higgs of mass 500 GeV ranges from several hundred fb to
several pb in the type 2B and flipped B models, and from
tens of fb to several pb in the lepton-specific B model. The
results for the type 2B and flipped B models are very
similar to the corresponding models with natural flavor
conservation. The reason is that the dominant production
modes are governed by the top and bottom couplings that
behave very similarly in those type A and B models. The
results for the lepton-specific B model, however, differ
markedly from the corresponding results of the lepton-
specific A model. In the type A model, all couplings to
quarks are universally suppressed by 1= tan β, leading to
tiny production cross sections. In the type B model the
couplings to charm are enhanced, leading to an appreciable
amount of heavy Higgs production.

B. Branching ratios

The heavy Higgs bosons can in principle decay to SM
fermions, to the SM gauge bosons, and to other Higgs
bosons. In the decoupling limit cosðβ − αÞ ¼ 0, the decays
of H and A to final states with massive vector bosons
vanish. Decays into photons and gluons are loop sup-
pressed and typically tiny. We assume that the heavy Higgs

FIG. 2. Feynman diagrams for the production of a Higgs boson in association with a quark.
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bosons are sufficiently degenerate, such that decays into
each other are kinematically forbidden. The decay into two
light Higgs bosons is in principle possible. The corre-
sponding trilinear couplings depend on the couplings in the

Higgs potential and can be made arbitrarily small. In the
following, we will only consider decays into fermions.
Generically, the decay widths of the heavy scalar H to two
fermions are

FIG. 3. Production cross sections at 13 TeV proton-proton collisions (left) and branching ratios (right) of the heavy scalar Higgs with
massmH ¼ 500 GeV in the type 2B model (top), lepton-specific B model (center), and flipped B model (bottom) as function of tan β. In
all plots we set cosðβ − αÞ ¼ 0.
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ΓðH → fifjÞ ¼ ΓðH → fif̄j þ fjf̄iÞ
¼ NcmH

8π
ðjðYf

HÞijj2 þ jðYf
HÞjij2Þ; ð24Þ

where we assumed that the mass of the fermions is
negligible, mfi;f̄j ≪ mH. The color factor is Nc ¼ 1 for
leptons and Nc ¼ 3 for quarks. This expression is suffi-
ciently generic to describe both flavor conserving and
flavor violating decays. In the case where one or both of the
fermions are top quarks, top mass effects have to be
included, resulting in the decay width:

ΓðH → tuiÞ ¼
NcmH

8π

�
1 −

m2
t

m2
H

�
2

ðjðYu
HÞ3ij2 þ jðYu

HÞi3j2Þ;

ð25Þ

ΓðH → tt̄Þ ¼ NcmH

8π

��
1 −

4m2
t

m2
H

�3
2

ReððYu
HÞ33Þ2

þ
�
1 −

4m2
t

m2
H

�1
2

ImððYu
HÞ33Þ2

	
: ð26Þ

We show the branching ratios of the heavy Higgs as a
function of tan β in the plots on the right-hand side of
Fig. 3. The heavy Higgs mass is set to mH ¼ 500 GeV and
cosðβ − αÞ ¼ 0. The main decay modes of the heavy Higgs
to the fermions are easily understood from Table I, that
shows to which fermions the ϕ0 doublet couples. In the type
2B and flipped B models we expect the bb̄ decay to
dominate at large tan β. For the lepton-specific setup we
expect the τþτ− decay to be the primary branching ratio.
In the flipped B model, the τþτ− decay is instead strongly
suppressed. For low tan β, decays into tt̄ dominate (if
kinematically allowed). These are the same patterns as in
the models with natural flavor conservation.
In contrast to the models with natural flavor conserva-

tion, decays involving charm quarks (cc̄ and ct) can have
branching ratios of Oð10%Þ in all three flavorful models.
Also the decay into tt̄ has branching ratios of several
percent for large tan β, due to terms in the coupling of the
heavy Higgs to tops that are proportional to mc tan β. For
tan β ≃ 15 there can be a cancellation between the leading
1= tan β suppressed term and the mc correction, leading to
an accidental vanishing of the tt̄ branching ratio.
Also lepton flavor violating decays can arise. In the

lepton-specific B model, we find that the decay τμ can have
branching ratios of up to ∼1%. In the type 2B and flipped B
model, the branching ratio of this decay mode is smaller by
a factor of a few, as it has to compete with the dominant
decay into bb̄.
The branching ratios of flavor diagonal decay modes like

bb̄, τþτ−, and cc̄ are fairly robust against changes in the m0
mass parameters. The branching ratios of flavor violating

decays can change by a factor of a few if the relevant m0
parameters are modified by an Oð1Þ amount.
In the decoupling limit, the scalar and pseudoscalar

Higgs couplings are identical. Consequently, the produc-
tion cross sections and branching ratios of the pseudoscalar
Higgs are very similar to the scalar Higgs and we do not
show the plots for the pseudoscalar.

C. Constraints from direct searches

Having examined the main production and decay modes
of the heavy neutral Higgs bosons of the flavorful models
we now compare results from current heavy Higgs searches
at the LHC with the model predictions. We find the most
relevant constraints come from

(i) searches for H → τþτ− with the Higgs produced
either in gluon-gluon fusion, or in association with b
quarks (ATLAS 13 TeV with 36.1 fb−1 [60] and
CMS 13 TeV with 2.2 fb−1 [61]);

(ii) searches for low mass dijet resonances (ATLAS
13 TeV with 3.6 and 29.3 fb−1 [62]);

(iii) searches for bb̄ resonances (CMS 13 TeV with
35.7 fb−1 [63] and CMS 8 TeV with 19.7 fb−1 [64]);

(iv) searches for dimuon resonances (ATLAS 13 TeVwith
36 fb−1 [65] and CMS 13 TeV with 36 fb−1 [66]).

In Fig. 4 we show the ratio of the experimentally
excluded rate ðσ × BRÞexp to the rate predicted in our
flavorful 2HDMs ðσ × BRÞBSM as function of the heavy
Higgs mass for a benchmark scenario with tan β ¼ 25
and cosðβ − αÞ ¼ 0. If this ratio is below 1, the model is
excluded for the given set of parameters.
Concerning the experimental searches that target Higgs

production in association with bottom quarks, we estimate
the theoretical production cross section from bb̄ → H,
keeping in mind that higher order corrections might change
the result by anOð1Þ amount. The corresponding constraints
in the plots of Fig. 4 are labeled with the subscript “bbF.” If
experimental constraints assume gluon-gluon fusion produc-
tion, we take into account both gluon-gluon fusion and also
production from cc̄, which should lead to the same exper-
imental signature. The corresponding constraints are labeled
“ggF.” If no particular production mode is singled out by the
experimental search, we add up all the production mecha-
nisms. For each individual channel we show the strongest
constraint among the considered experimental analyses.
We observe that for tan β ¼ 25 the type 2B and the

lepton-specific B models are strongly constrained by
searches for heavy Higgs decaying to a τþτ− final state.
Heavy Higgs masses up to ∼1 TeV (type 2B) and up to
∼500 GeV (lepton-specific B) are already excluded in this
case. The constraints are much weaker in the flipped B
model. Searches for dimuon, bb̄ and dijet resonance
searches have sensitivities that start to approach the model
predictions, but currently do not exclude parameter space
with tan β ¼ 25.
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Note that the excluded mass ranges are extremely
sensitive to the values of tan β. For large tan β the
production cross sections in all models are approximately
proportional to tan2 β. So, the cross section ratios quickly
go below the exclusion line. However, as tan β becomes
small the constraints generically get weaker and the
constraints in the type 2B and lepton-specific B case can
be easily avoided.

V. CHARGEDHIGGS PRODUCTIONANDDECAYS

The collider phenomenology of the charged Higgs in
the type 1B model has been discussed previously in [12].
Here we discuss the phenomenology of the charged
Higgs in the type 2B, lepton-specific B, and flipped B
models.

A. Production cross sections

As for the neutral Higgs bosons, the main production
mode is again primarily from qq̄0 fusion. We estimate these
cross sections using an expression analogous to Eq. (23)

along with the MMHT 2014 PDFs [57]. Also production in
association with a top quark (see diagrams in Fig. 2) can
become important. The corresponding production cross
section is taken from [67].
We show the production cross sections as a function of

tan β in Fig. 5. As an example, we use the charged Higgs
mass mH� ¼ 500 GeV and set cosðβ − αÞ ¼ 0.
At low tan β, the production in association with a top

quark dominates in all three flavorful models. In the type
2B and flipped B models production in association with a
top quark remains dominant, and also for large tan β due to
the enhanced couplings to the bottom in this region of
parameter space. In the lepton-specific B model, however,
large tan β implies suppression of both top and bottom
couplings and the top associated charged Higgs production
is suppressed.
We find that the charged Higgs production from qq̄0

fusion is dominated by initial states containing charm
quarks. All three combinations cb, cs, and cd have
production cross sections of the same order of magnitude.
While the coupling to cd is suppressed by a factor of ∼Vcd

FIG. 4. Exclusions for the heavy Higgs as a function of its mass mH for tan β ¼ 25 and cosðβ − αÞ ¼ 0. Cross section ratios smaller
than 1 are experimentally excluded.
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compared to the cb and cs couplings, this suppression
is partially compensated by the larger down PDF.
Furthermore, the qq̄0 production cross sections are mainly
determined by couplings of the charged Higgs involving

right-handed charm quarks. Those couplings have the same
scaling with tan β for all three flavorful models and we
indeed observe that also the corresponding cross sections
are approximately equal in the three models.

FIG. 5. Production cross sections at 13 TeV proton-proton collisions (left) and branching ratios (right) of the charged Higgs with mass
mH� ¼ 500 GeV in the type 2B model (top), lepton-specific B model (center), and flipped B model (bottom) as a function of tan β. In all
plots we set cosðβ − αÞ ¼ 0.
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This is particularly interesting for the lepton-specific B
case. In the lepton-specific A model, all couplings to quarks
are suppressed at large tan β, and charged Higgs production

is tiny. In the “B-type” of the model, however, the enhanced
couplings to charm open up the possibility to directly probe
this region of parameter space at the LHC.

FIG. 6. Exclusions of the charged Higgs for the low mass region (left) based on top decays and high mass regions (right) based on
direct charged Higgs production as a function of the charged Higgs mass mH� for tan β ¼ 25 and cosðβ − αÞ ¼ 0. Cross section ratios
smaller than 1 are experimentally excluded.
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B. Branching ratios

In the considered scenario with cosðβ − αÞ ¼ 0, the
charged Higgs decays either to quarks or leptons. The
decay toW�h is absent. The decay rate to fermions is given
analogous to the neutral Higgs, Eq. (24).
In the type 2B and flipped B models we expect the

dominant branching ratio to be tb both for small tan β
(where the coupling to top is large) and at large tan β (where
the coupling to bottom is enhanced). This can be clearly
seen in the plots of Fig. 5 that show the most relevant
branching ratios as function of tan β for mH� ¼ 500 GeV
and cosðβ − αÞ ¼ 0.
In the type 2B model, the τν decay mode has the second

largest branching ratio at large tan β. This is very similar
to the type 2A model with natural flavor conservation. In
contrast to the type 2A, the decay modes including charm
quarks, like cb and cs, can have branching ratios of several
percent in the flavorful type 2B model. Also in the flipped
B model, cb and cs can have branching ratios of several
percent. The decay to τν on the other hand is strongly
suppressed. The rather clean μν final state can reach
branching ratios of Oð10−3Þ, which is orders of magnitude
larger than in the flipped A model.
In the lepton-specific B model, the branching ratio to τν

dominates at large tan β and is typically around 50%. Decay
modes involving charm (cs and cb) as well as top (ts and
tb) have typical branching ratios of Oð10%Þ.
For tan β above ∼10 most branching ratios stay approx-

imately constant. One exception is the tb branching ratio in
the lepton-specific B model which changes considerably
with tan β. For tan β ∼ 15 the relevant coupling of the
charged Higgs to tb vanishes, due to an accidental can-
cellation between the 1= tan β term and the term ofOðmcÞ in
Eq. (12). The same cancellation is also responsible for the
dip in the top associated production in the lepton-specific B
model shown on the left-hand side of Fig. 5. The precise
value of tan β where this cancellation happens depends on
the sign and exact size of the freeOð1Þ parameters in them0
mass parameters; see Eq. (4a). In general, variation of them0
mass parameters can change the branching ratios of flavor
violating decays by a factor of a few.

C. Constraints from direct searches

The constraints in this section are implemented with
the same process we used in Sec. IV C, and can be seen in
Fig. 6. The strongest constraints come from

(i) searches for light charged Higgs bosons that are
produced from top decays and that decay into cs
(CMS 8 TeV with 19.7 fb−1 [68]), into cb (CMS
8 TeV with 19.7 fb−1 [69]), or into τν (CMS 8 TeV
with 19.7 fb−1 [70] and ATLAS 8 TeV with
19.5 fb−1 [71]);

(ii) searches for charged Higgs bosons produced in
association with a top quark and decaying into τν

(CMS 8 TeV with 19.7 fb−1 [70], ATLAS 8 TeVwith
19.5 fb−1 [71], and ATLAS 13 TeV, 3.2 fb−1 [72]);

(iii) searches for charged Higgs bosons produced in
association with a top quark and decaying into tb
(ATLAS 8 TeV with 20.3 fb−1 [73] and ATLAS
13 TeV with 13.2 fb−1 [74]);

(iv) generic searches for low mass dijet resonances
(ATLAS 13 TeV with 3.6 and 29.3 fb−1 [62]).

For low mass charged Higgs at tan β ¼ 25, the type 2B
and flipped B models are ruled out due to cq decays.
However, in the lepton-specific B case the parameter space
for charged Higgs bosons lighter than the top quark is still
open, motivating a continued search for charged Higgs
bosons in top decays t → H�b. For tan β ¼ 25 the high
mass region is still largely unconstrained. For the flipped B
and type 2Bmodels, searches forH� → tb need to improve
by approximately an order of magnitude to begin to probe
the high mass region. The type 2B and lepton-specific B
models can also be probed by H� → τν searches if their
sensitivities improve by one order of magnitude in the
future.

VI. EFFECTS ON FLAVOR VIOLATING
PROCESSES

The flavor violating couplings of the neutral Higgs
bosons also affect low energy flavor observables like
meson mixing and rare meson decays. In the following
we consider neutralBmeson, kaon, andDmeson mixing as
well as the branching ratios of several rare meson decays,
Bs→μþμ−, Bs→ τμ, B → Kτμ, B → K�τμ, and Bs → ϕτμ.

A. Meson oscillations

The SM Higgs, as well as the heavy scalar and
pseudoscalar Higgs add contributions to neutral B meson
mixing at tree level. For the new physics contribution to the
Bs mixing amplitude normalized to the SM amplitude we
have [11]

MNP
12

MSM
12

¼ m2
Bs

s2βc
2
β

�
16π2

g22

�
1

S0

�
2X4

�
c2β−α
m2

h

þ s2β−α
m2

H
þ 1

m2
A

�

×
m0

bs
�m0

sb

m2
bðVtbV�

tsÞ2
þ ðX2 þ X3Þ

�
c2β−α
m2

h

þ s2β−α
m2

H

−
1

m2
A

�ðm0
bs

�Þ2 þ ðm0
sbÞ2

m2
bðV�

tbVtsÞ2
�	

; ð27Þ

where S0 ≃ 2.3 is a SM loop function. The corresponding
expression for the Bd mixing amplitude is analogous.
Note that this expression holds for all four flavorful
2HDMs. The Xi factors in Eq. (27) contain leading order
QCD running corrections and ratios of hadronic matrix
elements X2 ¼ −0.47ð−0.47Þ, X3 ¼ −0.005ð−0.005Þ, and
X4¼0.99ð1.03Þ; see [11]. The first value listed
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corresponds to Bs and the second to Bd. From the above
new physics contribution we can find values for the meson
oscillation frequencies as well as the mixing phases:

ΔMq ¼ ΔMSM
q ×





1þ MNP
12

MSM
12





;
ϕq ¼ ϕSM

q þ Arg

�
1þ MNP

12

MSM
12

�
: ð28Þ

We confront our models with experimental constraints
by constructing a χ2 function that includes the mass
differences and mixing phases in Bs and Bd mixing. The
SM predictions and experimental results are taken from
[11] (see also [75] for a recent discussion of Bs mixing
constraints). Note that in our models the m0

sb and m
0
db mass

parameters are largely fixed by the CKM matrix; see
Eqs. (6f) and (6g). Thus we use the B mixing observables
to constrain the free m0

bs and m0
bd mass parameters, setting

m0
sb ¼ �V�

tsmb and m0
db ¼ �V�

tdmb (with the signs
depending on the type of flavorful model).
In Fig. 7 we show constraints on the absolute values

and phases of m0
bs (left) and m0

bd (right) for a benchmark
scenario with cosðβ − αÞ ¼ 0 (as favored by the Higgs
signal strength measurements; see Sec. III), tan β ¼ 25, and
mH ¼ mA ¼ 500 GeV. The constraints on the m0 param-
eter scale approximately as m2

A= tan β
2; i.e., they become

weaker for larger Higgs masses and stronger for larger
tan β. The shown constraints hold in the type 1B and
lepton-specific B models. In the type 2B and flipped B
models, them0

sb andm
0
db mass parameters have the opposite

sign. This results in constraints that are shifted in phase
by Argðm0

bqÞ → Argðm0
bqÞ þ π.

We observe that both m0
bd and m0

bs are strongly con-
strained by Bd and Bs mixing for large tan β and for heavy
Higgs bosons below ∼1 TeV. The fact that these mass

parameters have to be much smaller than the generic
prediction of our flavor textures, m0

bd ∼md and m0
bs ∼

ms might call for an underlying flavor model.
Similarly to Bmeson mixing, the kaon mixing amplitude

also obtains additional contributions. The new physics
amplitude is

MNP
12 ¼ m3

K
f2K
v2

1

s2βc
2
β

�
1

4
BK
4 η

K
4

�
c2β−α
m2

h

þ s2β−α
m2

H
þ 1

m2
A

�
m0

sd
�m0

ds

m2
s

−
�
5

48
BK
2 η

K
2 −

1

48
BK
3 η

K
3

��
c2β−α
m2

h

þ s2β−α
m2

H
−

1

m2
A

�

×
ðm0

sd
�Þ2 þ ðm0

dsÞ2
m2

s

	
; ð29Þ

with the kaon decay constant fK ≃ 155.4 MeV [76]. The
bag parameters BK

2 ≃ 0.46, BK
3 ≃ 0.79, and BK

4 ≃ 0.78 are
taken from [77] (see also [78,79]). The parameters ηK2 ≃ 0.68,
ηK3 ≃ −0.03, and ηK4 ¼ 1 (see [11]) encode one-loop renorm-
alization group effects.
The relevant observables in kaon mixing are the mass

difference ΔMK and the CP violating parameter ϵK. They
can be calculated via

ΔMK ¼ ΔMSM
K þ 2ReðMNP

12 Þ;

ϵK ¼ ϵSMK þ κϵ
ImðMNP

12 Þffiffiffi
2

p
ΔMK

; ð30Þ

with κϵ ¼ 0.94 [80]. In Eqs. (6a) and (6b) we saw that the
m0 parameters that are responsible for kaon mixing are not
independent parameters but given in terms of the param-
eters that govern Bs and Bd mixing. Given the constraints
from Bs and Bd mixing, we find that new physics effects
in kaon mixing are generically below the current bounds.

FIG. 7. Meson mixing constraints on the mass parameters m0
bs (left) and m0

bd (right). The 1σ and 2σ allowed regions are shaded in
green. We set cosðβ − αÞ ¼ 0, tan β ¼ 25, andmH ¼ mA ¼ 500 GeV. The shown regions correspond to the type 1B and lepton-specific
B models. In the type 2B and flipped B models the allowed regions are shifted in phase by Argðm0

bqÞ → Argðm0
bqÞ þ π.
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In particular, we find that new physics effects in ΔMK
are at most at the permille level, while effects in ϵK
are ≲10%.
Analogously to kaon mixing, the new physics contribu-

tions to neutral D meson mixing are given by

MD
12 ¼ m3

D
f2D
v2

1

s2βc
2
β

�
1

4
BD
4 η

D
4

�
c2β−α
m2

h

þ s2β−α
m2

H
þ 1

m2
A

�
m0�

cum0
uc

m2
c

−
�
5

48
BD
2 η

D
2 −

1

48
BD
3 η

D
3

��
c2β−α
m2

h

þ s2β−α
m2

H
−

1

m2
A

�

×
ðm0�

cuÞ2 þ ðm0
ucÞ2

m2
c

	
: ð31Þ

According to Eqs. (4b) and (4c), the m0
cu and m0

uc
parameters are strongly suppressed, generically of the
order of mumc=mt. We find that the resulting new physics
contributions to the mixing amplitude are many orders of
magnitude below the current sensitivities [81] in all the
models we consider.

B. The rare Bs → μ+ μ− decay

The rare FCNC decay Bs → μþμ− is known to be a
highly sensitive probe of new physics (see e.g., [82]). The
decay has been observed at the LHC [83] and the latest
experimental result for the time-integrated branching ratio
from LHCb [84],

BRðBs → μþμ−ÞLHCb ¼ ð3.0� 0.6þ0.3
−0.2Þ × 10−9; ð32Þ

agrees well with the SM prediction [85]

BRðBs → μþμ−ÞSM ¼ ð3.65� 0.23Þ × 10−9: ð33Þ

A generic expression for the branching ratio in the presence
of new physics (NP) reads [86,87]

BRðBs → μþμ−Þ
BRðBs → μþμ−ÞSM

¼ ðjSμμj2 þ jPμμj2Þ
�

1

1þ ys

þ ys
1þ ys

ReðP2
μμÞ − ReðS2μμÞ

jSμμj2 þ jPμμj2
�
;

ð34Þ

where ys is the lifetime difference of the Bs mesons,
ys ¼ ð6.1� 0.7Þ% [88]. In the above expression we do
not consider corrections due to a possible nonstandard Bs
mixing phase ϕs [89]. Given the existing constraint on ϕs
[81], such corrections to the branching ratio are negligible.
In the SM, the coefficients PSM

μμ ¼ 1 and SSMμμ ¼ 0.
Corrections due to the tree level exchange of the neutral
Higgs bosons are collected in the Appendix. As Bs meson

mixing puts strong constraints on m0
bs we will set it to zero

in the following discussion. In the alignment limit and for
mH ¼ mA, as well as neglecting the lifetime difference, the
expression for BRðBs → μþμ−Þ simplifies to

BRðBs → μþμ−Þ
BRðBs → μþμ−ÞSM

¼




1� 1

CSM
10

�
4π2

e2

�
m2

Bs

m2
A
t2β
m0�

μμ

mμ





2

þ




 1

CSM
10

�
4π2

e2

�
m2

Bs

m2
A
t2β
m0�

μμ

mμ





2; ð35Þ

with the SM Wilson coefficient CSM
10 ≃ −4.1. The plus

(minus) sign in the first term holds in the type 1B and the
lepton-specific B models (type 2B and flipped B models).
Note that the m0

μμ parameter is approximately given by mμ

in the type 1B and flipped B models. In the type 2B
and lepton-specific B models, m0

μμ is a free parameter of
Oðm2

μ=mτÞ. Consequently, we expect much more stringent
constraints in the type 1B and flipped B models as
compared to the type 2B and lepton-specific B models.
In Fig. 8 we show constraints in the plane of heavy Higgs

massmH¼mA vs tanβ from Bs→μþμ− in the four flavorful
models. In all four models we set cosðβ−αÞ¼0 and
m0

bs ¼ 0. In the type 1B and flipped B models we set the
(small) higher order corrections to m0

μμ to zero, i.e.,
m0

μμ ¼ mμ. In the type 2B and lepton-specific B models
we set m0

μμ ¼ þm2
μ=2mτ.

The constraints in the type 2B and lepton-specific
B models depend strongly on the choice of m0

μμ. If m0
μμ

accidentally vanishes, the Bs → μþμ− constraint can even
be completely avoided in these models. The bounds in the
type 1B and flipped B models, however, are robust. The
higher order corrections to m0

μμ modify them typically
by 10% or less. In these models, the shown bounds from
Bs → μþμ− can only be avoided by postulating that the
CKM matrix is generated in the up sector.
In comparison to the constraints from direct searches

we observe that Bs → μþμ− gives stronger bounds in the
type 1B and flipped B models. In the type 2B and lepton-
specific models, the direct searches in the τþτ− channel
tend to be more constraining, instead.

C. Lepton flavor violating B meson decays

In the SM, the lepton flavor violating decays based on
the b → sτμ transition are suppressed by the tiny neutrino
masses and are far below any imaginable experimental
sensitivities. Observation of these decays would be a clear
sign of new physics. In our setup, tree level exchange of
neutral Higgs bosons can induce these decays at levels that
might become experimentally accessible.
Similarly to the lepton flavor conserving decay Bs →

μþμ− we express the branching ratio of the two body decay
Bs → τþμ− as
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BRðBs → τþμ−Þ
BRðBs → μþμ−ÞSM

¼
�
1 −

m2
τ

m2
Bs

�
2

ðjSτμj2 þ jPτμj2Þ

×

�
1

1þ ys
þ ys
1þ ys

ReðP2
τμÞ − ReðS2τμÞ

jSτμj2 þ jPτμj2
�
; ð36Þ

where the last line takes into account the effect of a nonzero
lifetime difference in theBs system.An analogous expression
holds for the decay Bs → μþτ−. We will use the notation
Bs→ τμ¼Bs→ τþμ−þBs→μþτ−. The expressions for the
coefficients Pτμ and Sτμ are collected in the Appendix.
As in our discussion of the Bs → μþμ− decay, we set

m0
bs ¼ 0, cosðβ − αÞ ¼ 0, mH ¼ mA and neglect the life-

time difference. In this case we find

BRðBs → τμÞ
BRðBs → μμÞSM

¼
�
1 −

m2
τ

m2
Bs

�
2 1

jCSM
10 j2

�
4π2

e2

�
2m4

Bs

m4
A
t4β

×

�jm0
μτj2
m2

μ
þ jm0

τμj2
m2

μ

�
: ð37Þ

This expression holds in all four flavorful 2HDMs. For all
types we have jm0

τμj ∼ jm0
μτj ∼mμ. In the type 1B and the

flipped B models, the possible values for BRðBs → τμÞ are
bounded by the measured BRðBs → μþμ−Þ. Considering
jm0

τμj; jm0
μτj < 3mμ and 250 GeV < mA ¼ mH < 1 TeV,

we find the following upper bounds:

BRðBs → τμÞ ≲
�
1.5 × 10−7 type 1B

4.0 × 10−9 flippedB
: ð38Þ

Note that the given upper limits depend on the ranges of the
m0 parameters that we have chosen and that we believe to
be a representative example of the Yukawa structures that
we consider in this work. For example, allowing jm0

μτj and
jm0

τμj to be as large as 5mμ would result in branching ratios
that are larger by almost a factor of 3 compared to the
bounds quoted in Eq. (38).
In the type 2B and lepton-specific B models, the

constraint from Bs → τμ is much weaker. In those models
the strongest constraint comes from direct searches for the
heavy Higgs bosons in the τþτ− channel (see Fig. 8).

FIG. 8. Constraints in themH ¼ mA vs tan β plane from Bs → μþμ− for benchmark scenarios in the four flavorful models. The regions
above the blue hatched contour are excluded by Bs → μþμ− at the 2σ level. For comparison the region excluded by direct searches for
the heavy neutral Higgs bosons is shaded in gray. We show searches in the τþτ− channel (red), μþμ− channel (green), bb̄ channel
(orange), and dijet channel (purple).
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Values of BRðBs → τμÞ ∼ few × 10−6 are possible in
those models.
Lepton flavor changing decays involving electrons on

the other hand are tiny. Generically we expect in all models

BRðBs → τeÞ ∼m2
e

m2
μ
× BRðBs → τμÞ

∼ 2 × 10−5 × BRðBs → τμÞ; ð39Þ

BRðBs → μeÞ ∼m2
e

m2
τ
× BRðBs → τμÞ

∼ 8 × 10−8 × BRðBs → τμÞ: ð40Þ

In addition to the Bs → τμ decay, tree level exchange of
flavor violating Higgs bosons also leads to three body
semileptonic B meson decays like B → Kτμ, B → K�τμ,
and Bs → ϕτμ.
We find that the B → K�τμ and Bs → ϕτμ branching

ratios are directly correlated to the Bs → τμ branching ratio.
Ignoring the lifetime difference in the Bs system and using
the results from [90] (see also [91] for a related study) we
obtain for the differential branching ratio

dBR
dq2

ðB→ K�τþμ−Þ ¼ 1

16π2
λ3=2

�
1;

q2

m2
B
;
m2

K�

m2
B

�

×

�
1−

m2
τ

q2

�
2
�
1−

m2
τ

m2
Bs

�−2

×
q2A2

0ðq2Þ
m2

Bf
2
Bs

τBm5
B

τBs
m5

Bs

×BRðBs → τμÞ;

ð41Þ

where λða; b; cÞ ¼ a2 þ b2 þ c2 − 2ðabþ acþ bcÞ. An
analogous expression holds for Bs → ϕτμ. For the Bs
meson decay constant we use fBs

≃ 224 MeV [92]. The
B → K� and Bs → ϕ form factors A0 are taken from [93].
Integrating over q2, we find

BRðB → K�τμÞ ≃ 2.9 × 10−2 × BRðBs → τμÞ; ð42Þ

BRðBs → ϕτμÞ ≃ 3.3 × 10−2 × BRðBs → τμÞ: ð43Þ

Using the bounds and generic expectations for Bs → τμ in
the different flavorful models discussed above, we find that
BRðB → K�τμÞ and BRðBs → ϕτμÞ can be at most a few
×10−9 in the type 1B model and ∼10−10 in the flipped
B model, respectively. In the type 2B and lepton-specific
B models, however, these branching ratios can be as large
as ∼10−7.
We find similar results also for the B → Kτμ decay.

The fact that B → K is a pseudoscalar to pseudoscalar
transition, while B → K� and Bs → ϕ are pseudoscalar to

vector transitions, has little impact numerically. We find
that BRðB → KτμÞ can be as large as a few ×10−9 in the
type 1B model, ∼10−10 in the flipped B model, and ∼10−7
in the type 2B and lepton-specific B models.4

VII. CONCLUSIONS

Little is known experimentally about the tiny couplings
of the Higgs boson to the light flavors of quarks and
leptons. It is thus interesting to study possible alternative
origins of mass for the light flavors beyond the 125 GeV
Higgs boson. As an example, we analyzed a particular class
of 2HDMs with nontrivial flavor structure. In analogy to
the four well-studied 2HDMs with natural flavor conser-
vation (NFC), we identified four models that preserve an
approximate Uð2Þ5 flavor symmetry acting on the first two
generations. We refer to them as type 1B, type 2B, lepton-
specific B, and flipped B. In these flavorful 2HDMs,
interesting flavor violating phenomena involving the third
generation of fermions can be expected, while the Uð2Þ5
flavor symmetry still protects flavor violating transitions
between the first and second generations.
We studied the production and decay modes of the

neutral and charged Higgs bosons of the models, as well as
various low energy flavor violating observables, and
identified the signatures of the flavorful models that are
qualitatively different from the models with NFC.
With regards to the collider phenomenology we find
(i) Measurements of Higgs signal strengths give im-

portant constraints on the mixing between the two
CP-even Higgs bosons, h and H. In the type 2,
lepton-specific, and flipped models, the constraints
are very similar for the models with NFC and our
flavorful models. In the type 1 models the con-
straints are markedly different due to large mod-
ifications of the charm and muon couplings in the
type 1B model.

(ii) The main heavy Higgs production and decay modes
in the type 2B and flipped B models are similar to
those in their counterparts with NFC. The highest
sensitivity to the type 2B model is achieved in
searches for high mass τþτ− resonances. The flipped
B model is largely unconstrained at hadron colliders.
The most promising search channels are μþμ−, bb̄,
and dijet resonances depending on the mass range.

(iii) In the lepton-specific B model, the production of the
heavy neutral and charged Higgs bosons at large
tan β is much larger than in the corresponding model
with NFC. This opens up the possibility to directly
probe the large tan β regime of the lepton-specific
B model at hadron colliders in the τþτ− channel.

4Also baryonic decays Λb → Λτμ can arise. While a detailed
discussion of baryonic decays is beyond the scope of this work,
we generically expect similar results.
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(iv) In all flavorful models, the neutral Higgs bosons
can have sizable flavor violating branching ratios.
In particular, we find that at large tan β typically
BRðH → tcÞ ∼ 10%. Furthermore, BRðH → τμÞ∼
0.1%–1%. These flavor violating branching ratios
depend on unknown model parameters and can vary
by a factor of a few.

The most interesting features in the flavor phenomenol-
ogy are

(i) In all four flavorful models we find strong con-
straints from Bs and Bd meson mixing. We find that
in the large tan β regime the relevant entries in the
down-quark mass matrices m0

bs and m0
bd have to be

considerably smaller than their nominal values
m0

bs ∼ms and m0
bd ∼md. This might call for an

underlying flavor model.
(ii) Under the assumption that the CKM matrix is

generated in the down sector, the measured value
of BRðBs → μþμ−Þ gives strong constraints in the
mA vs tan β parameter space of the type 1B and
flipped B models. In the type 2B and lepton-specific
B models, this constraint is much weaker and can be
completely avoided.

(iii) Lepton flavor violating rare B meson decays might
be at an experimentally accessible level. In particu-
lar, in the type 2B and lepton-specific B models,
BRðBs → τμÞ could be as large as a few × 10−6

while BRðB → Kð�ÞτμÞ and BRðBs → ϕτμÞ could
be as large as 10−7, potentially in reach of the LHCb.
Lepton flavor violating decay modes with electrons
are predicted to be orders of magnitude smaller.
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APPENDIX: NEW PHYSICS CONTRIBUTIONS
TO RARE MESON DECAYS

The parameters Sll0 and Pll0 that enter the expressions
for the rare B meson branching ratios in Eqs. (34) and (36)
get in general contributions from tree level h, H and A
exchange

Sll0 ¼
1

CSM
10

�
4π2

e2

�
ðShll0 þ SHll0 þ SAll0 Þ; ðA1Þ

Pll0 ¼ 1þ 1
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�
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ll0 Þ; ðA2Þ

with the SM Wilson coefficient CSM
10 ≃ −4.1. In the flavor

conserving case ll0 ¼ μμ we find
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In the flavor violating cases ll0 ¼ μτ; τμ we find
instead
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