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Current discussions of the allowed two-Higgs-doublet model (2HDM) parameter space after LHC
Run 1 and the prospects for Run 2 are commonly phrased in the context of a quasi-degenerate
spectrum for the new scalars. Here we discuss the generic situation of a 2HDM with a non-
degenerate spectrum for the new scalars. This is highly motivated from a cosmological perspective
since it naturally leads to a strongly first order electroweak phase transition that could explain the
matter-antimatter asymmetry in the Universe. While constraints from measurements of Higgs signal
strengths do not change, those from searches of new scalar states get modified dramatically once a
non-degenerate spectrum is considered.

I. INTRODUCTION

While ongoing analyses by both ATLAS and CMS
show that the properties of the Higgs particle at
mh ∼ 125 GeV are close to those expected for the Stan-
dard Model (SM) Higgs boson hSM [1, 2], the complete
nature of the scalar sector responsible for electroweak
(EW) symmetry-breaking remains to be determined. It
is particularly interesting to ascertain whether the scalar
sector consists of only one SU(2)L doublet or has a richer
structure containing additional states. Addressing this
question is a very important task for present and future
studies at the Large Hadron Collider (LHC).

In this work we concentrate on models with two Higgs
doublets (2HDM) (see [3] for a review), which appear in
many extensions of the SM, such as the MSSM or sce-
narios of viable Electroweak Baryogenesis [4–8]. In recent
years, the region of the parameter space for the 2HDM
allowed by Higgs coupling measurements at ATLAS and
CMS [9] has been widely studied in the literature [10–17].
Various works have also discussed the constraints com-
ing from LHC searches for neutral and charged scalars
A0, H0, H± via A0 → Zh, A0/H0 → ττ , A0/H0 → γγ,
H0 → ZZ/WW , H0 → hh, H± → tb and H± → τν
(see e.g. [18, 19] for recent analyses). However, the inter-
pretation of these constraints typically assumes that the
new scalars can only decay into SM states, which requires
H0, A0 and H± to be relatively close in mass (see how-
ever [28–30]). In the following we refer to this scenario
as the degenerate 2HDM.

On the other hand, it has recently been shown [8] that
sizable mass splittings between the 2HDM scalars (in par-
ticular a large mA0

− mH0
) favour a strong EW phase

transition that could lead to baryogenesis. This pro-
vides an important physical motivation for a 2HDM sce-
nario in which new decay channels for the heavier scalars
are kinematically allowed (e.g. A0 → ZH0), a situation
which has so far been largely neglected in the literature.
We refer to this scenario as the hierarchical 2HDM. It
is the purpose of this work to fill this gap, providing
a detailed discussion of the constraints on the 2HDM
parameter space from 7 and 8 TeV LHC Run 1 data,

comparing the degenerate and hierarchical 2HDM scenar-
ios. We will show that, besides significantly weakening
the bounds from searches for these new scalars into SM
states, the sizable mass splittings provide possibilities for
novel searches (see e.g. [20]) which can yield complemen-
tary limits on the 2HDM parameter space. We assess the
interplay between these searches, the standard searches
for new scalars decaying directly into SM particles, and
the measurement of 125 GeV Higgs signal strengths in
constraining 2HDM scenarios. Furthermore, being at the
onset of LHC Run 2, we go on to outline the upcoming
prospects for direct searches of the neutral scalars H0,
A0 in the hierarchical 2HDM at the 13 TeV Run of LHC,
through the discussion of benchmark plane scenarios.

After a review of the 2HDM in Section II, we discuss
the measurements of Higgs signal strengths in the context
of the 2HDM in Section III A. We then demonstrate the
impact of the mass spectrum on LHC searches for A0/H0

in Sections III B and III C as well as briefly commenting
on H± searches in Section III D. In Section III E we go
on to analyze the constraints that can be derived from
the recent dedicated search of 2HDM neutral scalars with
a sizable splitting by the CMS Collaboration [20], high-
lighting the strong complementarity with the Standard
searches and analyzing the interplay between these and
Higgs measurements discussed in Section III A. Finally,
in Section IV we present benchmark plane scenarios for
searches of these new scalars at LHC Run 2.

II. A (BRIEF) REVIEW OF THE 2HDM

In this section we discuss the aspects of the 2HDM
relevant to our analysis, defining at the same time our
notation. We consider a general 2HDM scalar poten-
tial with a softly broken Z2 symmetry in the absence of
Charge-Parity (CP) violation, which reads

V (H1, H2) = µ2
1 |H1|2 + µ2

2 |H2|2 − µ2
[
H†1H2 + h.c.

]
+
λ1
2
|H1|4 +

λ2
2
|H2|4 + λ3 |H1|2 |H2|2 (1)

+ λ4

∣∣∣H†1H2

∣∣∣2 +
λ5
2

[(
H†1H2

)2
+ h.c.

]
,
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where the two scalar SU(2)L doublets Hj (j = 1, 2) may
be written as

Hj =
(
φ+j , (vj + hj + i ηj)/

√
2
)T

. (2)

In addition to the 125 GeV Higgs state h, the scalar sec-
tor of a 2HDM includes another neutral CP-even scalar
H0, a neutral CP-odd scalar A0 and a charged scalar
H±. For most of this work, we assume that these new
states are heavier than h (it is however possible, al-
though more experimentally constrained, for either H0

or A0 to be lighter than mh = 125 GeV, a possibility
which has been explored recently in [21, 22]). Apart from
mh and v = 246 GeV, the scalar potential (1) may be
parametrized in terms of the scalar masses mH0

, mA0
,

mH± , the squared mass scale µ2 and two angles β and
α, the former being related to the ratio of vacuum ex-
pectation values (vev s) of the two scalar doublets, v1,2,
via tanβ ≡ v2/v1 (with v21 + v22 = v2) and the latter
parametrising the mixing between the CP-even states.
The relation between the physical states h, H0, A0, H

±

and the states hj , ηj , φ
±
j is given by

H± = −sβ φ±1 + cβ φ
±
2 A0 = −sβ η1 + cβ η2

h = −sα h1 + cα h2 H0 = −cα h1 − sα h2

with sβ , cβ , sα, cα ≡ sinβ, cosβ, sinα, cosα, respectively.
Regarding the couplings of the two doublets H1,2 to
fermions, the Z2 in (1), even when softly broken by µ2,
may be used to forbid potentially dangerous tree-level
flavour changing neutral currents (FCNCs) by requiring
that each fermion type couple to one doublet only [23].
By convention, up-type quarks couple to H2. In Type
I 2HDM all the other fermions also couple to H2, while
for Type II down-type quarks and leptons couple to H1.
There are two more possibilities (depending on the Z2

parity assignment for leptons with respect to down-type
quarks), but we focus here on Types I and II, as they
encode the relevant physics of 2HDMs with no tree-level
FCNCs.

The parameters tβ ≡ tanβ and cβ−α ≡ cos (β − α)
control the strength of the couplings of h, H0, A0 and H±

to gauge bosons and fermions. Focusing on the neutral
scalars, we denote the couplings normalized to the SM
values (of hSM) by κ-factors (κV for gauge bosons, κu for
up-type quarks, κd for down-type quarks, κ` for charged
leptons), which read

Type− I :


κhV = sβ−α
κhu = κhd = κh` = t−1β cβ−α + sβ−α
κH0

V = −cβ−α
κH0
u = κH0

d = κH0

` = t−1β sβ−α − cβ−α
κA0
u = −κA0

d = −κA0

` = t−1β

(3)

Type− II :



κhV = sβ−α
κhu = t−1β cβ−α + sβ−α
κhd = κh` = sβ−α − tβ cβ−α
κH0

V = −cβ−α
κH0
u = t−1β sβ−α − cβ−α
κH0

d = κH0

` = −tβ sβ−α − cβ−α
κA0
u = t−1β
κA0

d = κA0

` = tβ

(4)

For cβ−α → 0, commonly referred to as the 2HDM align-
ment limit, h has SM-like couplings to gauge bosons and
fermions (κhi → 1, yielding h → hSM), while the cou-
pling H0V V of H0 to gauge bosons V = W±, Z vanishes
(κH0

V → 0).

In order to obtain a viable 2HDM scenario, theoreti-
cal constraints from unitarity, perturbativity and stabil-
ity/boundedness from below of the scalar potential (1)
need to be satisfied. Tree-level stability of the potential
V (H1, H2) requires λ1 > 0, λ2 > 0, λ3 > −

√
λ1λ2,

λ3 + λ4 − |λ5| > −
√
λ1λ2 (see e.g. [24]). At the same

time, tree-level unitarity1 imposes bounds on the size
of various combinations of the quartic couplings λi [26],
like |λ3 ± λ4| < 8π, |λ3 ± λ5| < 8π, |λ3 + 2λ4 ± 3λ5| <
8π and

∣∣∣λ1 + λ2 ±
√

(λ1 − λ2)2 + 4λ2
4

∣∣∣ < 16π. Similar (al-

though generically less stringent) bounds on λi may be
obtained from perturbativity arguments. We may ex-
press λi in terms of the physical scalar masses, the mixing
angles α, β and µ2:

λ1 =
1

v2 c2β

(
−µ2 tβ +m2

h s
2
α +m2

H0
c2α
)
, (5)

λ2 =
1

v2 s2β

(
−µ2 t−1β +m2

h c
2
α +m2

H0
s2α

)
, (6)

λ3 =
1

v2

[
− 2µ2

s2β
+ 2m2

H± +
(
m2
H0 −m2

h

) s2α
s2β

]
, (7)

λ4 =
1

v2

(
2µ2

s2β
+m2

A0 − 2m2
H±

)
, (8)

λ5 =
1

v2

(
2µ2

s2β
−m2

A0

)
. (9)

As seen from (5-9), for a given set of values for mH0 , mA0 ,
mH± , tβ and cβ−α, only a certain range for µ2 is allowed
by the combination of these theoretical constraints. In
particular, λ1,2 > 0 directly imply an upper bound on
µ2 from (5)-(6). It is however possible that no value
of µ2 allows to satisfy all three theoretical requirements
simultaneously, in which case such a set of values for the
scalar masses and mixing angles would not be viable. If
an allowed µ2 range exists, the size of trilinear scalar
couplings such as λH0hh and λH0A0A0 (which control the
partial widths ΓH0→hh, ΓH0→A0A0

when these decays are

1 For a recent one-loop analysis, leading to slightly more stringent
bounds, see [25].
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kinematically allowed) or λhH+H− (which controls the
size of the charged scalar loop contribution to the h→ γγ
decay amplitude, given by ∆±γ ) depend on the value of

µ2. Indeed, the trilinear couplings λH0hh and λH0A0A0

are given by

vλH0hh =
2 cβ−α
s2β

[(
1− 3

s2α
s2β

)
µ2 + (2m2

h +m2
H0

)
s2α
2

]
(10)

vλH0A0A0 = 2
[
cβ−α(2m2

A0
+m2

H0
) (11)

− 2

(
sβ−α

c2β
s2β
− cβ−α

)(
m2
H0
− µ2

sβ cβ

)]
Apart from vanishing in the alignment limit, if s2β −

3s2α 6= 0, the coupling λH0hh also vanishes for µ2 =
(2m2

h + m2
H0

)(s2αs2β)/(6s2α − 2s2β), if such value of µ2

lies within the allowed range. Similarly, in the alignment
limit λH0A0A0

vanishes for tβ = 1 or µ2 = m2
H0
sβ cβ .

The trilinear coupling λhH+H− reads

vλhH+H− =
[
sβ−α

(
m2
h − 2m2

H±
)

(12)

− 2

(
cβ−α

c2β
s2β

+ sβ−α

)(
m2
h −

µ2

sβ cβ

)]
,

so that ∆±γ inherits a dependence on µ2 and other 2HDM

parameters besides m2
H± through λhH+H− . These trilin-

ear couplings illustrate the phenomenological impact of
the soft Z2-breaking parameter in the 2HDM, which will
be analyzed in more detail in Section III.

III. HIERARCHICAL VS DEGENERATE 2HDM:
THE LHC RUN 1 LEGACY

Let us now concentrate on the mass spectrum of the
2HDM. We first note that constraints from measurements
of EW precision observables (EWPO), in particular of
the T -parameter, generically require H± to be relatively
degenerate with eitherA0 orH0 [27]. From a phenomeno-
logical perspective we can then distinguish between a de-
generate spectrum where all mass splittings among the
new scalar states are small, |mA0

−mH0
| � mZ , and a

hierarchical spectrum for which the mass splitting among
the new neutral scalars is sizable, |mA0

−mH0
| & mZ .

The main phenomenological feature of a hierarchical
2HDM spectrum is that the decays ϕi → ϕjV , with
ϕi,j = H0, A0, H

± (i 6= j) and V = W±, Z become
kinematically allowed and generically yield the dominant
branching fraction, with the decays into SM states com-
paratively suppressed. These considerations motivate
performing a comparison of the allowed 2HDM parame-
ter space for both types of spectra, assessing the impact
of sizeable mass splitting(s). In this respect, key probes
of 2HDM scenarios are ATLAS/CMS measurements of
Higgs signal strengths and searches for new scalar states
at the LHC.

A. Higgs Signal Strengths in the 2HDM

The values for the Higgs signal strengths measured by
the ATLAS and CMS experiments during the 7 and 8
TeV LHC runs set an important constraint on the 2HDM
parameter space [9] (see also [10–18]). The model predic-
tion for the signal strength in a final state xx is given by
µ2HDM
xx =

∑
i εi × µixx, with εi corresponding to the rela-

tive contribution to the signal from a particular Higgs
production mode i, and µixx being the 2HDM signal
strength for that production mode

µixx =
[σi(pp→ h)× BR(h→ xx)]2HDM

[σi(pp→ h)× BR(h→ xx)]SM
, (13)

to be compared with the values obtained by ATLAS
and CMS analyses in the relevant detection channels,
namely h → WW ∗ [34–38], h → ZZ∗ [35, 39, 40],
h→ γγ [41, 42], h→ b̄ b [43, 44] and h→ τ τ [45, 46]. In
all but one of these channels the various µixx are directly
obtained from the κhx factors in (3) and (4), depending
only on cβ−α and tβ . The sole exception is µiγγ , since
BR(h→ γγ) also involves the contribution to the h→ γγ
decay amplitude from the charged scalar loop, ∆±γ , which

introduces a dependence on µ2 and other physical param-
eters via the trilinear λhH+H− . As a result, a comparison
to the experimental data would strictly speaking require
a generalized ∆χ2 likelihood fit in a multidimensional pa-
rameter space subject to the theoretical constraints on µ2

above discussed. However, since the charged scalar loop
generically gives a very subdominant contribution, we
adopt here a simplified approach of neglecting this term
by setting λhH+H− = 0. The Higgs signals constraints
can then be obtained by performing a ∆χ2 likelihood fit
to the 2HDM parameters cβ−α and tβ , for which we use
the public codes Lilith [31] and HiggsSignals [32, 33].
The values of εi in (13) may be obtained from the experi-
mental analyses and are provided in both these programs
(e.g. for HiggsSignals they may be found in Appendix
A of [33]).

The results are shown in Figure 1 for Type I (Left)
and Type II (Right) 2HDM. The green areas corre-
spond to the 95% C.L. allowed region from Lilith, while
the hatched-purple ones are those from HiggsSignals.
Both show good agreement with the ATLAS experimen-
tal fit [9], the fit from Lilith being slightly more con-
straining than both HiggsSignals and ATLAS. In Type
I, a sizable departure from alignment is allowed as soon
as tβ & 1, and the limit on cβ−α becomes both indepen-
dent of tβ and symmetric around cβ−α = 0 for tβ � 1,
which can be understood from (3). For Type II, there
are two distinct allowed regions: (i) the region close to
the alignment limit cβ−α � 1 corresponding to a SM-like
Higgs h, with a mild preference for cβ−α > 0 and tβ ∼ 1;
(ii) the wrong-sign scenario sβ+α ∼ 1, for which κhd < 0,
and 0 < 1+κhd � 1 (see e.g. [47] for a detailed discussion
of this limit, possible only in Type II).
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FIG. 1. 95% C.L. Likelihood fit to Higgs signal strengths in the (cβ−α, tβ) plane, for Type I (Left) and Type II (Right) 2HDM,
using Lilith (solid-green region) and HiggsSignals (hatched-purple region). See text for details on the fit.

B. LHC Searches for A0 into SM States

We discuss now the limits on the 2HDM parameter
space from ATLAS and CMS searches of A0 decaying via
A0 → Zh (h→ b̄b, h→ ττ) [48, 49], via A0 → γγ [50, 51]
and A0 → ττ [52, 53]. For the A0 → ττ searches, the pro-
duction of A0 in association with a b̄b pair is taken into
account by the ATLAS/CMS experimental analyses in
addition to production through gluon fusion, the former
being important for Type II at large values of tβ . Fur-
thermore, we stress that while the search via A0 → Zh
vetoes any b-tagged jets beyond those from h → b̄b (see
e.g. [48]), the b-jets resulting from the pp→ b̄b A0 process
generically have large rapidity values and consequently
yield a very low b-tagging efficiency [54]. Thus we also
consider b̄b-associated production of A0 in the A0 → Zh
searches, and do not implement a b-tagging efficiency
suppression in this case.

In order to derive the bounds on the 2HDM parameter
space, we compute the A0 production cross-section in
gluon fusion and in association with b̄b at NNLO in QCD
with SusHi [55]) for Types I and II as a function of tβ
and mA0 , and then use 2HDMC [56] to compute the
branching fractions for A0 → ττ , A0 → γγ, A0 → Zh
and h→ b̄b, ττ as a function of tβ , cβ−α, mA0

and mH0
.

The 95 % C.L. exclusion region in the (cβ−α, tβ) plane
resulting from these searches is shown in Figure 2 for
different values of mA0

and mA0
− mH0

, and discussed
below.

Let us consider first a high mass scenario for A0,
above the t̄t threshold: The exclusion region for mA0

=
500 GeV in Types I and II is shown respectively in Figure
2 (Top-Left) and (Top-Right). The only sensitive chan-
nel above the t̄t threshold is A0 → Zh, and for Type
II also A0 → ττ in b̄b-associated production. Neverthe-

less, we see that for low/moderate tβ , these searches only
constrain values of |cβ−α| & 0.15. The green region cor-
responds to the exclusion for mH0

= 500 GeV, when A0

can only decay into SM states. As mH0
decreases and

the decay A0 → H0Z becomes kinematically allowed,
the current limits from searches of SM decay channels
weaken significantly, as the orange and purple regions in
Figure 2 (Top) show respectively for mH0

= 300 GeV
and mH0

= 150 GeV.

The impact of a sizable mA0
− mH0

splitting is even
more important for mA0

below the t̄t threshold: The
excluded region for mA0

= 300 GeV is shown in Figure 2
(Medium) for Type I (Left) and Type II (Right), both in
the degenerate scenario mH0

= 300 GeV (green region)
and for a hierarchical scenario with mH0

= 150 GeV
(purple region). In the former, the limits from A0 →
Zh searches are stringent, ruling out |cβ−α| & 0.02 for
tβ < 6 in Type I. Even for cβ−α → 0, A0 → γγ and
A0 → ττ searches constrain the region of tβ . 2 and
tβ . 3 respectively for Types I and II. In contrast, for the
hierarchical scenario the A0 → γγ and A0 → ττ searches
only constrain values of tβ . 0.5, while the sensitivity of
the A0 → Zh searches also reduces drastically.

Finally, we also present the limits for a light A0, with
mA0

= 150 GeV in Figure 2 (Bottom). In this case we
do not consider a hierarchical 2HDM scenario (with A0

being the heavier state), as it would require cβ−α → 0
to avoid non-observation of H0 at LEP (we will however
briefly discuss this region of parameter space in Section
III E). Both for Type I (Left) and Type II (Right), the
A0 → ττ and A0 → γγ searches yield the constraint
tβ & 1.5, while for Type II the searches for A0 → ττ in
b̄b-associated production also yield a limit tβ < 10.
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FIG. 2. Current 95 % C.L. excluded region by ATLAS (solid lines) and CMS (dashed lines), respectively for mA0 =
500, 300, 150 GeV (Top/Medium/Bottom) and for 2HDM Type I/II (Left/Right), coming from searches of gg, bb̄ → A0 →
Zh (h → bb̄) (black lines), gg → A0 → γγ (yellow lines), gg → A0 → ττ (red lines) and bb̄ → A0 → ττ (light-blue lines). In
each case, the limits in the degenerate scenario mH0 = mA0 are shown in green, while those for the hierarchical scenario(s)
are shown in purple/orange. The various grey regions correspond to the theoretically excluded regions for the degenerate and
hierarchical 2HDM scenarios (darker grey as mH0 is lower).
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The above discussion highlights the fact that, in the
presence of a sizable mass splitting mA0 −mH0 , searches
for A0 decaying into SM final states have little sensitivity,
and in particular do not yield further information on the
allowed 2HDM parameter space to that obtained from
Higgs coupling measurements, discussed in the previous
Section. Let us however emphasize that the lighter state
in the hierarchical 2HDM scenario, in this case H0, would
decay solely into SM states. Thus, the constraints on
the parameter space from searches of H0 into SM final
states would fully apply for a hierarchical scenario with
mA0

−mH0
> 0. LHC searches for H0 will be analyzed

in Section III C.

Before moving on to the next Section, let us discuss
the impact of theoretical constraints from unitarity, per-
turbativity and stability of the 2HDM scalar potential
on Figure 2, where the theoretically excluded regions are
shown in grey. Focusing on the case mH± = mA0

, and
defining m2

A0
−m2

H0
≡ ∆2 ≥ 0, Figure 2 shows that the

exclusion becomes more important as mH0
increases, par-

ticularly for tβ � 1. The departure from alignment also
has a strong impact on the theoretically viable param-
eter space, specially for cβ−α < 0. These features may
be understood from the interplay of λ1 > 0 and various
unitarity limits. Writing λ1 as

λ1v
2 = m2

h − tβ(1 + t2β) Ω2

− (m2
H0
−m2

h)
[
c2β−α(t2β − 1)− 2tβsβ−αcβ−α

]
(14)

with Ω2 ≡ µ2 − m2
H0
sβcβ , we see that for m2

H0
� m2

h

(neglecting m2
h in (14)) and tβ > 1, Ω2 < 0 is required to

satisfy λ1 > 0 for either cβ−α < 0 or cβ−αtβ � 1. This
in turn impacts the unitarity requirements, e.g.

|λ3 + λ4| ∼
∣∣∣∣∆2

v2
+
m2
H0
cβ−α

v2
[
sβ−α(tβ − t−1

β )− 2cβ−α
]∣∣∣∣ < 8π

|λ3 + 2λ4 + 3λ5| ∼
∣∣∣∣−3∆2

v2
+

4

sβcβ

Ω2

v2

+
m2
H0

v2
cβ−α

[
sβ−α(tβ − t−1

β )− 2cβ−α
]∣∣∣∣ < 8π (15)

which are then violated for tβ � 1 and/or m2
H0
� v2, as

no cancellation among terms is possible in both |λ3 + λ4|
and |λ3 + 2λ4 + 3λ5| (since ∆2 ≥ 0, Ω2 < 0).

We note that the above requirement Ω2 < 0 to satisfy
λ1 > 0 may be avoided for cβ−α(t2β−1)−2tβsβ−α ∼ 0, for

which the last term in (14) vanishes. This cancellation,
which happens for cβ−α = 2tβ/(1 + t2β), is observed for

m2
H0

= 500 GeV and cβ−α > 0 in Figure 2 (Top). We

also note that in exact alignment cβ−α = 0, Ω2 = 0
automatically yields λ1 > 0 (and all other boundedness-
from-below requirements are also trivially satisfied for
∆2 ≥ 0). The unitarity constraints are then only violated
for ∆2 � v2, and thus cβ−α = 0 is always allowed in
Figure 2.

C. LHC Searches for H0 into SM States

We turn on now to analyze the constraints from LHC
searches for H0. The relevant searches to be considered
are H0 → ZZ → ```` [57] (and in the low mass region
also H0 → WW [58]), H0 → hh → b̄bγγ [59] by ATLAS
andH0 →WW,ZZ [60] (both low and high mass region),
H0 → hh→ bb̄γγ [61] and H0 → hh→ b̄bb̄b [62] by CMS.
In all these searches, b̄b-associated production of H0 is
implicitly included2 together with gluon fusion. In addi-
tion, the ATLAS/CMS searches via A0/H0 → γγ [50, 51]
and via A0/H0 → ττ [52, 53] discussed in the previous
Section also apply in this case.

As in the previous section, we use SusHi to compute
the gluon fusion and b̄b-associated H0 production cross-
sections at NNLO in QCD for Types I and II as a function
of cβ−α, tβ and mH0 , and then use 2HDMC to com-
pute the branching fractions for H0 → ττ , H0 → γγ,
H0 → ZZ, H0 → hh and h → b̄b, γγ as a function of
cβ−α, tβ , mH0 , mA0 and µ2. We stress that, contrary
to the A0 case, the value of µ2 has a significant impact
on the H0 branching fractions via the modification of the
trilinear coupling λH0hh, which changes the H0 → hh
partial width (recall the discussion at the end of Section
II). In order to account for the dependence of µ2 on the
95 % C.L. limits, we compute the theoretically viable µ2

range as a function of cβ−α, tβ , mH0
and mA0

, and derive
the bounds on the values of µ2 that respectively minimize
(µ2

min) and maximize (µ2
max) the H0 → hh branching

fraction within the allowed µ2 range.
We begin now by discussing the scenario with a light

H0, and consider the 95 % C.L. exclusion region for
mH0 = 150 GeV in the degenerate scenario, as shown
in Figure 3. Due to the absence of the H0 → hh decay
in this case, the H0 → ZZ∗ and H0 → ττ branching
fractions are not sensitive to the value of µ2, and only
H0 → γγ is mildly dependent via the H± loop contri-
bution. Nevertheless, Figure 3 shows that the important
limits in the cβ−α, tβ plane are given by H0 → ZZ∗ and
H0 → ττ searches, with H0 → γγ less sensitive. As has
been emphasized in Section III B, the present limits are
complementary to those from A0 searches in the hierar-
chical 2HDM, e.g. for the (mA0

, mH0
) = (300, 150) GeV

and (500, 150) GeV benchmarks considered in Figure 2.
In Figure 4 we show the limits from H0 searches for

mH0 = 300 GeV, for Type I/II (Left/Right). Here, the
presence of the decay H0 → hh requires us to take into
account the µ2 dependence in the limit extraction, and
we show the limits for µ2 = µ2

min (Top) and µ2 = µ2
max

(Bottom). In the former case the strongest limits come
from H0 → ZZ searches, with H0 → hh playing no rel-
evant role because of its suppressed branching fraction.

2 For H0 → WW, ZZ searches, b̄b-associated production gener-
ally fails the Vector Boson Fusion and V -associated production
analysis tags, and so is included in the gluon fusion category. For
H0 → hh searches, the analysis is inclusive w.r.t. H0 production.
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Moreover, in this case the presence of a sizablemH0
−mA0

splitting does lead to a significant reduction of the limits
on the 2HDM parameter space from these searches. In
contrast, for µ2 = µ2

max the H0 → hh searches provide
the dominant constraint for low and moderate tβ , and
these limits do not change significantly in a hierarchical
2HDM scenario, as the branching fraction of H0 → hh
is still the dominant one in this case. A similar situa-
tion occurs for mH0 = 500 GeV, as shown in Figure 5.
Again, for µ2 = µ2

min (Top) H0 → ZZ searches provide
the only meaningful constraint, which gets significantly
weakened in the hierarchical scenario mH0−mA0 � mZ .
For µ2 = µ2

max the LHC searches for H0 → hh in bb̄bb̄
and bb̄γγ are the most constraining, being particularly

sensitive around tβ ∼ 1, and the limits only get mildly
weakened in the hierarchical 2HDM scenario. In addi-
tion, for mH0

= 500 GeV there is no appreciable dif-
ference between Types I and II for low and moderate tβ ,
with bb̄-associated production of H0 in H0 → ττ searches
constraining the tβ � 1 region in Type II.

Contrary to Figure 2, Figures 4-5 do not show the
would-be limits on the (cβ−α, tβ) plane from searches of
H0 in regions which are not viable theoretically: These
limits depend crucially on the value of µ2 (in contrast
with the situation for A0 searches discussed in Section
III B), and the theoretical bounds correspond precisely
to the absence of an allowed µ2 range.
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FIG. 3. Current 95 % C.L. excluded region (in green) by ATLAS (solid lines) and CMS (dashed lines), respectively for mH0 =
150 GeV and 2HDM Type I/II (Left/Right), coming from searches of gg, bb̄ → H0 → WW, ZZ (black lines), gg → A0 → ττ
(red lines), bb̄→ A0 → ττ (light-blue lines) and gg → A0 → γγ respectively for µ2 = µ2

min/µ2 = µ2
max (yellow/pink lines). The

grey region is theoretically excluded.

Figures 4-5 highlight that, for ∆2 < 0 (and m2
H± =

m2
H0

), the theoretical bounds from stability, unitarity
and perturbativity are significantly more important than
for the previously discussed ∆2 > 0 case, and in particu-
lar constrain the alignment limit cβ−α = 0. The stability
conditions for cβ−α = 0 read

λ1 =
m2
h

v2
− tβ(1 + t2β)

Ω2

v2
> 0

λ2 =
m2
h

v2
−

(1 + t−2
β )

tβ

Ω2

v2
> 0

λ3 =
m2
h

v2
− 1

sβcβ

Ω2

v2
> −
√
λ1λ2 (16)

λ3 + λ4 − |λ5| = m2
h

v2
+

∆2

v2
−
∣∣∣∣ 1

sβcβ

Ω2

v2
− ∆2

v2

∣∣∣∣ > −√λ1λ2

The first three inequalities in (16) are trivially satisfied
for Ω2 ≤ 0. For

∣∣∆2
∣∣� v2 the last one however requires

Ω2 ∼ sβcβ∆2, and this affects the unitarity bounds which
depend on λ1 + λ2, e.g.∣∣∣∣λ1 + λ2 +

√
(λ1 − λ2)2 + 4λ2

4

∣∣∣∣ ∼ 2

∣∣∆2
∣∣ t2β
v2

(tβ � 1)

∼ 2

∣∣∆2
∣∣

v2 t2β
(tβ � 1) (17)

such that only values tβ ∼ 1 are allowed if
∣∣∆2

∣∣� v2.

D. Comments on H± Searches at LHC

Before we comment on the limits from direct searches
of H±, let us emphasize that there are two other impor-
tant sources of constraints on the mass of H± in this case:
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(i) Flavour Physics yields important bounds on mH± , the
most stringent one coming from the H± contribution to
the flavour violating decay b → sγ. For Type II 2HDM,
this leads to a lower bound mH± > 480 GeV at 95%
C.L. [63], while for Type I the bound is milder and de-
pends on tβ [64]. (ii) EWPO strongly prefer mH± ∼ mA0

or mH± ∼ mH0 (this last condition is mildly modified
away from the alignment limit cβ−α = 0), as a split-
ting between the charged and neutral components of the
doublet breaks custodial symmetry. While some degree
of splitting is allowed by EWPO, it cannot be sizable
(see e.g. the analysis of [19]). In the present work we
have chosen for simplicity to make H± degenerate with
the heavier of the two neutral scalars H0, A0, as ne-
glecting small mass splittings between the charged and

neutral scalars does not have an appreciable impact on
the theoretical constraints on the model, nor on the phe-
nomenological analysis, and satisfies EWPO. Regarding
the bounds from Flavour Physics, while particularly for
Type II they motivate our choice of pairing H± with the
heavier state among H0, A0, we do not consider them
as limits stricto senso, meaning that for Type II we still
discuss scenarios in which both mA0 and mH0 are below
480 GeV. We also stress that, since for Type I the b→ sγ
bound is not as severe, it could be possible for H± to pair
with the lighter state among H0, A0. For a hierarchical
2HDM scenario, this would also open either the decay
A0 → W±H± or H0 → W±H±, and would make the
LHC limits from searches of A0, H0 into SM states even
weaker, opening at the same time further opportunities
for direct searches of these new states (see e.g. [29, 30]).
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FIG. 4. Current 95 % C.L. excluded region by ATLAS (solid lines) and CMS (dashed lines) for mH0 = 300 GeV and respectively
for 2HDM Type I/II (Left/Right) in the case µ2 = µ2

min/µ2 = µ2
max (Top/Bottom). The limits come from searches of

gg, bb̄ → H0 → WW, ZZ (black lines), gg → A0 → ττ (red lines), bb̄ → A0 → ττ (light-blue lines), gg → A0 → γγ (yellow
lines), gg, bb̄ → H0 → hh → bb̄bb̄ (dark-green lines) and gg, bb̄ → H0 → hh → bb̄γγ (pink lines). The two scenarios considered
are mH0 = mA0 (Degenerate: green exclusion region) and mH0 −mA0 = 150 GeV (Hierarchical: purple exclusion region). The
light/dark grey areas correspond to the theoretically excluded regions for the degenerate/hierarchical 2HDM scenarios.
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FIG. 5. Current 95 % C.L. excluded region by ATLAS (solid lines) and CMS (dashed lines) for mH0 = 500 GeV and respectively
for 2HDM Type I/II (Left/Right) in the case µ2 = µ2

min/µ2 = µ2
max (Top/Bottom). The limits come from searches of

gg, bb̄ → H0 → WW, ZZ (black lines), bb̄ → A0 → ττ (light-blue lines), gg, bb̄ → H0 → hh → bb̄bb̄ (dark-green lines) and
gg, bb̄ → H0 → hh → bb̄γγ (pink lines). The two scenarios considered are mH0 = mA0 (Degenerate: green exclusion region)
and mH0 −mA0 = 150 GeV (Hierarchical: purple exclusion region). The light/dark grey areas correspond to the theoretically
excluded regions for the degenerate/hierarchical 2HDM scenarios.

We now briefly discuss the current bounds from
searches of H± by ATLAS and CMS. For a light H±,
mH± < mt = 173 GeV, ATLAS searches for t→ H±b in
top quark pair production with the full dataset of Run
1 [65, 66] set a 95% C.L. bound on the branching frac-
tion BR(t → H±b) × BR(H± → ντ) < [0.0023, 0.013]
in the mass range mH± ∈ [80 GeV, 160 GeV]. For
mH± > mt, ATLAS searches for H± produced in as-
sociation with a top quark [66] yield the bound σ(pp →
tH± + X) × BR(H± → ντ) < [0.76 pb, 4.5 fb] in the
range mH± ∈ [180 GeV, 1000 GeV]. We however note
that these bounds do not result generically in meaning-
ful constraints, since BR(H± → ντ)� 1 when the decay
H± → tb is open. Moreover, in the hierarchical scenario
BR(H± → ντ) may be further suppressed by the pres-
ence of either H± →W±A0 or H± →W±H0 decays.

E. Filling the Gaps: A0 → ZH0/H0 → ZA0 Searches

Our previous analysis highlights that, while direct
searches for heavy neutral Higgs bosons at the LHC
may provide a wide coverage across the 2HDM param-
eter space, and complementary to measurements of sig-
nal strengths, bounds from searches assuming direct de-
cays of the neutral scalars into SM particles become
much weaker in a hierarchical 2HDM scenario, and new
searches are needed to fill in the gaps. It is also clear
that the new searches capable of probing a hierarchical
2HDM are precisely those which exploit the sizable mass
splittings among the neutral scalars, namely3 A0 → ZH0

3 Other decay modes could also be promising, like A0/H0 →
W±H± or H± →W±A0/H0, depending on mH± [29, 30])
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or H0 → ZA0. In the former case, the relevant final
state to search for would depend on the dominant de-
cay mode of H0 [8]. For cβ−α ∼ 0, H0 → bb̄ (even-
tually, H0 → tt̄ if mH0

> 340 GeV) would dominate,
yielding A0 → ZH0 → `` bb̄ as most sensitive final
state. For a sizable departure from alignment, the dom-
inant decay mode would be H0 → W+W−, yielding
A0 → ZH0 → `` W+W− (W+W− → `ν `ν) as the most
sensitive final state4.

For H0 → ZA0, the most sensitive final state is generi-
cally `` bb̄. In [20], the CMS Collaboration has performed

the first analysis of such signatures, with an integrated
luminosity of L = 19.8 fb−1 at 8 TeV, in the `` bb̄ final
state relevant for both A0 → ZH0 and H0 → ZA0. We
discuss here the limits on the 2HDM parameter space
that may be derived from that search. We stress that
from the point of view of the CMS analysis, the lim-
its on the production cross sections for A0 → ZH0 and
H0 → ZA0 are identical for the same kinematical mass
point. However, the translation between these limits and
the constraints on the 2HDM parameter space is quite
different in the two cases.
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FIG. 6. Bounds on tβ in the (mA0 , mH0) plane for cβ−α = 0, from the search for A0 → ZH0 → `` bb̄ performed in [20], For
2HDM of Type I (Left) and Type II (Right). The grey regions are theoretically excluded.

Concentrating first on A0 → ZH0, we show in Figure
6 the bounds on tβ in the (mA0

, mH0
) plane for Type

I (Left) and Type II (Right), assuming cβ−α = 0. The
search constrains up to tβ ∼ 5 around mA0

= 380 GeV,
and additionally yields the limit tβ & 2 for mH0

< 80
GeV and mA0

< 600 GeV. However, we expect a weak-
ening of these limits once there is departure from the
alignment limit, and we emphasize that searches for the
H0 → W+W− decay mode (and ZZ) are very much
needed in this region (note that for t−1β sβ−α − cβ−α ∼ 0,

direct searches for H0 →W+W− assuming gluon fusion
production will not be sensitive to H0).

In order to illustrate the complementarity between the
above limits from A0 → ZH0 searches and those from
the most sensitive ATLAS/CMS searches for A0, H0 de-

4 Other competitive final states are H0 → W+W− (W+W− →
`ν jj) and H0 → ZZ yielding A0 → ZH0 → ```′`′jj [28].

caying directly into SM states analyzed in Sections III B
and III C, as well as their interplay with measurements of
Higgs signal strengths from Section III A (we take here
the limits obtained with HiggsSignals), we present a
summary of the various bounds on the (cβ−α, tβ) plane
in Figures 7 and 8 for Type I/II (Left/Right): Figure 7
(Top) shows the combined limits for mA0

= mH0
= 150

GeV (only the degenerate scenario is considered in this
case). Focusing then on mA0

= 300 GeV, Figure 7 (Bot-
tom) highlights the fact that close to cβ−α = 0 the CMS
search for A0 → ZH0 (H0 → b̄b) in the hierarchical
2HDM scenario yields a superior sensitivity to the one
obtained in the degenerate 2HDM scenario via the union
of limits from A0 and H0 searches. It is also interesting
to note that while in the degenerate scenario the combi-
nation of A0 and H0 searches exclude the Type II wrong-
sign region allowed by Higgs signal strength measure-
ments, in the hierarchical scenario the wrong-sign region
is allowed by direct searches.
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We note that for mA0
= 150 GeV and mA0

= 300 GeV
the choice between µ2 = µ2

min and µ2 = µ2
max does not

impact the limits shown in Figure 7 since the di-Higgs
searches are not the most constraining in this plane. For
mA0

= 500 GeV the situation is different, as shown in
Figure 8. Here, the degenerate case is the least con-
strained, cutting into the edges of the Type I light Higgs
limits and not significantly affecting the Type II exclu-
sions near alignment. In the µmax scenario, the di-Higgs

searches improve the limits towards alignment around
tβ ∼ 1. As one decreases the H0 mass the picture changes
considerably, with the direct H0 searches proving partic-
ularly effective for mH0

= 300 GeV, even near alignment.
For mH0

= 150 GeV, the A0 → Z H0 becomes sensitive
and provides excellent coverage up to tβ ∼ 3, generally
improving on the direct searches. We note, again, that
the wrong-sign scenario in Type II is excluded in the de-
generate and mH0 = 300 GeV cases, while it is mostly
allowed in the lightest H0 case.
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FIG. 7. Limits in the (cβ−α, tβ) plane for mA0 = 150/300 GeV (Top/Bottom) and Type I/II (Left/Right), from measurements
of Higgs signal strengths obtained with HiggsSignals (dotted black lines; see Section III A) and from the most sensitive
ATLAS/CMS searches for A0 and H0 decaying directly into SM states: green region corresponds to the exclusion in the
degenerate scenario mH0 = mA0 ; purple regions correspond to the exclusion in the hierarchical scenario (see Sections III B,
III C). The dashed blue region corresponds to the exclusion from the CMS A0 → ZH0 → `` bb̄ search [20] in the hierarchical
scenario. The grey regions are theoretically excluded.
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Turning to H0 → ZA0, we show the limits on tβ in
the (mA0 , mH0) plane in Figure 9, for Type I (Left) and
Type II (Right) in the alignment limit. A few com-
ments are in order: First, the limits are expected to
be weaker than for A0 → ZH0, as the production cross
section for A0 is larger than that for H0 for the same
mass. More importantly, when mH0

> 2mA0
, the de-

cay H0 → A0A0 becomes kinematically possible, which
weakens the bounds from H0 → ZA0 and also makes
them dependent on µ2, since BR(H0 → A0A0) does de-
pend on this parameter. Figure 9 (Top) shows the limits
for µ2 = µ2

min, while Figure 9 (Bottom) shows the lim-
its for µ2 = µ2

max which are identical for mH0
< 2mA0

but much weaker for mH0
> 2mA0

as expected. Note

also that for tβ = 1 the limits are identical in both mass
regions, since λH0A0A0 = 0 and the µ2 dependence there-
fore disappears. In the region mH0 > 2mA0 , the width of
H0 very quickly reaches ΓH0/mH0 > 0.15, for which the
bounds from the analysis [20] are no longer robust (these
regions are marked as shaded in Figure 9). This is in con-
trast with A0 → ZH0 bounds, for which ΓA0

/mA0
< 0.15

throughout the whole allowed parameter space. From the
comparison of Figures 6 and 9 it is also apparent that for
a sizable splitting mH0

−mA0
> 0, the 2HDM parameter

space is much more theoretically constrained than for a
splitting mA0

− mH0
> 0 of same magnitude, and the

constraints become more stringent as tβ increases (re-
call the discussion in Section III C), such that for tβ > 2
mH0

. 500 GeV is required, as shown in Figure 9.
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min/µ2 = µ2
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are theoretically excluded, while the shaded regions correspond to ΓH0/mH0 > 0.15. The dotted-black line corresponds to
mH0 = 2mA0 , above which the decay H0 → A0A0 becomes kinematically possible.

IV. HIERARCHICAL 2HDM AND LHC RUN II

LHC Run 2 at 13 TeV represents a great opportunity
to dig further into the parameter space of hierarchical
2HDM scenarios, since the sensitivity of the searches
described in the previous Section is limited mainly by
small cross section values at the 8 TeV run of the LHC.
While a detailed analysis of the LHC Run 2 prospects
for the hierarchical scenario of the 2HDM is beyond the
scope of this work, we present in this Section benchmark
planes in (mA0

, mH0
) for A0 → ZH0 searches, classified

according to the 2HDM Type (I/II) and the proximity
to the alignment limit. In Figure 10 (Top) we provide
σ(gg → A0 → ZH0) × BR(H0 → X) for Type I/II
(Left/Right) and a reference value tβ = 3, with X being
the relevant decay mode of H0 in each case: In alignment
cβ−α = 0 (Figure 10, Top), X is the main fermionic de-
cay of H0, namely b̄b for mH0

< 340 GeV and t̄t for

mH0
> 340 GeV. Away from alignment cβ−α & 0.2 (Fig-

ure 10, Bottom), X = W+W− and we choose cβ−α = 0.3
for Type I, cβ−α = 0.5 for Type II. We show in each case
the constraint from the LHC Run 1 A0 → ZH0 (H → b̄b)
CMS search [20], noting that besides providing useful
limits in alignment (recall Figure 6), it can also constrain
the (mA0

, mH0
) plane away from alignment. This is most

relevant in Type II, where κH0

d increases with tβ , and for
mH0 . 180 GeV as shown in Figure 10 (see also Figures 7
and 8). In contrast, for the benchmarks chosen away from
alignment there are no limits from gg → H0 → W+W−

searches in the whole (mA0 , mH0) plane: for Type I this
is due to κH0

u � 1 (H0 is approximately fermiophobic),

while for Type II it is due to the (κH0

d )2 enhancement

of the partial width Γ(H0 → b̄b) vs the (κH0

V )2 suppres-
sion of the partial width Γ(H0 → W+W−). The dis-
cussion above emphasizes the search gg → A0 → ZH0

(H0 → W+W−) as potentially key to probe a hierarchi-
cal 2HDM scenario away from the alignment limit.
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FIG. 10. Cross section σ(gg → A0 → ZH0)× BR(H0 → X) in the (mA0 , mH0) plane, for Type I (Left) and Type II (Right).
Top: Alignment limit cβ−α = 0, with X = b̄b if mH0 < 340 GeV and X = t̄t if mH0 > 340 GeV. The dashed black region
corresponds to the exclusion from the LHC Run 1 A0 → ZH0 CMS search [20]. Bottom: Departure from alignment, with
X = W+W− and cβ−α = 0.3 for Type I, cβ−α = 0.5 for Type II. The value of the soft Z2-breaking parameter is fixed to
µ2 = m2

H0
sβ cβ (Ω2 = 0, see discussion in Section III B). The grey regions are theoretically excluded.

Before concluding this section, a few comments are im-
portant: For Type II, the combination of Flavour bounds
on mH± and EWPO would disfavour a 2HDM spectrum
with both mA0

and mH0
significantly below 480 GeV, as

discussed in Section III D. We choose not to show this
in Figure 10, as these indirect limits (particularly the
Flavour bound) could be modified in the presence of new
physics. Also, while we do not discuss here the prospects
for searches of H0 decaying into non-SM states, we em-
phasize that searches for H0 → ZA0 and H0 → A0A0

may be key to probe a hierarchical 2HDM scenario with
mH0

> mA0
.

V. DISCUSSION AND OUTLOOK

Uncovering the full structure of the SM scalar sector
and its possible extensions will be a central task for the
LHC in the coming years. The results will have impor-
tant implications not only for our understanding of the
mechanism of electroweak symmetry-breaking but also
for the origin of visible matter and the nature of dark
matter. Extensions of the SM scalar sector that address
one or both of these open questions may yield distinctive
signatures at the LHC via modifications of the SM Higgs
boson properties and/or the observation of new states.
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In this work we have investigated the constraints on
the parameter space of CP-conserving two-Higgs-doublet
models of Types I/II in light of the ATLAS/CMS results
from LHC Run 1. A key difference from the many simi-
lar analyses already existing in the literature is that the
latter generally assume a nearly degenerate 2HDM spec-
trum for the new scalar states, which can then only decay
into SM particles. While the properties of the observed
125 GeV Higgs are not affected by the mass spectrum
of the new scalars (as discussed in Section III A), a large
mass splitting between two or more of the new scalar
states, e.g. mA0−mH0 & mZ , causes new decay channels
of the heavier scalars to open and become dominant. For
such a hierarchical 2HDM, we show that the constraints
usually obtained in the literature are significantly weak-
ened. On the other hand, the new decay channels consti-
tute novel ways of searching for these scalar states, e.g.
A0 → ZH0 and we show how they can be used to fill
in the gaps left by previous analyses. We also highlight
the importance of the µ2 parameter, through its impact
on the phenomenology of the heavier CP-even scalar H0

and its sensitivity to unitarity and stability constraints.

Finally, we believe this analysis will strongly con-
tribute to provide a global picture of the present sta-
tus of 2HDMs in light of Run 1 LHC results, and of the
prospects and relevant searches needed for exploring the
still unconstrained regions of their parameter space.
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