
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Collider signatures of flavorful Higgs bosons
Wolfgang Altmannshofer, Joshua Eby, Stefania Gori, Matteo Lotito, Mario Martone, and

Douglas Tuckler
Phys. Rev. D 94, 115032 — Published 30 December 2016

DOI: 10.1103/PhysRevD.94.115032

http://dx.doi.org/10.1103/PhysRevD.94.115032


Collider Signatures of Flavorful Higgs Bosons

Wolfgang Altmannshofer,1, ∗ Joshua Eby,1, 2, † Stefania Gori,1, ‡

Matteo Lotito,1, § Mario Martone,1, ¶ and Douglas Tuckler1, ∗∗

1Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221, USA
2Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510, USA

(Dated: October 7, 2016)

Motivated by our limited knowledge of the Higgs couplings to first two generation fermions,
we analyze the collider phenomenology of a class of two Higgs doublet models (2HDMs) with a
non-standard Yukawa sector. One Higgs doublet is mainly responsible for the masses of the weak
gauge bosons and the third generation fermions, while the second Higgs doublet provides mass
for the lighter fermion generations. The characteristic collider signatures of this setup differ sig-
nificantly from well-studied 2HDMs with natural flavor conservation, flavor alignment, or minimal
flavor violation. New production mechanisms for the heavy scalar, pseudoscalar, and charged Higgs
involving second generation quarks can become dominant. The most interesting decay modes in-
clude H/A → cc, tc, µµ, τµ and H± → cb, cs, µν. Searches for low mass di-muon resonances are
currently among the best probes of the heavy Higgs bosons in this setup.

I. INTRODUCTION

The LHC measurements of Higgs rates [1–3] show an
overall good agreement with Standard Model (SM) pre-
dictions. By now it is established that the couplings of
the Higgs to the weak gauge bosons are SM-like to a
good approximation. This implies that the main origin
of the weak gauge bosons’ mass is the vacuum expecta-
tion value (vev) of the 125 GeV Higgs boson. Also the
masses of the top quark, the bottom quark and the tau
lepton appear to be largely due to the 125 GeV Higgs, as
indicated by the measured values of Higgs couplings to
the third generation fermions.

However, little is known about the origin of the masses
of the first and second generation fermions. Direct mea-
surements of the Higgs couplings to these fermions are
challenging. In the lepton sector, ATLAS and CMS
will eventually reach sensitivity to the Higgs coupling to
muons at the SM level by measuring the h→ µ+µ− decay
rate [4]. The Higgs coupling to electrons is tiny and the
h→ e+e− rate in the SM is far beyond the experimental
reach of the LHC. Sensitivities to the Higgs electron cou-
pling not far above the SM might be reached at future
e+e− colliders running on the Higgs pole [5, 6]. In the
quark sector, various ideas have been explored to deter-
mine the coupling of the Higgs to charm quarks. Those
include the measurement of the exclusive h→ J/ψγ de-
cay rate [7–10], inclusive h → cc̄ measurements using
charm-tagging techniques [9, 11, 12], and Higgs produc-
tion in association with charm quarks [13]. The rates of
the exclusive Higgs decays h→ φγ, h→ ργ, and h→ ωγ
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are sensitive to the Higgs couplings to strange, down,
and up quarks [14]. Also the Higgs pT distribution [15–
17] and the W±h charge asymmetry [18] have sensitivity
to the light quark couplings.

While inclusive h→ cc̄ measurements might reach SM
sensitivities at a future 100 TeV collider [9] and will be
quite precisely determined at future e+e− colliders [19],
the Higgs couplings to strange, down, and up quarks re-
main out of direct experimental reach in the foreseeable
future, unless they are enhanced by orders of magnitude,
if compared to SM expectations.

Given the limited sensitivities of the direct measure-
ments of the Higgs couplings to the light generations, we
are led to develop complementary strategies to identify
the origin of the masses of first and second generation.
In this work we study the possibility that the origin of
the first and second generation fermion masses is not the
125 GeV Higgs but an additional source of electro-weak
symmetry breaking as proposed in [20] (see also [21–23])
and study the implications. Arguably the simplest re-
alization of such a setup is a two Higgs doublet model
(2HDM) where one doublet (that we approximately iden-
tify as the 125 GeV Higgs) couples mainly to the third
generation, while a second doublet couples mainly to the
first and second generation. One motivation, with re-
gards to fermion mass generation, is a reduction of the
Yukawa coupling hierarchy between the third and the
lighter generations via a Higgs vev hierarchy.

In such a framework we expect distinct phenomeno-
logical implications at low and high energy experiments.
A generic prediction are flavor-violating couplings of the
125 GeV Higgs [20–22] which could explain the small
hint for the lepton flavor-violating Higgs decay h → τµ
at CMS [24]. Other signatures include rare lepton flavor-
violating B meson decays like B → K(∗)τµ with branch-
ing ratios as large as 10−7 and the rare top decay t→ ch
with branching ratios as large as 10−3 [20].

In this paper we determine the characteristic collider
signatures of the second Higgs doublet. We find that
novel production mechanisms involving second gener-
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ation quarks can become dominant for moderate and
large tanβ. The largest production mode of the neutral
Higgs bosons is production from a cc̄ initial state. The
charged Higgs bosons are dominantly produced from a
cs initial state. The most interesting decay modes in-
clude H/A → cc, tc, µµ, τµ and H± → cb, cs, µν. Our
work provides continued motivation to search for low
mass di-muon resonances and low mass di-jet resonances.
Searches for di-muon resonances are currently the best
probes of the considered setup, while searches for di-jet
resonances have sensitivities similar to the “traditional”
di-tau searches for additional neutral Higgs bosons.

The paper is organized as follows. In Sec. II we discuss
aspects of the proposed 2HDM framework that are rele-
vant for our analysis, focusing in particular on the cou-
plings of the heavy Higgs bosons. In Sec. III the modifica-
tions to the properties of the 125 GeV Higgs are analysed
and confronted with Higgs coupling measurements at the
LHC. In Sec. IV, we discuss the collider phenomenology
of the heavy neutral Higgs bosons and identify distinct
features in production and decay modes. The production
and decay modes of the charged Higgs are discussed in
Sec. V. In Sec. VI we discuss the constraints that can
be derived using current searches for heavy Higgs bosons
and show predictions for novel collider signatures. We
conclude in Sec. VII.

II. TWO FLAVORFUL HIGGS DOUBLETS

The considered setup is a 2HDM in which one Higgs
doublet is mainly responsible for the mass of the third
generation of SM fermions, while the second Higgs dou-
blet gives masses mainly to the first and second gener-
ations. We start by briefly reviewing generic 2HDMs
(see e.g. [25, 26]) in Sec. II A. In Sec. II B we discuss the
specific Yukawa textures of our model and the resulting
heavy Higgs couplings.

A. Generic Two Higgs Doublet Models

The two Higgs doublets with hypercharge +1/2 are
denoted Φ and Φ′ and decompose as

Φ =

(
φ+

1√
2
(v + φ+ ia)

)
, Φ′ =

(
φ′+

1√
2
(v′ + φ′ + ia′)

)
,

(1)
where v2 + v′2 = v2W = (246 GeV)2 is the SM Higgs
vacuum expectation value (vev) squared and the ratio of
Higgs vevs is tanβ = tβ = v/v′. Note that in generic two
Higgs doublet models, the Higgs fields Φ and Φ′ can be
transformed into each other, and the ratio of Higgs vevs
is therefore a basis dependent quantity [27].

For simplicity we will not consider CP violation in the

Higgs sector.1 In this case, after electroweak symmetry
breaking, the components of Φ and Φ′ mix in the follow-
ing way to form mass eigenstates(

φ+

φ′+

)
=

(
sβ −cβ
cβ sβ

)(
G+

H+

)
, (2)(

a
a′

)
=

(
sβ −cβ
cβ sβ

)(
G0

A

)
, (3)(

φ
φ′

)
=

(
cα sα
−sα cα

)(
h
H

)
, (4)

with cx ≡ cosx, sx ≡ sinx for x = α, β. The three states
G0, G± provide the longitudinal components of the Z and
W± gauge bosons. The remaining physical states con-
sist of two CP-even scalars h and H, one CP-odd scalar
A, and the charged Higgs H±. We will identify h with
the SM-like Higgs with a mass of mh ' 125 GeV. The
heavy Higgs bosons H, A, and H± are approximately
degenerate in the decoupling limit, mH ' mA ' mH± ,
with mass splittings of O(v2W /m

2
A). In the decoupling

limit, the mixing angle α is strongly related to β with
α = β − π

2 +O(v2W /m
2
A).

Turning to the interactions of the two Higgs doublets
with the SM fermions, the most general Yukawa La-
grangian can be written as

−LY =
∑
i,j

(
λuij(q̄iuj)Φ̃ + λ′uij (q̄iuj)Φ̃

′

+ λdij(q̄idj)Φ + λ′dij(q̄idj)Φ
′

+ λeij(
¯̀
iej)Φ + λ′`ij(

¯̀
iej)Φ

′
)

+ h.c. , (5)

where Φ̃(′) = iσ2(Φ(′))∗. The qi, `i are the three genera-
tions of left-handed quark and lepton doublets, and the
ui, di, ei are the right-handed up quark, down quark, and
charged lepton singlets. (A discussion of neutrino masses
and mixing is beyond the scope of this work.) In all gen-
erality, the mass matrices of the charged SM fermions
receive contributions from both Higgs doublets. In the
fermion mass eigenstate basis we use the notation

m
(′)u
qq′ =

v(′)√
2
〈qL|λ(′)u|q′R〉 , for q, q′ ∈ {u, c, t} , (6)

m
(′)d
qq′ =

v(′)√
2
〈qL|λ(′)d|q′R〉 , for q, q′ ∈ {d, s, b} , (7)

m
(′)
``′ =

v(′)√
2
〈`L|λ(′)`|`′R〉 , for `, `′ ∈ {e, µ, τ} .(8)

Notice that in the mass basis the matrices m
(′)
xx′ , with

x = q, `, are not diagonal. The couplings of the physical

1 Note that the Yukawa couplings of the Higgs bosons to quarks
necessarily contain complex parameters to reproduce the phase
in the CKM matrix and will lead to CP violation in the Higgs
potential at the loop level. However, such effects are generically
small and will be neglected here.
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neutral Higgs bosons to the fermions can be parameter-
ized as

L ⊃ −
∑
i,j

(ūiPRuj) (h(Y uh )ij +H(Y uH)ij + iA(Y uA )ij)

−
∑
i,j

(d̄iPRdj)
(
h(Y dh )ij +H(Y dH)ij + iA(Y dA)ij

)
−
∑
i,j

(¯̀
iPR`j)

(
h(Y `h )ij +H(Y `H)ij + iA(Y `A)ij

)
+h.c. . (9)

In the fermion mass eigenstate basis we find for the flavor-
diagonal Higgs couplings

Y h` ≡ 〈`L|Y `h |`R〉 =
m`

vW

(
cα
sβ
− m′``
m`

cβ−α
sβcβ

)
, (10)

Y H` ≡ 〈`L|Y `H |`R〉 =
m`

vW

(
sα
sβ

+
m′``
m`

sβ−α
sβcβ

)
, (11)

Y A` ≡ 〈`L|Y `A|`R〉 =
m`

vW

(
1

tβ
− m′``
m`

1

sβcβ

)
, (12)

for ` = e, µ, τ , and analogous for the quark couplings. m`

are the mass eigenvalues that is, from (8), m` = m`` +
m′``. For the flavor-violating Higgs couplings we obtain

Y h``′ ≡ 〈`L|Y `h |`′R〉 = −m
′
``′

vW

cβ−α
sβcβ

, (13)

Y H``′ ≡ 〈`L|Y `H |`′R〉 = +
m′``′

vW

sβ−α
sβcβ

, (14)

Y A``′ ≡ 〈`L|Y `A|`′R〉 = −m
′
``′

vW

1

sβcβ
, (15)

for ` 6= `′ and `, `′ = e, µ, τ . Analogous expressions hold
for the flavor-violating quark couplings.

We write the couplings of the charged Higgs bosons to
the fermions as

L ⊃ −
√

2
∑
i,j

(
(d̄iPRuj)H

−(Y u± )ij + (ūiPRdj)H
+(Y d±)ij

+ (ν̄iPR`j)H
+(Y `±)ij

)
+ h.c. . (16)

In the fermion mass eigenstate basis we find for the cou-
plings to quarks

Y ±qq′ ≡ 〈qL|Y
d
±|q′R〉

=
mq′

vW

Vqq′
tβ
−

∑
x=d,s,b

m′xq′

mq′

Vqx
sβcβ

 , (17)

for q ∈ {u, c, t} and q′ ∈ {d, s, b}, and

Y ±qq′ ≡ 〈qL|Y
u
± |q′R〉

=
mq′

vW

(
V ∗q′q
tβ
−

∑
x=u,c,t

m′xq′

mq′

V ∗xq
sβcβ

)
, (18)

for q ∈ {d, s, b} and q′ ∈ {u, c, t}. In the above expres-
sions, V is the CKM matrix. In the lepton sector, we
neglect neutrino mixing as it is of no relevance for our
considerations. We find

Y ±` ≡ 〈ν`|Y
`
±|`R〉 =

m`

vW

(
1

tβ
− m′``
m`

1

sβcβ

)
. (19)

The physical couplings of the Higgs bosons to the
fermions are completely determined by the two angles α
and β, the mass matrices m′ in the fermion mass eigen-
state basis, and the known masses of the SM fermions,
as well as CKM elements. Note that none of the ex-
pressions above assumes a specific Yukawa texture. The
expressions hold in any 2HDM.

B. Yukawa Textures

Our setup imposes that the Yukawa couplings of Φ are
rank 1 and that they provide mass only to one generation
of fermions, that will become the dominant component
of the third generation. This assumption singles out a
Higgs basis and renders the ratio of Higgs vevs, tanβ,
well defined and physical.

We start with a discussion of the lepton sector. In the
flavor basis where the Φ lepton Yukawa is diagonal, we
consider the following Yukawa texture

λ` ∼
√

2

v

0 0 0
0 0 0
0 0 mτ

 , λ′` ∼
√

2

v′

me me me

me mµ mµ

me mµ mµ

 .

(20)
This texture gives the observed lepton masses, and it
can naturally explain the hierarchy between second and
third generation lepton masses, if v′ � v, or equivalently
tanβ � 1. Next we rotate into the mass eigenstate basis.
Expanding in mµ/mτ and me/mµ we find

m′ee = me +O(m2
e/mτ ) , (21)

m′µµ = mµ +O(m2
µ/mτ ) , (22)

m′ττ = O(mµ) , (23)

m′eµ = O(memµ/mτ ) , m′µe = O(memµ/mτ ) , (24)

m′eτ = O(me) , m′τe = O(me) , (25)

m′µτ = O(mµ) , m′τµ = O(mµ) . (26)

The diagonal entries for the first and second generation
are to a good approximation determined by the corre-
sponding observed lepton masses. Note that e−µ mixing
is not given by an entry of O(me) as one could näıvely ex-
pect, but is additionally suppressed. The reason for this
suppression is a global U(2)` × U(2)e flavor symmetry
acting on the first two generation of leptons that is only
broken by a single Yukawa coupling λ′`. This suppression
of e − µ mixing is sufficient to avoid the stringent con-
straints from flavor-violating low energy transitions like
µ→ eγ or µ→ e conversion [28].
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It seems natural to assume analogous Yukawa textures
also in the quark sector. However, in addition to re-
producing quark masses, the quark Yukawas also have to
conform with the observed values of the CKM quark mix-
ing matrix. Given that the hierarchies in the down-quark
masses and the hierarchies among CKM elements are
comparable, while the hierarchies in the up-quark masses
are considerably larger, we will assume that the quark
mixing is mainly generated from the down Yukawas.

The up sector can then be chosen in a way completely
analogous to the lepton sector. The expressions (20)-(26)
hold with the replacements e → u, µ → c, and τ → t.
The strongly suppressed u − c mixing guarantees that
constraints from neutral D meson oscillations are easily
avoided in this setup [28].

A down-quark Yukawa texture that naturally leads to
the observed down-quark masses and CKM mixing angles
reads

λd ∼
√

2

v

0 0 0
0 0 0
0 0 mb

 , λ′d ∼
√

2

v′

md λms λ3mb

md ms λ2mb

md ms ms

 ,

(27)
with the Cabibbo angle λ ' 0.23. To a reasonable ap-
proximation one has λ2mb ∼ ms, while λ3mb and λms

are a factor of few larger than md. We consider this small
missmatch acceptable at the level of Yukawa textures.

Rotating into the mass eigenstate basis we find

m′dd = md +O(msλ
4) , (28)

m′ss = ms +O(msλ
2) , (29)

m′bb = O(ms) , (30)

m′ds = O(msλ
3) , m′sd = O(mdλ

2) , (31)

m′db ' −mbV
∗
td , m′bd = O(md) , (32)

m′sb ' −mbV
∗
ts , m′bs = O(ms) . (33)

Note that the m′db and m′sb parameters are approximately
fixed by the requirement to quantitatively reproduce the
CKM mixing matix. The fact that d − s mixing is sup-
pressed, and at most of order msλ

3, eases constraints
from neutral Kaon oscillations. Nevertheless, Kaon, Bd,
and Bs meson oscillations do put constraints on the size
of the m′sd m

′
bd, and m′bs parameters and on tanβ de-

pending on the heavy Higgs masses [28]. The flavor-
violating entries in the down sector have only a relevant
impact on the production of the heavy Higgses in asso-
ciation with b-quarks (see Sec. IV below). In order to
avoid the constraints from meson oscillations, one could
use the following λ′d Yukawa coupling

λ′d '
√

2

v′

md λms λ3mb

0 ms λ2mb

0 0 ms

 , (34)

which would lead to a production cross section of the
heavy Higgses in association with b-quarks that is ap-
proximately a factor of 2 smaller compared to the texture
in Eq. (27). In the following we will stick to the texture

in Eq. (27), keeping in mind that meson mixing might
constrain the production of the heavy Higgses in associ-
ation with b-quarks to be as much as a factor 2 smaller
than what shown in the plots of Fig. 5.

We now combine the Yukawa textures specified above
with the generic expressions for heavy Higgs couplings
discussed in Sec. II A. For the flavor-diagonal heavy Higgs
couplings to taus we find

κHτ =
Y Hτ
Y SM
τ

=
1

tβ

sα
cβ

+O
(
mµ

mτ

)
× tβ
s2β
sβ−α , (35)

κAτ =
Y Aτ
Y SM
τ

=
1

tβ
+O

(
mµ

mτ

)
× tβ
s2β
, (36)

κ±τ =
Y ±νττ
Y SM
τ

=
1

tβ
+O

(
mµ

mτ

)
× tβ
s2β
, (37)

and analogous expressions hold for the couplings to third
generation quarks. The leading terms in these couplings
are suppressed for moderate and large tanβ with respect
to the SM Higgs couplings. The corrections that are sup-
pressed by the ratio of second to third generation masses
are proportional to tanβ and can actually dominate in
the large tanβ regime.

For the couplings to muons, the second term in (10)-
(12) is no longer sub-dominant. From (22), m′µµ/mµ =
1 +O(mµ/mτ ), so we find

κHµ =
Y Hµ
Y SM
µ

= tβ
cα
sβ

+O
(
mµ

mτ

)
× tβ
s2β
sβ−α , (38)

κAµ =
Y Aµ
Y SM
µ

= −tβ +O
(
mµ

mτ

)
× tβ
s2β
, (39)

κ±µ =
Y ±νµµ

Y SM
µ

= −tβ +O
(
mµ

mτ

)
× tβ
s2β
. (40)

Analogous expressions hold for the second generation
quark couplings and for the couplings to first generation
fermions. Note the enhancement of these couplings by
tanβ. Flavor off-diagonal couplings of the heavy Higgses
between second and third generation are generically of
the same order as the corresponding flavor-diagonal cou-
plings to the second generation. In the lepton sector we
have for example

κHµτ =
Y Hµτ
Y SM
τ

= O
(
mµ

mτ

)
× tβ
s2β
sβ−α , (41)

κAµτ =
Y Aµτ
Y SM
τ

= O
(
mµ

mτ

)
× tβ
s2β
. (42)

Analogous expressions hold for the flavor-violating cou-
plings involving the second and third generation of
quarks. Flavor-violating couplings of the charged Higgs
to quarks contain additional terms that are proportional
to small CKM elements. For example

κ±st =
Y ±st
Y SM
t

' Vts
tβ

+O
(
mc

mt

)
× tβ
s2β
. (43)
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Given these couplings, the collider phenomenology of
the heavy Higgs bosons in our model can be markedly
different, if compared to less flavorful 2HDM setups
that have been studied extensively in the literature [29–
43].2 In contrast to models with natural flavor conser-
vation [52], flavor alignment [31, 53] or minimal flavor
violation [54, 55], the couplings of the heavy Higgses to
fermions are not proportional to the fermion masses. For
moderate and large values of tanβ, the couplings to the
third generation fermions are suppressed, while the cou-
plings to the second and first generation are enhanced, if
compared to the couplings of the SM Higgs. Therefore,
the branching ratios do not have to be dominated by de-
cays to third generation (top, bottom, tau), and we ex-
pect sizable branching ratios involving charm quarks and
muons. Moreover, new non-standard production modes
for the heavy Higgs bosons involving light quark genera-
tions can become relevant.

Before discussing the corresponding heavy Higgs col-
lider phenomenology in detail in Secs. IV, V, and VI, we
briefly outline the modified properties of the 125 GeV
Higgs and the implied constraints on the parameter
space.

III. PROPERTIES OF THE SM-LIKE HIGGS

In our model, the couplings of the light Higgs to SM
particles are generically modified. The existing measure-
ments of the Higgs rates at the LHC depend crucially
on the Higgs couplings to vector bosons and to the third
generation fermions. For the couplings of the light Higgs
boson to third generation fermions we find

κt ≡
Yt
Y SM
t

=
cα
sβ

+O
(
mc

mt

)
× tβ
s2β
cβ−α , (44)

κb ≡
Yb
Y SM
b

=
cα
sβ

+O
(
ms

mb

)
× tβ
s2β
cβ−α , (45)

κτ ≡
Yτ
Y SM
τ

=
cα
sβ

+O
(
mµ

mτ

)
× tβ
s2β
cβ−α . (46)

Note that the bulk of the correction with respect to the
SM prediction is universal for the top, the bottom and
the tau (cα/sβ), and are the same as in a 2HDM type I.
The higher order terms are suppressed by small fermion
mass ratios and can have order one CP violating phases.
They can become relevant in the large tanβ regime.

As in any other 2HDM, the reduced couplings of the
light Higgs to the weak gauge bosons are given by

κW = κZ ≡ κV = sβ−α . (47)

2 See also [44–51] for studies of interesting 2HDM setups with new
sources of flavor violation.

The couplings of the Higgs to the lighter fermion gener-
ations are also modified. The expressions for the second
generation read

κµ ≡
Yµ
Y SM
µ

= −sα
cβ

+O
(
mµ

mτ

)
× tβ
s2β
cβ−α , (48)

κc ≡
Yc
Y SM
c

= −sα
cβ

+O
(
mc

mt

)
× tβ
s2β
cβ−α , (49)

κs ≡
Ys
Y SM
s

= −sα
cβ

+O
(
ms

mb

)
× tβ
s2β
cβ−α . (50)

Analogous expressions hold for the first generation, with
second generation masses replaced by first generation
masses. The couplings to the first and second generation
depend in a different way on α and β as compared to the
couplings of the third generation. This is a distinct fea-
ture of our framework in comparison to 2HDMs with nat-
ural flavor conservation [52] or flavor alignment [31, 53],
which predict modifications of the couplings that are uni-
versal across the generations. The corrections to the cou-
plings for all first and second generation fermions are
still universal, up to terms proportional to small ratios
of fermion masses. Such terms are particularly small for
the first generation. Generically, all higher order terms
can have order one CP violating phases. Note that in the
absence of mixing between the scalar components of the
two Higgs doublets (α = 0), the 125 GeV Higgs does not
couple at all to the first and second generation. For large
tanβ and away from the decoupling or alignment limit
cos(α − β) = 0, the couplings can deviate substantially
from the SM prediction and can even be significantly en-
hanced.

Measurements of Higgs production and decay rates can
be used to constrain the allowed ranges for the angles α
and β. We use the results for the Higgs signal strengths
given in [3] to construct a χ2 function depending on the
couplings of the Higgs to vector bosons, top, bottom
and charm quarks, as well as taus and muons, including
the given correlations of the signal strength uncertain-
ties. The results in [3] consist of 20 combinations of five
production mechanisms (gluon fusion, vector boson fu-
sion, producution in association with W , Z and tt̄), and
five branching ratios (WW , ZZ, γγ, τ+τ−, bb̄) that com-
bine ATLAS and CMS measurements at 7 and 8 TeV. To
construct the signal strengths in our model, we use the
SM production cross sections and branching ratios for a
125 GeV Higgs from [60] and reweight them with the ap-
propriate combinations of coupling modifiers. We add to
the χ2 also the 13 TeV bound on the signal strength into
muons [56] using the modified inclusive Higgs production
cross section at 13 TeV, assuming vanishing correlation
with the signal strength measurements from [3].

The derived constraint in the cos(β − α) vs. tanβ
plane is shown in Fig. 1. The dark (light) green region
correspond to ∆χ2 = χ2 − χ2

SM < 1(4), allowing the
O(m2nd/m3rd) terms in the involved Higgs couplings to
float between −3m2nd/m3rd and +3m2nd/m3rd. If we
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FIG. 1: Allowed region in the cos(β − α) vs. tanβ plane
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the relevant Higgs couplings to float between −3m2nd/m3rd

and +3m2nd/m3rd. The dashed line corresoponds to the 2σ
contour in a 2HDM type I.

set the mass-suppressed corrections to the third gener-
ation couplings to zero and we completely neglect the
modifications of the charm and muon coupling, the con-
straint in the cos(β − α) vs. tanβ plane coincides with
the constraints in a 2HDM type I. The corresponding
∆χ2 = 4 contour is shown with a dashed line and qual-
itatively reproduces the 2HDM type I constraints given
in the ATLAS and CMS analyses [57, 58].

We find that the modifications of the charm and muon
couplings have an important impact on the fit. For large
tanβ and away from the decoupling or alignment limit,
cos(β − α) = 0, the charm and muon couplings can be
strongly enhanced, leading to a substantially larger total
width of the Higgs and a largely enhanced branching ra-
tio into muons. For moderate and large values of tanβ,
the allowed region therefore differs significantly from the
2HDM type I case. In the remaining parts of this paper
we take into account the constraints coming from the
measurments of the 125 GeV Higgs rates by imposing
∆χ2 < 4.

In addition to the modified SM couplings of the
light Higgs, our framework also gives rise to the flavor-
violating couplings in Eq. (13). The corresponding flavor-
violating decays of the light Higgs boson have branching

ratios of3

BR(h→ ff ′) = BR(h→ ff̄ ′) + BR(h→ f̄f ′)

=
mh

8πΓh

(
|Yff ′ |2 + |Yf ′f |2

)
, (51)

where Γh is the total Higgs width and we have neglected
tiny phase space effects.

For h→ τµ and h→ τe this gives generically branch-
ing ratios of the order of

BR(h→ τµ) ∼ BR(h→ µ+µ−) ∼
m2
µ

3m2
b

∼ 10−3,(52)

BR(h→ τe) ∼ m2
e

m2
µ

× BR(h→ τµ) ∼ 10−7 . (53)

This implies that h → τµ can be at an experimentally
accessible level and the model could even explain the ob-
served excess in h→ τµ searches at CMS [24]. The decay
h→ τe, on the other hand, is generically well below the
foreseeable experimental sensitivities. The prediction for
h→ µe is even smaller

BR(h→ µe) ∼ m2
e

m2
τ

× BR(h→ τµ) ∼ 10−10 . (54)

In the quark sector the h → bs mode has generically
the largest branching ratio

BR(h→ bs) ∼ |Vcb|2 × BR(h→ bb̄) ∼ 10−3 . (55)

In view of the large h→ bb̄ background, this is too small
to be seen at the LHC. Other flavor-changing Higgs de-
cays into quarks are even smaller and even more chal-
lenging to detect.

IV. HEAVY NEUTRAL HIGGS PRODUCTION
AND DECAYS

As we saw at the end of Sec. II B, several of the heavy
Higgs couplings depend significantly on the entries of the
m′ mass matrices, which are free parameters. To sim-
plify our discussion of the heavy Higgs phenomenology
we chose a constrained setup with a reduced set of free
parameters.

In the λ′ Yukawa couplings for the leptons and up-type
quarks (see Eq. (20)), we set

λ′`,u11 = λ′`,u12 = λ′`,u13 = λ′`,u21 = λ′`,u31 , (56)

λ′`,u22 = λ′`,u23 = λ′`,u32 = λ′`,u33 . (57)

For any given tanβ, the values of these parameters are
fixed such to reproduce the observed electron, muon, up,

3 Throughout the paper, we will denote the flavor-changing decays
f̄f ′ + ff̄ ′, simply as ff ′.
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and charm masses (we use MS masses at a scale µ =
500 GeV).

For the λ′ Yukawa couplings for the down-type quarks,
we use the texture in Eq. (27) with

λ′d11 = λ′d21 = λ′d31 , (58)

λ′d22 = λ′d32 = λ′d33 . (59)

The down and strange masses, together with the CKM
angles fix all entries of the λ′d matrix for a given value
of tanβ. With the above assumptions, the Higgs mixing
angle α and tanβ completely determine all Higgs cou-
plings.

All results we will present in the following depend very
little on the choice of the λ′1i and λ′i1 parameters. How-
ever, some results do depend on the chosen values in the
2 − 3 block of the λ′ Yukawa couplings. Whenever this
dependence is strong, we will comment on the impact a
perturbation would have around the described restricted
setup.

A. Branching Ratios

In addition to well-studied heavy Higgs decays H →
WW/ZZ, A → Zh, and A/H → tt̄, bb̄, τ+τ−, we are
particularly interested in decays involving lighter fermion
flavors like A/H → cc̄, µ+µ− and the flavor-violating de-
cays A/H → tc, τµ. We assume that the heavy Higgs
sector is approximately degenerate, mH ' mA ' mH± ,
such that no two body decay modes involving heavy Hig-
gses in the final state are kinematically allowed. We also
assume that the triple Higgs couplings Hhh and Ahh are
sufficiently small such that we can neglect the H → hh
and A → hh decay modes.4 For the calculation of the
Higgs branching ratios we use leading-order expressions
for all relevant partial widths.

The characteristic flavor structure of the model can
be easily grasped by looking at ratios of branching ra-
tios involving second and third generation fermions. For
example, in 2HDMs with natural flavor conservation or
flavor alignment one finds

BR(A→ τ+τ−)

BR(A→ µ+µ−)
=

BR(H → τ+τ−)

BR(H → µ+µ−)
=
m2
τ

m2
µ

' 300 ,(60)

BR(A→ tt̄)

BR(A→ cc̄)
' BR(H → tt̄)

BR(H → cc̄)
' m2

t

m2
c

' 7× 104 ,(61)

where, for illustration, we used running MS quark masses
at the scale µ = 500 GeV and neglected phase space

4 The A → hh decay is automatically zero in the absence of CP
violation in the Higgs sector, while, in the almost decoupling or
alignment limit and at large values of tanβ, H → hh depends
mainly on the λ7 quartic coupling that is equal to zero if the
two doublets have an opposite Z2 charge (see e.g. [25] for the
definition of λ7).

effects that might be relevant in the decay to top quarks.
In our setup, the above relations can be strongly violated.
For the pseudoscalar A we obtain

BR(A→ τ+τ−)

BR(A→ µ+µ−)
' m2

τ

m2
µ

1

t4β

(
1− tβ

sβcβ

m′ττ
mτ

)2

, (62)

BR(A→ tt̄)

BR(A→ cc̄)
' m2

t

m2
c

1

t4β

(
1− tβ

sβcβ

m′tt
mt

)2

, (63)

where we neglected respectively O(mµ/mτ ) and
O(mc/mt) corrections. The expressions (62) and (63)
also hold for the heavy scalar H, up to corrections
of O(v2W /m

2
A). For moderate tβ we can neglect the

terms proportional to m′ττ and m′tt and obtain the ra-
tios m2

τ/(m
2
µt

4
β) and m2

t/(m
2
ct

4
β), respectively. For large

tβ , the terms proportional to m′ττ and m′tt are dominant
and we find the ratios (m′ττ )2/m2

µ and (m′tt)
2/m2

c . In all
cases, the ratios of branching ratios can be of O(1).

This is illustrated in Fig. 2, that shows the ratio of
τ+τ− and µ+µ− branching ratios (left) as well as of tt̄
and cc̄ branching ratios (right) of the scalar H in the
plane of cos(β − α) vs. tanβ for a scalar mass of mH =
500 GeV. The values of the pseudoscalar branching ratios
can be obtained from the figure, by fixing cos(β−α) = 0.
Outside the black solid contours, the 125 GeV Higgs rates
are in conflict with LHC data (see Fig. 1).

Note that for small and moderate tanβ, these ratios
of branching ratios are not very sensitive to our choice of
Yukawa matrices in Eqs. (56) and (57). For large tanβ,
however, they are determined by m′tt and m′ττ which are
in general free parameters. The values shown in Fig. 2
in the large tanβ regime should therefore be regarded as
typical expectations that could be larger or smaller by a
factor of few. Overall, we see that the ratios are much
smaller than in models with natural flavor conservation,
minimal flavor violation or flavor alignment.

Similarly, also the flavor-violating decays into the τµ
and tc final states can have sizable branching ratios. For
the pseudoscalar A we have approximately

BR(A→ τµ)

BR(A→ µ+µ−)
' 1

s4β

(m′µτ )2 + (m′τµ)2

m2
µ

, (64)

BR(A→ tc)

BR(A→ cc̄)
' 1

s4β

(m′ct)
2 + (m′tc)

2

m2
c

, (65)

and similar expressions hold for the scalar H. The m′

entries which determine (64) and (65) are in general free
parameters. Typically, we expect the flavor-violating
branching ratios to be within a factor of few of the flavor-
diagonal decays µ+µ− and cc̄, respectively.

The plots in Fig. 3 show the branching ratios of the
scalar H as a function of mH for fixed tanβ = 50 (left)
and as a function of tanβ for fixed mH = 500 GeV
(right). In both plots we set cos(β − α) = 0.05 to satisfy
constraints from the 125 GeV Higgs coupling measure-
ments as discussed in Sec. III. For low values of tanβ,
the decay into the tt̄ final state dominates if kinemati-
cally allowed. At large tanβ, decays into tt̄, cc̄ and the
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FIG. 3: Branching ratios of the scalar H as a function of its mass mH for fixed tanβ = 50 (left) and as a function of tanβ for
fixed Higgs mass mH = 500 GeV (right). In both plots we set cos(β − α) = 0.05.

flavor-violating mode tc have the largest branching ra-
tios. Typically, these decay modes have branching ratios
within a factor of few from each other. The sudden and
strong suppression of the tt̄ branching ratio is due to an
accidental cancellation between the two terms entering
the coupling of the heavy scalar to tops (cf. Eq. (11)
and text below). The coupling Y Htt vanishes at approx-
imately tanβ ' 11. The value of tanβ where such a

cancellation occurs can shift by a factor of few, depend-
ing on the m′tt parameter. For the opposite sign of m′tt,
the cancellation does not occur instead. A similar, but
less prominent, phenomenon happens for the bb̄ branch-
ing ratio: for our choices of parameters, the coupling Y Hbb
vanishes at tanβ ' 5.6.

For cos(β−α) = 0.05, the decay into WW and ZZ can
be non-negligible. Typically we find branching ratios of
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the order of few-10s %. For moderate tanβ, these de-
cays can even dominate. Concerning the leptonic decay
modes τ+τ−, µ+µ−, and τµ, for moderate and large val-
ues of tanβ we find typical branching ratios at the level
of 10−3 to 10−2. Branching ratios involving second and
third generation down-type quarks (only bb̄ and ss̄ are
shown in the plots) are generically at a comparable level.
For moderate and large tanβ, the values of the flavor-
violating partial widths and the partial width to tt̄, bb̄,
and τ+τ− depend on the m′ mass matrices. Therefore,
perturbing the m′ matrices around the ansatz based on
Eqs. (56) - (59), can increase or suppress the various H
branching ratios by a factor of few.

The branching ratios of the pseudoscalar A show qual-
itatively a very similar behavior and, for this reason, we
do not show the corresponding figures. For a mass of A
above the tt̄ threshold, the tt̄ branching ratio is dominant
for low tanβ, while for large tanβ also the decay to the
cc̄ final state and the flavor-violating decay to tc become
comparable in size. Decays involving second and third
generation leptons are all comparable and typically at a
level of few × 10−3. In contrast to the heavy scalar, H,
the heavy pseudoscalar, A, cannot decay at tree level into
a pair of gauge bosons. Instead, the decay A → Zh is
possible. The corresponding partial decay width is pro-
portional to cos2(β − α). For cos(β − α) = 0.05, the
A → Zh branching ratio is around a few %. For heavy
pseudoscalar masses and moderate values of tanβ, this
decay mode might dominate.

B. Production Cross Sections

We consider various production mechanisms of the
heavy neutral Higgs bosons, including gluon fusion, vec-
tor boson fusion, production in association with weak
vector bosons and light quarks, production from a cc̄ ini-
tial state, and also flavor-violating production in associ-
ation with a top or a bottom quark. Example diagrams
for the novel processes are shown in Fig. 4.

Throughout all regions of parameter space, we find
that the gluon fusion production cross section is domi-
nated by the top quark loop. The bottom quark loop
gives a % level correction, which is included in the nu-
merics. Also the charm quark loop gives generically only
a small correction (approximately 5% in the large tanβ
regime for a Higgs mass of 500 GeV). In our numerical
analysis we use leading-order expressions for the gluon
fusion production cross sections that we convolute with
MMHT2014 NNLO PDFs [59]. We set the renormaliza-
tion and factorization scales to 500 GeV and multiply the
cross section with a constant K factor of 2.5 to approxi-
mate higher order corrections.

The vector boson fusion production cross section of
the heavy scalar H is suppressed by cos2(β − α), if com-
pared to the corresponding SM Higgs cross section. In
the regions of parameter space that are compatible with
the observed 125 GeV Higgs rates, vector boson fusion

is therefore typically subdominant. The same applies to
production of H in association with weak gauge bosons.
In our numerical analysis we use the corresponding pro-
duction cross sections given in [60] rescaled by the ap-
propriate factor cos2(β − α). The pseuedoscalar A does
not couple to weak gauge bosons and thus cannot be pro-
duced in vector boson fusion or in association with W or
Z bosons. It can be produced in association with the
light Higgs: qq̄ → Z∗ → Ah. The corresponding cross
section is proportional to cos2(β−α) and therefore small.

Due to the enhanced couplings of the heavy Higgses to
second generation quarks, we expect sizable production
of H and A from a cc̄ initial state. Production in asso-
ciation with a c or c̄ from a gluon+charm initial state is
also sizable. In such a case the associated charm might
escape detection giving rise to collinear logarithms which
need a careful analysis. To this end we follow [61] and
do not consider production in association with a c or a c̄
as a separate production channel but as a NLO correc-
tion to cc̄. For our calculations we use the corresponding
parton level expressions in [61] up to NLO accuracy and
convolute them with MMHT2014 NNLO PDFs.

We also consider production of the heavy scalar and
pseudoscalar in association with with a top quark and
with a bottom quark. These processes are mainly initi-
ated by flavor-violating tc and bs couplings, respectively
(see central and right panel of Fig. 4). For the produc-
tion in association with a top quark we use LO expres-
sions for the parton level cross sections and MMHT2014
NNLO PDFs. For the production in association with
a bottom quark we instead perform a LO computation,
using MadGraph5 [62].

In Fig. 5 we show the production cross sections of the
scalar H at 13 TeV proton-proton collisions as a func-
tion of mH for fixed tanβ = 50 (left) and as a function
of tanβ for fixed mH = 500 GeV (right). In both plots
we set cos(β − α) = 0.05. For a heavy Higgs mass of
mH = 500 GeV the inclusive production cross section
can be few × 100 fb over a broad range of tanβ. The
most important production modes are gluon fusion (de-
noted with ggF in the plots) and from processes where the
Higgs couples to charm quarks cc̄ → H, gc → Hc, and
gc̄→ Hc̄ (the sum of these modes is denoted with cc+cH
in the plots). Gluon fusion is dominant for small tanβ,
while charm initiated production can dominate over the
gluon fusion cross section for moderate and large val-
ues of tanβ. The strong suppression of the gluon fusion
cross section for tanβ ' 11 is due to the same acciden-
tal cancellation in Y Htt which leads to the suppression of
BR(H → tt̄) at this value of tanβ (see discussion in the
previous subsection).

We find that production from ss̄ (not shown in the
plots) is suppressed by almost 2 orders of magnitude
compared to cc̄. The larger strange quark PDF cannot
compensate for the much smaller coupling to the heavy
Higgs proportional to ms vs. mc. For cos(β−α) = 0.05,
production in vector-boson fusion is very small, with pro-
duction cross sections ranging from 5.7 fb at a mass of
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FIG. 4: Feynman diagrams for the most interesting (and novel) production modes of the heavy neutral Higgs bosons. Left:
production from quark quark fusion (mainly coming from cc̄); Center and Right: production in association with a top/bottom
with the main contributions coming from flavor-changing diagrams where the initial state q is a charm/strange quark.
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FIG. 5: Production cross sections of the scalar H at 13 TeV proton proton collisions as a function of the scalar mass mH for
fixed tanβ = 50 (left) and as a function of tanβ for fixed scalar mass mH = 500 GeV (right). The cc+ cH curves include both
the cc̄ and the associated cH and c̄H production cross sections. In both plots we set cos(β − α) = 0.05.

mH = 200 GeV to 0.22 fb at a mass of mH = 1 TeV.
Production in association with W or Z (not shown) is
even smaller.

The production of the heavy scalar in association with
a bottom or a top can have appreciable cross sections at
the level of 10s of fb for mH = 500 GeV, over a broad
range of tanβ. In the bottom initiated production we
include bg → Hb, b̄g → Hb̄, bb̄ → H, bs̄ → H, sb̄ → H,
sg → Hb, and s̄g → Hb̄, the latter two processes being
the dominant ones, thanks to the strange quark PDF en-
hancement. For this reason in Fig. 5 we label the bottom
associated production by bq+ bH. Overall, the cross sec-
tion for the bottom associated production is, however,
typically smaller than the one predicted in a 2HDM of
type II. The Ht associated cross section depends strongly
on the free m′ parameters and can easily be increased or
decreased by a factor of few.

The production modes of the pseudoscalar A show a
very similar behavior. Gluon fusion dominates for low
tanβ, charm initiated production dominates for moder-
ate and large values of tanβ. Production in association
with top and bottom can have non-negligible cross sec-

tions. Vector boson fusion and production in association
with vector bosons is absent for the pseudoscalar.

V. CHARGED HIGGS PRODUCTION AND
DECAYS

A. Branching Ratios

Similarly to the neutral scalars, in addition to the well-
studied tb and τν charged Higgs decay modes, we are
interested in the flavor-violating decays, cb and ts, as
well as in the decays to second generations, cs and µνµ.
Particularly, from the charged Higgs couplings in (16) -
(19), we learn that the decay modes tb, ts, cb and cs
should be of the same order, as long as they are kine-
matically open. The same observation holds also for the
τντ and µνµ decay modes, as opposed to the relation
BR(H± → τντ )/BR(H± → µνµ) = m2

τ/m
2
µ, arising in

2HDMs with natural flavor conservation or flavor align-
ment. Additionally, the ratio of branching ratios between
the LHC most searched decay modes tb and τντ obeys
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the relation

BR(H± → tb)

BR(H± → τντ )
= 3×O

(
m2
c

m2
µ

)
= O(100), (66)

valid in the regime of large tanβ, as opposed to the ratios
3m2

t/m
2
τ ∼ 6× 106, 3m2

b/m
2
τ ∼ 1800, as arising in type I

and type II 2HDM, respectively. For this reason, in our
model, we expect the τντ to be relatively more important
than the tb mode, if compared to the most studied type
I and II 2HDM. We present the results for the branching
ratios of the charged Higgs boson in Fig. 6, on the left
panel as a function of the charged Higgs mass, having
fixed tanβ = 50, and on the right panel as a function
of tanβ, having fixed the mass of the charged Higgs to
500 GeV. For both panels, we fix cos(β − α) = 0.05, in
such a way that the Wh charged Higgs partial width is
fully determined. Similarly to the neutral heavy Higgs
boson, for low values of tanβ the largest branching ra-
tios approach the values of a 2HDM of type I, with the tb
decay being the dominant one. At large values of tanβ,
instead, the decays to second and third generation quarks
have comparable branching ratios, and the decay to lep-
tons (µνµ and τντ ) are comparable and suppressed by
roughly two orders of magnitude, as shown in Eq. (66).
Similarly to the neutral Higgs decaying to WW and ZZ,
at intermediate values of tanβ, the Wh decay mode can
be the dominant one, having fixed cos(β − α) = 0.05.

B. Production Cross Sections

In Fig. 7, we show the production cross sections of
the charged Higgs at 13 TeV proton-proton collisions as

a function of its mass (mH± > mt) for fixed tanβ =
50 (left) and as a function of tanβ for fixed mH± =
500 GeV (right). None of these cross sections depend
on the value of cos(β − α). For the calculation of these
production cross sections, we follow the same procedure
as for the neutral Higgs boson. The most interesting
features arise at moderate and sizable values of tanβ, as
at small values of tanβ the main production cross section
comes from the tH± associated process, as predicted by
the most studied type I and type II 2HDMs. At larger
values of tanβ, the production cross sections from cs,
cb, cd are also very important and can even dominate
over tH±. These production cross sections are all of the
same order and their exact size depends strongly on the
specific values of the m′ parameters. Similarly to the
neutral Higgs, the inclusive cross section is at the level
of few × 100 fb over a broad range of masses. In the
figure, we do not show the cross section for the associated
production pp → H±h since it is typically below the fb
level for cos(β − α) = 0.05.

For mH± < mt, the charged Higgs is mainly produced
from the top decay modes t → H±b and t → H±s. The
branching ratios for these processes are at around few %
for tanβ = 50.

VI. EXPERIMENTAL SENSITIVITIES AND
NEW SIGNATURES

After discussing the branching ratios and production
cross sections separately for the neutral and charged
Higgs bosons, we confront our model with existing
searches for additional Higgs bosons at the LHC.
Searches for neutral Higgses have been performed at
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currently most strigent constraints coming from searches for τ+τ−, ZZ/WW , jj, and µ+µ− final states (neutral scalar) and
cb, cs, τν, tb, and jj final states (charged Higgs). The solid (dashed) curves correspond to 13 (8) TeV analyses.

8 TeV and 13 TeV in a variety of channels including

(i) H → ZZ and H →WW [63–71],

(ii) A→ Zh [72–75],

(iii) A/H → τ+τ− [76–80],

(iv) A/H → µ+µ− [81],

(v) A/H → tt̄ [82].

Moreover, we also take into account generic searches for

(vi) di-muon resonances [83–88],

(vii) di-jet resonances [89–94],

which, as we will discuss, have interesting sensitivities to
our parameter space.

On the left panel of Fig. 8 we show the ratio of cur-
rently excluded cross section over the cross section pre-
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dicted in our model as a function of the scalar Higgs
mass mH . A ratio smaller than 1 indicates exclusion.
In the plots we set tanβ = 50 and cos(β − α) = 0.05.
For a given Higgs mass we show the strongest constraint
of a specific category of final states (τ+τ−, ZZ/WW ,
jj, µ+µ−). The solid (dashed) lines indicate 13 (8) TeV
analyses.

The 8 TeV inclusive search for H → µ+µ− [81] is the
most sensitive at low masses. In comparing the excluded
cross section with our model prediction we add up gluon
fusion and production from charm initial states, since
we do not expect that the signal efficiencies differ sig-
nificantly for these production modes. We find that the
H → µ+µ− search excludes the heavy scalar with mass
mH . 290 GeV for tanβ = 50. For lower tanβ, this con-
straint becomes weaker, due to the smaller production
cross sections, and it does not extend the LEP bound
for tanβ . 12. At higher masses mH & 300 GeV, the
13 TeV searches for di-muon resonances turn out to be
most sensitive.

Searches for H → τ+τ− give strong constraints on
2HDMs of type II in the large tanβ regime. In our
model, on the other hand, the small branching ratio of
H → τ+τ− renders these searches less relevant. Even for
tanβ = 50, we find that current experimental sensitivi-
ties do not yet allow to probe the heavy scalar using this
channel.

Searches for H → ZZ currently constrain cross sec-
tions that are approximately one order of magnitude
larger than those of the benchmark shown in Fig. 8.
These searches can become relevant for moderate tanβ
and larger cos(β−α). Searches for H →WW are gener-
ically less sensitive as compared to H → ZZ. The corre-
sponding channel for the pseudo-scalar, which has similar
sensitivity, is A→ Zh.

Given the large branching ratio H → cc̄ (see Fig. 3)
also searches for light di-jet resonances might be interest-
ing. The ATLAS di-jet search performed with 3.4 fb−1

13 TeV data [90] using a trigger-object level analysis sets
a constraint on the model ∼ 1 order of magnitude more
stringent than the 8 TeV analyses performed by CMS
with data scouting [89, 91], reaching the best sensitiv-
ity to our model for masses at around 550 GeV. We also
checked the performance of the analyses [92–94] in test-
ing our model. These CMS and ATLAS searches focus
on the production of a (light) di-jet resonance in associ-
ation with a boosted photon or jet. Due to the very high
pT threshold required for this additional object, these
searches are less sensitive to our scenario, if compared to
the trigger-object level analysis [90]. the corresponding
cross section predicted by our model. As we can see from
the left panel of Fig. 8, the di-jet constraints are com-
parable (or even stronger, for some values of mH) to the
constraints from the most studied H → τ+τ− searches.

Finally, in the figure we do not show the constraints
from A/H → tt̄ [82], as they are very weak. This is due
to the interference of the signal with the SM tt̄ contin-
uum [43, 95–97].

For the charged Higgs we consider searches for

(i) (t)H± → τν [98–101], for both the charged Higgs
mass below and above the top mass.

(ii) H± → tb: [102], both for pp→ tH± and qq′ → H±

production; [99, 103] for pp→ (b)tH±,

(iii) H± → cs [104], for mH± < mt,

(iv) H± → cb [105] for mH± < mt,

(v) H± →Wh [106–110],

(vi) H± → µνµ [111, 112],

(vii) generic searches for di-jet resonances [89–94].

In the right panel of Fig. 8, we only show the bounds
from H± → τν, H± → tb, H± → cs, H± → cb, and
searches for di-jet resonances. We do not show the bound
from the Wh decay, as these searches are performed only
for very heavy resonances mH± & 800 GeV and lead
only to very weak constraints on the parameter space
of our model. Also bounds from µνµ searches are not
shown. They do not lead to interesting constraints since
the H± → µνµ branching ratio, despite being enhanced
compared to 2HDMs of type I or II, is not large enough
in our model.

Below the top mass, the most stringent constraint
comes from the cb search [105] performed with the full 8
TeV data set. This is followed by the 8 TeV cs search
[104]5. For tanβ = 50 charged Higgs masses above the
LEP bound and below ∼ 160 GeV are fully probed by
these searches (see dashed lines in the right panel of Fig.
8 for mH± < mt). However, the bound gets significantly
weaker for intermediate values of tanβ, as the charged
Higgs production cross section gets smaller: as shown by
the dotted lines obtained for tanβ = 10, the entire mass
range below the top mass opens up. For even smaller val-
ues of tanβ the charged Higgs production increases again,
leading to stronger bounds, if compared to tanβ = 10.

Above the top mass, the most important constraint
comes from the search of tb resonances, that are, how-
ever, not able to set any bound on our model. Par-
ticularly, the process qq′ → H± → tb [102] (denoted
by tbqq′ in the figure) is presently probing cross sec-
tions up to ∼ 10 bigger than the cross sections predicted
by our model for tanβ = 50. The 13 TeV search for
pp → (b)tH±, H± → tb [103] offers only weaker bounds,
due to the production cross section for tH± being more
than one order of magnitude smaller than the correspond-
ing qq′ → H± (see right panel of Fig. 7). Searches for
di-jet resonances have sensitivities that are comparable

5 The bounds we are presenting in the figure for mH± < mt are a
conservative estimates, since they do not keep into account the
possible pollution of events coming from the process t → sH±

with a strange quark mis-tagged to be a b-quark.
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to the search of tb resonances. To estimate the di-jet
signal from the charged Higgs we take into account the
charged Higgs production from cs, cb, and cd initial states
and all charged Higgs branching ratios into quarks ex-
cept those including a top quark. The highest sensitivity
comes from the 13 TeV ATLAS search [90] and is shown
in the plot by the line denoted by jj.

Our model also predicts a set of novel signatures that
can be searched for at the LHC. Interesting signatures in-
clude flavor-violating neutral Higgs decays pp→ H/A→
τµ and pp → H/A → tc and multi-top final states
pp → tH/A → ttc. Cross sections for the processes in-
volving the scalar, H, are shown in the mH− tanβ plane
in the upper and lower left panels of Fig. 9, having fixed
cos(β − α) = 0.

Compared to a 2HDM type II, a much larger region
of the mH − tanβ plane is not yet probed by existing
searches. In a 2HDM type II, searches for H/A→ τ+τ−

are sensitive to neutral Higgs bosons with masses of 300-
400 GeV as long as tanβ & 15 [76–80]. For tanβ & 50,
neutral Higgs bosons above 1 TeV can be probed. In
our setup, the sensitivity of H/A → τ+τ− searches is
weak. As discussed above, the most important con-
straints can be derived from di-muon resonance searches
that are sensitive to neutral Higgs bosons of ∼ 290 GeV
for tanβ ∼ 50. The parameter space that is excluded by
current di-muon resonance searches is shaded in gray in
the upper and lower left plots of Fig. 9.

In the allowed parameter space, the pp → H → τµ
cross section can be several 10s of fb up to 100 fb. The
pp → H → tc cross section can be as large as few pb.
Finally, the pp → tH → ttc cross section can reach
O(100) fb in the shown scenario. Cross sections that are
larger by a factor of few are easily possible by modifying
the free parameters m′tc and m′ct that control the size of
the Htc coupling. Interestingly enough, generically one
half of this cross section corresponds to same sign tops
pp → tH → ttc̄ or pp → t̄H → t̄t̄c, providing a very
distinct signature of this model.

As shown in the right panel of Fig. 8, the parameter
space of the charged Higgs above the top mass is com-
pletely un-constrained by the current LHC analyses, even
at large values of tanβ (= 50 in the figure). However,
notice that there are indirect constraints from the neu-
tral Higgses, because their mass cannot differ too much
from the charged Higgs mass. It will be very interest-
ing to design new searches to look for our charged Higgs
in the coming years of the LHC. In particular, the cross
section for pp → tH± with H± → cb can be at the few
hundreds fb - pb level in a large range of parameters for
mH± > mt (see lower right panel of Fig. 9). Addition-
ally, the cross section for the flavor conserving signature
pp → tH± with H± → cs has similar values. This of-
fers a unique opportunity to look for a di-jet resonance
(eventually with a b-tag) produced in association with
a top quark. Finally, our model also predicts the novel
interesting signature pp → tH± with H± → µ±νµ, but

the cross section is at the fb level even for tanβ = 50.
Therefore, it will be likely more difficult to probe our
charged Higgs using this signature.

VII. SUMMARY

We discussed the distinct collider phenomenology of a
class of 2HDMs in which the 125 GeV Higgs is mainly
responsible for the masses of the weak gauge bosons and
of the third generation fermions, while the second Higgs
doublet provides mass for the lighter fermion flavors.
This model is particularly well motivated in view of our
ignorance concerning the coupling of the 125 GeV Higgs
to first two generation quarks and leptons.

The 125 GeV Higgs has modified couplings to SM
fermions that qualitatively deviate from the couplings
in 2HDMs with natural flavor conservation, minimal fla-
vor violation, or flavor alignment. While the 125 GeV
Higgs couplings to the third generation fermions behave
as in a 2HDM type I and are close to their SM values,
all couplings to second and first generation fermions can
be easily modified by O(1). We find that the searches
for h → µ+µ− provide the strongest constraints on de-
viations from the decoupling limit cos(β − α) = 0 for
moderate and large values of tanβ. The framework pre-
dicts generically a O(0.1%) flavor-violating branching ra-
tio h→ τµ.

The heavy neutral Higgs bosons, H and A, have a
very distinct phenomenology. They have couplings to
second and first generation fermions that are enhanced
by tanβ, while their couplings to the third generation
are suppressed. For large tanβ, we generically find that
the dominant decay modes are into cc̄, tt̄, and ct with
branching ratios that are comparable in size. Branching
ratios for decays into final states involving gauge bosons
(H → WW/ZZ and A → Zh) can be sizable for mod-
erate values of tanβ. Decays into µ+µ−, τ+τ−, and
τµτ are typically also comparable and the correspond-
ing branching ratios can reach the % level. The most
important production modes are gluon fusion and pro-
duction from charm initial states. For large tanβ, the
cross section from charm can be several hundreds of fb
for a Higgs mass of 500 GeV.

The charged Higgs boson is mainly produced by second
and third generation quark fusion, as well as in associ-
ation with a top. Its decays are interestingly different
from the decays arising in type I and II 2HDMs, as they
are dominated by flavor-violating cb, ts decays and by
decays to second generation cs. Also the hierarchy be-
tween the decay rate into µνµ and into τντ is not the
same as in 2HDMs with natural flavor conservation or
flavor alignment, as the muon decay is parametrically
enhanced. This results in weak bounds from the LHC
most searched-for signatures, tb and τντ .

Due to the non-standard branching ratios and produc-
tion modes of H, A, and H±, the standard searches for
heavy Higgs bosons are not necessarily the most sensi-
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FIG. 9: Production cross section times branching ratio for the processes pp→ H → τµ (upper left), pp→ H → tc (upper right)
and pp → tH,H → tc (lower left) at 13 TeV in the mH vs. tanβ plane in the decoupling or alignment limit, cos(β − α) = 0.
The gray shaded region is excluded by existing searches for di-muon resonances. Lower right panel: Production cross section
times branching ratio for the process pp → tH±, H±cb at 13 TeV in the mH± vs. tanβ plane in the decoupling or alignment
limit.

tive probes of our extended scalar sector. We find that,
currently, the searches for low mass di-muon resonances
place the most stringent constraints on the model. Also
searches for low mass di-jet resonances might probe in-
teresting parameter space in the future. Interesting novel
signatures include heavy neutral Higgs bosons decaying
in a flavor-violating way, e.g. pp → H/A → τµ or
pp → H/A → tc, as well as final states with same sign
tops pp→ tH → ttc̄ or pp→ t̄H → t̄t̄c. For the charged

Higgs, it will be very interesting to perform searches for
cb and cs resonances with mass above the top threshold,
produced in association with a top quark.
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