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We study the implications of the LHC heavy neutral Higgs boson search data on the aligned two Higgs
doublet model with a softly broken Z2 symmetry. When tan β is small, the gluon fusion production of the
heavy CP-even scalar H0 or the CP-odd scalar A0 becomes large enough to constrain the model by the
current γγ, τþτ−, and tt̄ data. By reinvestigating the indirect constraints from Δρ, b → sγ, ΔMBd

, Rb, εK ,
and the perturbativity of the running top quark Yukawa coupling, we find that the small tan β region is still
allowed: for instance, tan β ≳ 0.6ð0.5Þ for Type I and X (II and Y) for mH� ¼ 800 GeV. We find that the
current LHC results of the heavy Higgs searches at

ffiffiffi
s

p ¼ 8 TeV are shown to put on more significant
bounds. If mH ≃mA, the tt̄ mode excludes tan β ≲ 1.5 for mH;A ¼ 500–600 GeV in all four types, and the
γγ and τþτ− modes exclude tan β ≲ 1–3 (tan β ≲ 3–10) for mH;A ¼ 150–340 GeV in Types I, II, and Y
(Type X).
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I. INTRODUCTION

The discovery of a scalar boson with mass around
125 GeV at the LHC completes the standard model
(SM) of particle physics as explaining the electroweak
symmetry breaking by the Higgs mechanism, the last
missing piece of the puzzle [1]. This newly discovered
scalar boson is very likely the SM Higgs boson. The
diphoton rate, which showed some deviation from the SM
prediction in 2013 analysis [2,3], approaches the SM value
in 2014 analysis [4,5] by virtue of enormous experimental
efforts to improve the diphoton mass resolution as well as
the photon energy resolution.
The observation of the 125 GeV state through various

decay channels clears up many ambiguities about the Higgs
boson such as its mass, spin, and coupling strengths with
the SM particles, giving us a direction of a way forward.
With the observed mass of the SM-like Higgs boson, the
electroweak precision data are now overconstrained. We
have a large improvement in precision for the indirect
measurement of the W boson mass and the electroweak
mixing angle sin θW [6,7]. Another direction is into the high
energy front, where physics beyond the SM is believed to
exist because of various problems of the SM such as the
gauge hierarchy problem and the dark matter problem.
Many new physics models have the extended Higgs sector
and thus heavy Higgs bosons. The requirement to accom-
modate a SM-like Higgs boson constrains new physics
models considerably [8–11]. For example, the observed
Higgs boson mass around 125 GeV prefers the additional
Higgs bosons within the reach of the LHC in order to avoid
another fine-tuning problem.

ATLAS and CMS have searched the heavy Higgs-like
states through various channels. The most stringent
bounds are from its decay into ZZ [12,13]: if the heavy
state is a SM-like Higgs boson, the H → ZZ → 2l2ν
mode excludes its mass below ∼580 GeV [13]. Other
channels such as H → WW → lνlν [14], the dijet mode
[15], the τþτ− mode [16], and the tt̄ mode [17] have
been also searched. Another efficient mode is into the
diphoton, which played a central role in identifying the
SM-like Higgs boson. Recently the ATLAS collaboration
reported the search for the diphoton resonances in the
mass range of 65–600 GeV at

ffiffiffi
s

p ¼ 8 TeV [18], and the
CMS reported the search in the 150–850 GeV range [19].
No additional resonance with significant evidence is
observed. However, there are a few excesses with a 2σ
local significance at mγγ ≃ 200 GeV and mγγ ≃ 530 GeV
in the ATLAS result [18], and mγγ ≃ 570 GeV in the
CMS result [19].
A new physics model with extended Higgs sector gets

influence by all of the heavy Higgs search in the ZZ, WW,
tt̄, τþτ−, and γγ modes, as well as the observed SM-like
Higgs boson data. A comprehensive study is required. The
diphoton channel is expected to play a crucial role because
of its high sensitivity over a wide mass range. Within a
given new physics model, finding the parameter space
sensitive to the diphoton rate and examining its compat-
ibility with other heavy Higgs search limits are worthwhile.
More radically, we may ask the question whether a new
physics model can accommodate a gigantic diphoton rate
since any of the diphoton resonances at 2σ level requires a
huge rate compared with the SM Higgs boson at that mass.
A rough estimate yields the signal strength to be of the
order of 10 for mγγ ≃ 200 GeV and of the order of 104 for
mγγ ≃ 530 GeV resonance.

*jeonghyeon.song@gmail.com
†ywyoon@kias.re.kr

PHYSICAL REVIEW D 91, 113012 (2015)

1550-7998=2015=91(11)=113012(14) 113012-1 © 2015 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.91.113012
http://dx.doi.org/10.1103/PhysRevD.91.113012
http://dx.doi.org/10.1103/PhysRevD.91.113012
http://dx.doi.org/10.1103/PhysRevD.91.113012


Focused on two Higgs doublet model (2HDM) [20], we
study the implication of the heavy Higgs searches at the
LHC. As one of the simplest extensions of the SM, 2HDM
has two complex Higgs doublets. There are five physical
Higgs boson degrees of freedom: the light CP-even scalar
h0, the heavy CP-even scalar H0, the CP-odd pseudoscalar
A0, and two charged Higgs bosons H�. The model has
drawn a lot of interest recently. In the literature, there
are various studies on fits to the current LHC Higgs data
[9–11,21,22] and on the phenomenological signatures of
the heavy Higgs searches [23].
We consider a softly broken Z2 symmetry in order to

suppress the flavor changing neutral current (FCNC) [24].
According to the Z2 charges of quarks and leptons, there
are four types of 2HDMs, Type I, Type II, Type X, and Type
Y [25]. Considering the current LHC Higgs data [4,5,22],
we accept a simple assumption: the observed 125 GeV state
is the light CP-even scalar h0 in the aligned 2HDM [21].
The exact alignment limit implies that the couplings of h0

are the same as in the SM. This does not include another
interesting possibility that the observed Higgs boson is CP-
evenH0 and the light h0 has been hidden [26]. We note that
in the alignment limit the suppressed VV (V ¼ Z;W) rate
can be naturally explained by H0, A0, or almost degenerate
H0=A0. Because of the sum rule of the Higgs couplings to
weak gauge bosons, the H0-V-V couplings vanish in the
exact alignment limit. The CP-odd nature of the pseudo-
scalar A0 makes itself a good candidate for the suppressed
VV decay. The third case with almost generateH0 and A0 is
motivated by the Δρ constraint [27,28] in the electroweak
precision data.
We note that the observed diphoton rate in the heavy

Higgs searches at the LHC is a sensitive probe for small
tan β, where tan β is the ratio of two vacuum expectation
values of two Higgs doublets. This is because both the
diphoton vertex and the gluon fusion vertex are dominated
by the top quark Yukawa coupling which is inversely
proportional to tan β in all four types of 2HDM. Small tan β
enhances the gluon fusion production cross section as well
as the diphoton branching ratio. We study the character-
istics of the small tan β region by including higher-order
corrections in the gluon fusion production cross sec-
tion [29], and taking into account the requirements from
the perturbativity of the running top quark Yukawa cou-
pling [30], b → sγ [31], ΔMBd

[32], εK [33], and Rb
[34,35]. We shall revisit each of these constraints and show
that if we take a conservative approach the value of tan β
can be as low as about 0.5, which is dominantly constrained
by the perturbativity. The observed γγ, τþτ−, and tt̄ rates
put significant new bounds on the mH=A and tan β. These
are our main results.
The paper is organized in the following way. In Sec. II,

we briefly review the aligned 2HDM. Focused on the small
tan β region, we thoroughly investigate the low energy
constraints in Sec. III. Finally Sec. IV presents our main

results, the excluded regions by the heavy Higgs searches
through γγ, τþτ−, and tt̄ channels in the aligned 2HDM.
Section V contains our conclusions.

II. BRIEF REVIEW OF THE ALIGNED 2HDM

Two Higgs doublet model has two complex Higgs
doublet fields, Φ1 and Φ2. Both doublets develop nonzero
vacuum expectation values, v1 and v2, which are related
with the SM vacuum expectation value through
v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
. The ratio is tan β ¼ v2=v1. After the

electroweak symmetry breaking, there are five physical
degrees of freedom: the light CP-even scalar h0, the heavy
CP-even scalar H0, the CP-odd pseudoscalar A0, and two
charged Higgs bosons H�. To suppress the unwanted
contributions to the FCNC, a discrete Z2 parity is intro-
duced, under which Φ1 → Φ1 and Φ2 → −Φ2. If we further
assume CP invariance and allow a soft Z2 breaking term,
parametrized by m2

12, in the Higgs potential, the model has
seven parameters of mh, mH, mA, mH� , tan β, α, and m2

12.
Here α is the mixing angle between h0 and H0. According
to the Z2 charges of the SM fermions, there are four types,
Type I, Type II, Type X, and Type Y. The Yukawa
couplings in the four types are determined by α and
tan β [10].
We adopt a simple but very acceptable assumption that

the observed 125 GeV state is h0, and its couplings are the
same as those of the SM Higgs boson:

mh ¼ 125 GeV; sinðβ − αÞ ¼ 1: ð1Þ

This is called the alignment limit [21]. An interesting
observation is that this limit turns off several Higgs triple
vertices. The triple vertices of Higgs bosons with weak
gauge bosons or other Higgs bosons can be classified into
two categories, one proportional to sinðβ − αÞ and the other
proportional to cosðβ − αÞ:

sinðβ − αÞ∶ ghWþW− ; ghZZ; gZAH; gW�H∓H;

cosðβ − αÞ∶ gHWþW− ; gHZZ; gZAh; gW�H∓h; gHhh:

ð2Þ

The couplings proportional to cosðβ − αÞ vanish in the
alignment limit.
The exact alignment limit is generically preferred by the

current LHC Higgs data including the heavy Higgs boson
search results. First it guarantees the SM-like nature of the
observed 125 GeV state. The couplings of h0 with the SM
particles are the same as in the SM. Moreover this limit
prohibits the dangerous “feed-down” contributions to the
observed Higgs rates from the production of heavier Higgs
bosons through their decay into h0 [22,36]. Dominant feed-
down sources are A0 → Zh0 and H0 → h0h0. Both vertices
are proportional to cosðβ − αÞ and thus vanish in the exact
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alignment limit. Second, no excess of events in the heavy
Higgs searches through the ZZ and WW decay channels
can be simply explained: the CP-even H0 couplings with
WW and ZZ vanish in this alignment limit as in Eq. (2); the
CP-odd A0 does not couple with ZZ or WW. In addition,
the alignment limit simplifies the phenomenologies of
the Higgs sector as the Yukawa couplings of all heavy
Higgs bosons are determined by a single parameter tan β.
We summarize the Yukawa couplings normalized by the
SM ones, denoted by ŷH;A

f , in Table I. The general
expressions are referred to Refs. [10,25].
Focused on the heavy Higgs searches in γγ, τþτ−, and tt̄

channels, the assumption in Eq. (1) leaves practically the
following four parameters:

mH; mA; mH� ; tan β: ð3Þ
The soft Z2 breaking term m2

12 does not affect the heavy
Higgs phenomenology considerably. In general m2

12 plays
important roles. First it gives more freedom to heavy Higgs
boson masses, which is useful to evade FCNC constraints
on the charged Higgs boson mass. Second, it affects various
Higgs triple couplings. However, the H0-h0-h0 vertex, the
most relevant Higgs triple coupling in this work, has an
overall factor of cosðβ − αÞ. m2

12 exerts no influence in the
alignment limit.
The heavy Higgs boson masses are indirectly con-

strained by other low energy data. The Δρ parameter from
the electroweak precision measurement is one significant
bound. The most up-to-date global fit result of Δρ is [6]

Δρ ¼ 0.00040� 0.00024; ð4Þ
which has been improved by the observation of the Higgs
boson mass. In the 2HDM, not only the heavy neural
Higgs bosons but also the charged Higgs bosons contribute
to Δρ radiatively [27,28]. Their new contributions depend
only on the heavy Higgs boson masses, not on tan β,
once sinðβ − αÞ ¼ 1 [10].
In Fig. 1, we present the excluded region (yellow

colored) in the ðmA;mHÞ plane by the Δρ constraint at
95% C.L. We have fixed the charged Higgs boson mass to
bemH� ¼ 350 GeV as a benchmark point. The shape of the
allowed region is the same for different mH� . It is clear that

the Δρ constraint can be evaded by mass degeneracy
among mH, mA, and mH� . If either H0 or A0 is degenerate
in mass with H�, the new contribution to Δρ vanishes.
Another interesting observation is that approximate
degeneracy between mH and mA also helps to satisfy the
Δρ condition unless two masses are very different
from mH� .
For the possibility of a gigantic diphoton rate of the

heavy Higgs bosons, we first show the branching ratios of
H0 and A0 into gg and γγ for four types of the aligned
2HDM, in Figs. 2 and 3, respectively. For benchmark
points, we consider two masses of 200 and 530 GeV. First
we note that the tan β dependence of BrðH0 → γγÞ is
almost the same as that of BrðA0 → γγÞ except that the
overall values are a little bit higher for A0. This is attributed
to larger loop function of a pseudoscalar boson for the
loop-induced couplings to gg and γγ than that of a
scalar boson.
In Type I, two branching ratios do not change with tan β,

for all cases of mH ¼ 200, 530 GeV and mA ¼ 200,
530 GeV. This is because in Type I all of the Yukawa
couplings are the same; see Table I. Without the decays into
ZZ and WW, all of the decay rates have the same tan β
dependence, resulting in constant branching ratios with
respect to tan β. In Type II, Type X, and Type Y, however,
the branching ratios of the decay into gg and γγ are
maximized for small tan β below about 0.7. This feature
is clearly seen in the mH;A ¼ 200 GeV case. In the small
tan β region, Type II has the largest BrðH0=A0 → gg; γγÞ,
followed by Type Y, while Types I and X have similar
values. In Types II and Y, the b quark Yukawa coupling is
proportional to tan β, which suppresses the decay into bb̄
in small tan β and so enhances the decays into gg and γγ.

TABLE I. In the limit of sinðβ − αÞ ¼ 1, the Yukawa couplings
of H0 and A0 with the up-type quarks (u), down-type quarks (d),
and the charged lepton (l), normalized by the SM Yukawa
coupling −mf=v.

If sinðβ − αÞ ¼ 1
Type I Type II Type X Type Y

ŷHu ¼ −ŷAu − 1
tan β − 1

tan β − 1
tan β − 1

tan β

ŷHd ¼ ŷAd − 1
tan β tan β − 1

tan β tan β

ŷHl ¼ ŷAl − 1
tan β tan β tan β − 1

tan β

mA mH mH

mH 350GeV

200 300 400 500 600

200

300

400

500

600

mA GeV

m
H

G
eV

FIG. 1 (color online). The dark (yellow) region is excluded by
the Δρ constraint at 95% C.L. when mH� ¼ 350 GeV. We set
mh ¼ 125 GeV and sinðβ − αÞ ¼ 1.
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For large tan β, other decays into fermion pairs become
dominant in Types II, X, and Y; the bb̄ mode becomes
dominant in Types II and Y. In Type X, the τþτ− mode
is dominant. It is clear that the diphoton sensitive region is
the small tan β region where the gluon fusion production as
well as the diphoton decay rate are enhanced.
With the given tan β ¼ 0.7, we present the branching

ratios into τþτ− and tt̄ ofH0 and A0 as a function ofmH;A in
Fig. 4. Here we assume that H0 and A0 decay into the SM
particles only. For mH;A < 2mt, the branching ratio into

τþτ− is sizeable, of the order of 1 to 10%. In particular,
Type Yallows considerably large BrðH0=A0 → τþτ−Þ since
the τ Yukawa coupling is enhanced in small tan β while the
b quark Yukawa coupling is suppressed. On the contrary,
Type X has a smaller branching ratio into τþτ− as being a
few percent. For heavy H0 and A0 above the tt̄ threshold,
the branching ratio into tt̄ is so dominant to be practically
one in all four types. Therefore, the tt̄ resonance search
can put a significant bound on the heavy Higgs bosons if
mH=A > 2mt, especially in the small tan β region.
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FIG. 2 (color online). Branching ratios of H0 → γγ (blue lines) and H0 → gg (red lines) as a function of tan β in four types of 2HDM
for mH ¼ 200 GeV and mH ¼ 530 GeV with sinðβ − αÞ ¼ 1. Assuming mA ≃mH� ≳ 600 GeV, only the decays into the SM particles
are considered.
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FIG. 3 (color online). Branching ratios of A0 → γγ (blue lines) and A0 → gg (red lines) as a function of tan β in four types of 2HDM for
mA ¼ 200 GeV and mA ¼ 530 GeV with sinðβ − αÞ ¼ 1. Assuming mH ≃mH� ≳ 600 GeV, only the decays into the SM particles are
considered.
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FIG. 4 (color online). For small tan β ¼ 0.7 in the alignment limit as sinðβ − αÞ ¼ 1, branching ratios of H0 → τþτ−; tt̄ (left) and
A0 → τþτ−; tt̄ (right) as a function of mH=A in four types of 2HDM. Only the decays into the SM particles are considered.
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Finally we study the tan β dependence of the k-factors
in gg → H=A productions and H=A → gg decays. The
k-factor is the ratio of the next-to-leading-order (NLO)
or next-to-next-to-leading-order (NNLO) to leading-order
(LO) rates. In this work, we calculate the production cross
sections and the decay rates at LO by using the parton
distribution function of MSTW2008LO [37] and then
multiply the k-factor for the gluon-involved production
and decays. Other k-factors are relatively small, not
affecting the result. The NNLO k-factor for gg → H=A
production and NLO k-factor for H=A → gg decays
are calculated by using HIGLU package [38]. The
renormalization and factorization scales are fixed to
be μR ¼ μF ¼ 1

2
mH;A.

For the given process, the k-factor depends on the heavy
Higgs boson mass, the CP property, and the beam energy.
The loop-induced processes like σðgg → H=AÞ and
ΓðH=A → ggÞ have further dependence on tan β because
of the different tan β dependence of the t and b quark
Yukawa couplings. In the aligned Type I and Type X,
however, there is no tan β dependence on the k-factor.
Since all of the quark Yukawa couplings with H=A are the
same here, the tan β dependence in both LO and NLO
rates is the same common factor. When taking the ratio for
the k-factor, the tan β dependence is cancelled out. As in
the SM, the k-factor of H0 is 1.9–2.1 for the production
at NNLO and 1.4–1.6 for the decay into gg at NLO with a
mass range of 100–600 GeV. The k-factor for A0 pro-
duction at NNLO is 1.8–2.1 for the same mass range and
sharply rises up to 2.4 at the tt̄ threshold. The decay
k-factor of A0 at NLO is 1.3–1.7, and it goes up to 2.1 at
the tt̄ threshold.
In Types II and Y, however, ŷt and ŷb have different tan β

dependence. The higher-order corrections have different

tan β dependence from the LO, resulting in the tan β
dependent k-factors. In Fig. 5 (Fig. 6), we present the
k-factors for the gluon fusion production of H0 (A0) at
NNLO at

ffiffiffi
s

p ¼ 8 TeV and its decay into gg at NLO in the
plane of ðmH=A; tan βÞ. The k-factor effect is significant.
A common feature is that the k-factor is maximized in
the small tan β region and the tt̄ threshold. For the
gluon fusion production, it can be as large as about 2
for a wide range of the small tan β region and maximally
2.4 for A0 at the tt̄ threshold. The cusps in the plots at the tt̄
threshold are due to the appearance of a nonzero imaginary
part of the loop function. For the decay into gg, its value
is as large as about 1.6 (1.8) for H0 (A0) for small tan β.
Even though the k-factor of decay rate into gg can reduce
the branching ratio of diphoton decay, the effect is minor.
On the other hand, the large k-factor of gluon fusion
production significantly increases the total rate especially
for small tan β.

III. LOW ENERGY CONSTRAINTS
FOR SMALL tan β

In the aligned 2HDM, all of the Yukawa couplings
depend only on tan β. In particular the top quark Yukawa
couplings with H=A are inversely proportional to tan β
in all four types. A too large top quark Yukawa coupling
by small tan β may cause some dangerous problems
theoretically and phenomenologically. Theoretically the
perturbativity of the top quark Yukawa coupling can be
violated, especially when it runs into higher energy.
Phenomenologically various low energy observables get
affected at the loop level by the charged Higgs boson and
the top quark. We consider b → sγ, ΔMBd

, εK, and Rb.
Note that b → sγ is sensitive to both ŷt and ŷb while
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FIG. 5 (color online). NNLO k-factor for gg → H0 (left panel) and NLO k-factor for H0 → gg (right panel) for Types II and Y atffiffiffi
s

p ¼ 8 TeV in the ðmH; tan βÞ plane.
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the others are sensitive to ŷt only [32]. The combined
constraints for Type I (X) and Type II (Y) are presented
in Fig. 7. The input parameter values and experimental
measurements used in this work are summarized in
Table II. For the running fermion masses, we refer
to Ref. [39].
The enhanced top Yukawa coupling in the small tan β

limit can severely threaten the perturbativity of the theory
because of the large top quark mass. The problem gets
worse if we run the top Yukawa coupling into the higher
energy scale since the renormalization group equation of
yt contains a positive y3t term. The large initial value of yt
at the electroweak scale may cause yt to blow up as the
energy scale increases; a Landau pole arises at some high
energy scale. In the minimal supersymmetric standard
model, for example, the perturbativity of the top Yukawa
coupling up to the grand unified theory scale puts a
lower bound of tan β ≳ 1.2 [42]. For the 2HDM,
when accepting it as an effective theory with the
cutoff scale Λ, we extract the lower bound on tan β by
requiring the perturbativity of the top quark Yukawa
coupling [30]. For Λ ¼ 10 TeV ð100 TeVÞ, we have
tan β ≥ 0.48ð0.55Þ. We take 0.48 as a low limit of tan β
throughout this work.
Various FCNC processes receive additional contribu-

tions in the 2HDM through the charged Higgs boson in
the loop [31], which significantly constrain the parameter
space of the charged Higgs boson mass and tan β. We first
focus on the B0

d → Xsγ decay which occurs in the SM by
the one loop W boson contribution [43]. In the 2HDM,
additional contributions are from the charged Higgs boson
loop. We adopt the NLO calculation at mW scale in the
2HDM [44,45], the three-loop anomalous dimension
matrix for the renormalization group evolution of Wilson

coefficients from the scale mW into the scale mb [46], and
finally the two-loop matrix element at mb [47].1

For the observed value of BrðB0
d → XsγÞ, we use the

averaged value [41] of the measurements by BABAR [51],
Belle [52], and CLEO [53]:

BrðB0
d → XsγÞexpEγ>1.6 GeV ¼ ð3.52� 0.23� 0.09Þ × 10−4:

ð5Þ
Theoretical calculation has many sources of uncertainties
such as the renormalization scale, the matching scale,
the quark masses, and the Cabibbo-Kobayashi-Maskawa
(CKM) matrix element. Dominant uncertainty is inmc=mb.
The observed rate of BrðB0

d → Xceν̄eÞ, which is used for
the normalization of BrðB0

d → XsγÞ in order to cancel the
large theoretical uncertainties fromm5

b and the CKM factor,
also has large uncertainty. The total uncertainty is crucial
when comparing the theoretical prediction and the obser-
vation. Two different error analysis methods have been
discussed [44], the Gaussian method and the scanning
method. In the Gaussian method, the final theoretical error
of BrðB0

d → XsγÞ is the quadrature sum of all the errors,
yielding the total uncertainty as �9%. In the scanning
method, we vary all the input parameters independently
within the 1σ range and calculate BrðB0

d → XsγÞ. Its
maximum and minimum values give the final error, which
is −21% ∼þ25% [44].
In Fig. 7, we present the exclusion regions of the

parameter space of ðmH� ; tan βÞ at 95% C.L. in Types I
and X (left) and Types II and Y (right) by using the
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FIG. 6 (color online). NNLO k-factor for gg → A0 (left panel) and NLO k-factor for A0 → gg (right panel) for Types II and Y atffiffiffi
s

p ¼ 8 TeV in the ðmA; tan βÞ plane.

1There are full NNLO calculations within the SM [48,49] and
three-loop NNLOWilson coefficients at electroweak scale within
the 2HDM [50].
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Gaussian method (dashed) and the scanning method
(dotted). Since there is no leptonic contribution, the
excluded region for Type I (Type II) is equivalent for
Type X (Type Y). We also note that the new contributions
have two dominant terms, one with a ŷ2t factor and the other
with a ŷtŷb factor. It should be emphasized that the
term with ŷtŷb has no mb=mt suppression relative to the
term with ŷ2t since the latter also receives themb factor from
the mass insertion in the b → sγ dimension-5 effective
operator.
In Types I and X, two contributions from the ŷ2t term and

the ŷtŷb term have common factor ð1= tan βÞ2. Therefore,
BrðB0

d → XsγÞ constrains only the small tan β region. The
charged Higgs boson mass is not bounded. And two
different error analysis methods yield similar results: for
mH� ¼ 1 TeV, tan β ≥ 0.63 for the Gaussian method, and
tan β ≥ 0.45 for the scanning method.
In Types II and Y, the BrðB0

d → XsγÞ constraints on tan β
for the heavy charged Higgs boson are weaker than in
Types I and X, as shown in Fig. 7. If the constraints from
the perturbativity of the top quark Yukawa coupling are
included, the lower bound on tan β for the heavy charged
Higgs boson is similar in all four types. However, the
BrðB0

d → XsγÞ constraints exclude a light H� in Types II
and Y regardless of the tan β value. This is because the
contribution from the ŷtŷb term is constant with respect to
tan β in Types II and Y. It is notable that the lower bounds

on mH� are seriously different according to the error
analysis method.
With the Gaussian method, we have mH� ≳ 330 GeV,

and with the scanning method, mH� ≳ 110 GeV. The two
error analysis methods can be regarded as two extreme
cases in dealing with correlations among individual errors.
In the remaining analysis, we take the average value of the
two errors and get the bounds on tan β and mH� , as in
Refs. [25,32].
To understand this large difference, we show the branch-

ing ratio BrðB0
d → XsγÞ in Types II and Y as a function of

mH� in Fig. 8 for tan β ¼ 5. The solid band represents the
2σ allowed region of the current experimental data, and the
dashed (dotted) band is that of the theoretical calculation
at NLO with the scanning (Gaussian) method. When the
difference between two central values of the experimental
data and the theoretical calculation exceeds the quadrature
sum of two errors for the given mH� , we exclude the mH� .
Since the decreasing slope of theory prediction with respect
to mH� is very gentle especially around the intersection
between theory and experiment, the lower limit of mH� is
highly sensitive to either theory prediction or experimental
measurement. The 10% difference between the two theory
errors causes a roughly 200 GeV difference of the mH�

lower bound. Care should be taken when one treats
the lower bound on mH� . Another sensitive control is
the adoption of the photon energy cut, Eγ > 1.6 GeV, in
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FIG. 7 (color online). Combined exclusion plot at 95% C.L. in ðmH� ; tan βÞ plane from b → sγ, Rb, ΔMBd
, and the perturbativity of

the top Yukawa coupling at 10 TeV. See the main text regarding the Gaussian and scanning methods for the error analysis of Bd → Xsγ
theory prediction.

TABLE II. Summary of input parameters and experimental measurements of low energy physics. See the text for the details of the
parameter values of the CKM matrix.

Parameters Value Parameters/Measurements Value

αeðQ2 ¼ m2
WÞ 1=128 ρ̄ 0.147þ0.069

−0.067
αsðmZÞ 0.118 η̄ 0.329þ0.050

−0.039
mh 125.7� 0.4 GeV [6] A 0.810� 0.026
mt 173.2� 0.9 GeV [6] λ 0.225
mbðmbÞ 4.18� 0.03 GeV [6] BrðB0

d → Xceν̄eÞ ð10.1� 0.4Þ × 10−2 [6]
mcðmcÞ 1.275� 0.025 GeV [6] BrðB0

d → XsγÞEγ>1.6 GeV ð3.52� 0.23� 0.09Þ × 10−4 [41]
mτ 1.78 GeV [6] ΔMBd

0.507� 0.004 [41]
fBd

B1=2
Bd

216� 15 MeV [40] Rb 0.21629� 0.00066 [34]
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the experimental measurement. We set δ ¼ 0.33 where
Ecut
γ ¼ ð1 − δÞmb=2. The branching ratio is reduced by

10% after applying the Eγ cut, yielding a smaller value for
the lower bound on mH� .
Finally we mention that the lower bound on mH�

including the NNLO Wilson coefficient of 2HDM was
reported asmH� > 380 GeV for Types II and Y in Ref. [50]
where the authors adopt Gaussian method for the error
analysis. Comparing with our result mH� > 330 GeV for
the Gaussian error analysis, the difference is acceptable
when considering the sensitivity of themH� lower bound as
we discussed before. Nevertheless this difference in mH�

does not change our main results.
We now move on to the ΔMBd

constraint. The current
experimental value is [41]

ΔMexp
Bd

¼ 0.507� 0.004: ð6Þ

ΔMBd
is induced by B0

d − B̄0
d mixing to which the charged

Higgs boson loop can contribute significantly in the
2HDM. Even though both top quark Yukawa coupling
and b quark Yukawa coupling are involved in the H� loop,
the yb contribution is suppressed by m2

b=m
2
t . Only the yt

contribution becomes relevant, which is proportional to
ð1= tan βÞ4 in all types. Too small tan β is excluded. The
usual conclusion is that ΔMBd

puts on a lower bound as
tan β ≳ 1 for mH� ¼ 500 GeV.
We reexamine the ΔMBd

constraint to which the LO
contribution2 in the 2HDM is

ΔMBd
¼ G2

F

6π2
jV�

tdVtbj2f2Bd
BBd

mBd
ηbm2

WS2HDMðxW; xHÞ:
ð7Þ

Here we use the long-distance quantity fBd
B1=2
Bd

¼ 216�
15 MeV [40] and the short-distance QCD contribution
ηb ¼ 0.552 [56]. The expressions for the 2HDM Inami–
Lim functions S2HDM are referred to in Ref. [57]. The
constraint from the observed ΔMBd

on the 2HDM, i.e.,
S2HDM, is possible only when the other parameters in
the right-hand side of Eq. (7) are known. However, the
usually quoted value of jVtdj ¼ ð8.4� 0.6Þ × 10−3 [6]
is based on the ΔMBd

measurement itself. In the 2HDM,
we need other independent measurements of Vtd. The
CKM factor jV�

tdVtbj2 is represented in the Wolfenstein
parametrization as

jV�
tdVtbj2 ¼ A2λ6j1 − ρ̄þ iη̄j2: ð8Þ

Fixing four parameters of A, λ, ρ̄, and η̄ independently
of ΔMBd

will determine the CKM factor. First λ ¼ 0.225
is measured very precisely from K → πlν decays. The
semileptonic B̄ → Dð�Þlν̄ðl ¼ e; μÞ decays leads to
jVcbj ¼ ð41.1� 1.3Þ × 10−3 [6], which in turn determines
A via jVcbj ¼ Aλ2: A ¼ 0.810� 0.026.
The ðρ̄; η̄Þ is the position of the apex of the CKM unitary

triangle. We emphasize that the global fit for ðρ̄; η̄Þ will
be significantly affected by 2HDM contributions. The SM
fit results are not appropriate here. Using tree-dominant
processes is the only way to obtain ðρ̄; η̄Þ properly. We take
jVubj measurement from the semileptonic B̄ → πlν̄ decays
and the CKM angle γðϕ3Þ measurement from B → DK
decays, which yield [58]

ρ̄ ¼ 0.147þ0.069
−0.067 ; η̄ ¼ 0.329þ0.050

−0.039 : ð9Þ

Finally the CKM factor in Eq. (7) becomes

jV�
tdVtbj2 ¼ ð7.2� 1.1Þ × 10−5; ð10Þ

of which the central value as well as the uncertainty are
significantly different from those based on the ΔMBd

in the
SM. In Fig. 7, we present the excluded region by ΔMBd

at
95% C.L. The bound is rather weak: tan β ≳ 1.1 even for a
light charged Higgs boson with mH� ¼ 150 GeV. The
constraint from εK, the time-dependent CP violation of the
K meson, leads to a similar result [33], which is not very
meaningful due to the large theoretical uncertainty from the
CKM factor. We do not show this result.
We finally study the constraint from Z → bb̄ process. Its

relative contribution to the Z hadronic width is parame-
trized by Rb, which is very precisely measured as [34]

Rexp
b ¼ 0.21629� 0.00066: ð11Þ

In the 2HDM, Rb is also modified through the top quark
and charged Higgs loop. Although both t and b quark
Yukawa couplings are involved, the b quark contribution is
suppressed by m2

b=m
2
W. In Fig. 7, we present the exclusion

region by Rb (violet) at 95% C.L. The constraints are
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FIG. 8 (color online). Branching ratio of Bd → Xsγ with 2σ
error range in the Types II and Y 2HDM at NLO QCD with
respect to mH� . We choose tan β ¼ 5.

2Although the NLO QCD correction within the 2HDM has
been studied in Ref. [54], non-negligible inconsistencies are
reported in Ref. [55].
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almost the same for all types of 2HDM. In Type I, it is very
similar to the excluded region by b → sγ with the scanning
error analysis. Type II is more affected by Rb, especially for
small tan β and large mH� .

IV. CONSTRAINTS FROM THE HEAVY
HIGGS SEARCH

The heavy Higgs boson search at the LHC has been
performed through various decay channels. No significant
excess in the ZZ → 2l2ν mode puts the most stringent
bound on the heavy Higgs boson mass, if the heavy state is
a SM-like Higgs boson: MH ≳ 580 GeV [12,13]. The
channel of H → WW → lνlν has been searched for mass
above 260 GeV but has not reached the sensitivity yet for
the SM-like heavy Higgs boson [14]. In the fermionic
decay channels, the dijet resonance searches are available
only for a very heavy state like mjj ≳ 800 GeV, because of
huge QCD backgrounds [15]. On the other hand, the tt̄
resonance search covers much a lower mass region from
500 GeV [17]. Remarkable performance is from the τþτ−
mode [16] which probes 100–1000 GeV region by using τ
reconstruction and identification algorithms [59].
Nevertheless the diphoton mode, if large enough to

observe, is also very efficient for the heavy Higgs boson
search especially in the aligned 2HDM. The Landau–Yang
theorem excludes the possibility of the spin-1 state [60].
The observed suppression of the coupling with ZZ dis-
favors the massive graviton hypothesis, of which the
interaction is through the energy-momentum tensor. In
addition, the diphoton mode probes, although indirectly, all
of the Yukawa couplings through the fermions in the loop.
Its correlation with other heavy Higgs searches through
τþτ− and tt̄ can be very significant.
Recently the ATLAS collaboration reported the search

for the diphoton resonances in a considerably wider mass
range than previous searches, 65–600 GeVat

ffiffiffi
s

p ¼ 8 TeV
[18], and the CMS reported the 150–850 GeV range [19].
There are a few excesses with a 2σ local significance. A
worthwhile question is whether any of these is consistent
with other heavy Higgs searches. The signal rates observed
by the ATLAS are

σ8 TeVðpp→H→ γγÞ≈
(
7.6þ1.8

−2.9 fb for mγγ ¼ 200 GeV;

1.4þ0.3
−0.4 fb for mγγ ¼ 530 GeV:

ð12Þ

The small tan β region of the aligned 2HDM, where both
the gluon fusion production and the diphoton decay are
enhanced, is constrained significantly.
In comparing the 2HDM contributions with the observed

upper limits, the commonly calculated σ · Br is not relevant
when the resonance is not narrow. The experimental criteria
for a narrow resonance is that the total width be smaller
than 0.09 GeVþ 0.01mH;A [18]. The total widths of both

H0 and A0 exceed this criteria in the parameter region of
mH;A > 2mt and small tan β for all types and additionally
in large tan β for Type II and Type Y. Finite width effects
are usually implemented with a Breit–Wigner distribution.
The larger the total width is, the smaller the peak rate is. We
note that the magnitude of the peak rate depends crucially
on the bin size. A smaller bin suppresses the peak rate
more. For example, the diphoton rate for mA ¼ 530 GeV
and tan β ¼ 0.7 is reduced into about 15% (76%) of
that in the narrow width approximation for the mγγ bin
size 10 GeV (100 GeV). Based on the experimental
results, we adopt the 5 GeV bin size for diphoton [4,5]
and τþτ− modes [16] but the 100 GeV bin size for the
tt̄ mode [17].
There are two candidates in the aligned 2HDM for a

large diphoton rate but suppressed VV rate, H0 and A0.
In what follows, we consider three cases: (i) mH≲
600 GeVwhilemA ≃mH� ≳ 600 GeV; (ii)mA ≲ 600 GeV
while mH ≃mH� ≳ 600 GeV; and (iii) mH ≃mA≃
mH� ≲ 600 GeV.

A. mH ≲ 600 GeV

In the aligned 2HDM, the sum rule of the Higgs bosons
with weak gauge bosons results in gHVV ¼ 0; the heavy
CP-even Higgs boson H0 is a natural candidate for the
not-so-heavy scalar which does not decay into WW=ZZ.
We assume that A0 andH� are almost degenerate and much
heavier thanH0. The degeneracy satisfies theΔρ condition,
and the heavy H� relaxes the FCNC constraints. Since the
bound from the perturbativity of the running top Yukawa
coupling is not affected by mA nor mH�, it becomes the
most important one; see Fig. 7.
In Fig. 9, we present the excluded regions from the heavy

Higgs searches through γγ (orange), τþτ− (green), and
tt̄ (red). The blue region is where the perturbativity of the
running top quark Yukawa coupling is broken at 10 TeV.
For all four types, the data on the heavy Higgs search put on
significant new bounds. In Type I, all three modes put
bounds on small tan β because all of the Yukawa couplings
are inversely proportional to tan β. The τþτ− mode excludes
tan β ≲ 0.8 formH ≲ 340 GeV. The diphoton rates put on a
meaningful new constraint for mH ≲ 350 GeV. Since both
amplitudes for gg → H0 and H0 → γγ develop a maximum
at the tt̄ threshold, a strong bound of tan β ≳ 1.2 applies
for mH ≃ 2mt. Neither τþτ− nor γγ mode constrains
the mass region above 2mt. This is partially because a
newly opened tt̄ decay mode is dominant, which reduces
the branching ratio of H0 → γγ; τþτ−. The increase
in the total width weakens the constraint further because
of the finite width effect. Finally the tt̄ data, which are
available for mtt̄ > 500 GeV, exclude the small tan β
region below 0.6–0.7. This is the only bound for
mH ≳ 500 GeV.
In Type II, the τþτ− mode excludes the large tan β region

where both ŷb and ŷτ are proportional to tan β. The gluon

GIGANTIC DIPHOTON RATE OF HEAVY HIGGS BOSONS … PHYSICAL REVIEW D 91, 113012 (2015)

113012-9



fusion production is enhanced by large ŷb, and the
decay rate is additionally enhanced by large ŷτ. This
gives quite a strong bound on tan β especially for
light H0: if mH ≃ 150 GeV, for example, tan β should
be less than about 25. The diphoton constraint is stronger
than in Type I, especially for mH ≃ 150–200 GeV. This is
because both BrðH0 → ggÞ and BrðH0 → γγÞ are larger
than in Type I for tan β ≲ 1; see Fig. 2. The tt̄ constraint
is almost the same as in Type I, tan β ≳ 0.7 for
mH ≃ 500–600 GeV.
In Type X, the constraints from the γγ and tt̄ modes are

almost the same as in Type I. One exception is the τþτ−
exclusion region, which has a shape of island around
tan β ∼ 2 for mH ≃ 220–340 GeV. This is because in
Type X the increasing rate of BrðH0 → τþτ−Þ with tan β
is more rapid than the decreasing rate of gluon fusion
production of H0 up to tan β≃ 2. For tan β ≳ 2,
BrðH0 → τþτ−Þ converges while the production rate con-
tinues to decrease. So, the rate σðgg → H0Þ · BrðH0 →
τþτ−Þ is maximized around tan β ∼ 2. In Type Y where
ŷτ ¼ 1= tan β, the constraints from γγ and tt̄ are very similar
to those in Type I. The τþτ− constraint excludes the small
tan β region.
For a reference, we present in Fig. 9 the parameter ranges

which can explain a diphoton excess with a 2σ local
significance in Eq. (12). The black blob explains the central
value in Eq. (12), and the error bar is for 2σ. The one
at mγγ ¼ 530 GeV is absent, because BrðH0 → γγÞ itself

is too small. The mγγ ¼ 200 GeV resonance can be acco-
mmodated in all four types3 if tan β≃ 0.7–0.8. And the
τþτ− mode starts to exclude the resonance in Type I and
Type Y.

B. mA ≲ 600 GeV

We consider the cases where the A0 mass is not so heavy
while H0 and H� are degenerate to each other and heavy
enough to evade FCNC constraints. Figure 10 shows the
exclusion plot based on various heavy Higgs search and
perturbativity. The overall behavior of the exclusion region
is similar to that of the mH ≲ 600 GeV case. But the area
is considerably larger than the mH ≲ 600 GeV case. It is
because the loop function for the g-g-A0 vertex is larger
than that for the g-g-H0 vertex.
The γγ data exclude the small tan β region for mA ≲

350 GeV in all four types, maximally at the tt̄ threshold.
The lower bound on tan β for mA ¼ 340 GeV is about
3 for Type I and about 2 for other types. The τþτ− data
exclude the small tan β regions for Types I and Y, but the
bound is weaker than that from γγ. In Type II, a new island-
shaped exclusion region by the τþτ− mode appears around
tan β ∼ 1. The origin of the excluded region is similar to the
case of Type X, i.e., the maximized rate of σðgg → H0Þ ·
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FIG. 9 (color online). For mH ≲ 600 GeV while mA ≃mH� ≳ 600 GeV in the aligned 2HDM, the combined exclusion plot at
95% C.L. from heavy Higgs searches (through γγ, τþτ−, and tt̄) and the breakdown of perturbativity of top Yukawa coupling at 10 TeV.
The diphoton resonance at 200 GeV with 2σ local significance observed by ATLAS [18] is presented for reference.

3Since the mγγ ¼ 200 GeV resonance is at a 2σ local signifi-
cance, it is located at the boundary of the γγ exclusion region at
95% C.L.
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BrðH0 → τþτ−Þ at tan β ∼ 1 . The enhanced gluon fusion
production rate for A0 yields this additional island exclu-
sion region for Type II. For mA ≃ 340 GeV we have
tan β > 3. Unexpectedly large is the τþτ− exclusion region
in Type X. It covers the region formA ≃ 150–340 GeV and
tan β≃ 1.0–9.0. Particularly at the tt̄ threshold, we have the
condition tan β > 9, which is the strongest bound ever.
Finally the tt̄ constraints are similar to the mH ≲ 600 GeV
case: tan β ≳ 0.9 for mA ∼ 500 GeV.
For reference we show the parameter regions for possible

diphoton resonances. The mγγ ¼ 200 GeV resonance can
be explained by a rather moderate value of tan β ∼ 1. It is
very interesting that in Type X the τþτ− constraint excludes
the mγγ ¼ 200 GeV resonance. If the resonance were real,
we should have seen another resonance in the τþτ− mode
for Type X. The mγγ ¼ 530 GeV resonance is not
explained by A0; BrðA0 → γγÞ is too small.

C. mH ≃mA ∼mH� ≲ 600 GeV

The final scenario is that H0 and A0 are almost
degenerate and within the current LHC reach. This degen-
eracy is not artificial but natural in many new physics
models such as the minimal supersymmetric standard
model. One crucial constraint is from Δρ in electroweak
precision data, as discussed in Sec. II. The charged Higgs
boson mass is not free anymore, which brings additional
constraints from various flavor physics data. Particularly in

Type II and Y, the combination of the lower bound on mH�

from b → sγ with the Δρ puts additional lower bounds
on mH;A. We include all of the low energy constraints
comprehensively and present the combined exclusion
region in Fig. 11. Other heavy Higgs search bounds from
the γγ, τþτ−, and tt̄ data as well as the breakdown of the
perturbativity of the top Yukawa coupling at Λ ¼ 10 TeV
are also shown.
The combined contributions from H0 and A0 enhance

the rate of all heavy Higgs search modes and expand the
exclusion regions. The overall shapes are similar to two
single resonance cases: the γγ mode excludes small tan β
region for mH;A ≲ 340 GeV; the τþτ− mode excludes
small tan β for Types I and Y, the island region around
tan β ∼Oð1Þ for Types II and X, and additional large
tan β for Type II; the tt̄ mode excludes small tan β for
mH;A ≳ 500 GeV. For reference, we present the parameter
region for two diphoton resonances. The mγγ ¼ 200 GeV
resonance is well explained with a moderate value of
tan β≃ 1.3 in all four types. However, in Type X, the
τþτ− constraint excludes this resonance. Even with double
contributions from H0 and A0, the mγγ ¼ 530 GeV reso-
nance cannot be explained in the aligned 2HDM. If the total
width is very narrow, the extreme value of tan β≃ 0.1 may
explain the excess at mγγ ¼ 530 GeV. However, this is
not realistic at all; the finite width effects reduce the
diphoton rate too much. More importantly, the tt̄ constraint
excludes this small tan β region completely. In summary,
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FIG. 10 (color online). For mA ≲ 600 GeV while mH ≃mH� ≳ 600 GeV in the aligned 2HDM, the combined exclusion plot at
95% C.L. from the heavy Higgs searches (through γγ, τþτ−, and tt̄) and the perturbativity of the top quark Yukawa coupling at 10 TeV.
The diphoton excess at 200 GeV with a 2σ local significance observed by ATLAS [18] is presented for reference.
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the aligned 2HDM cannot accommodate the mγγ ¼
530 GeV resonance.

V. CONCLUSIONS

We studied the constraints from the current LHC heavy
neutral Higgs boson searches at

ffiffiffi
s

p ¼ 8 TeV in four
types of the 2HDM with a softly broken Z2 symmetry.
Considering the observation of the very SM-like 125 GeV
state and the nonobservation of the ZZ decay mode of the
heavy Higgs boson, we took the alignment limit. The
observed new particle is the light CP-even Higgs boson
h0 with the same couplings as in the SM. Then the target
of the heavy neutral Higgs search in the aligned 2HDM is
H0, A0, or degenerate H0=A0.
Special attention was paid in the small tan β region which

is sensitive to the diphoton mode. In all of the four types of
2HDM, small tan β resulted in the enhancement of gluon
fusion production and diphoton branching ratios. Moreover
the k-factor was enhanced for small tan β in Type II and
Type Y. We reinvestigated the indirect constraints from
b → sγ, ΔMBd

, Rb, and εK . We found that the constraints
from b → sγ and ΔMBd

can be weaker. For b → sγ, a
different error analysis method seriously changed the lower
bounds on tan β and mH� in Types II and Y. The constraint
from ΔMBd

was shown to be weak if the involved CKM
factor was deduced from tree dominant processes. Rb and
εK constraints were similar, leading to tan β > 0.5 for

mH� ≃ 800 GeV. As a theoretical constraint, the perturba-
tivity of the running top Yukawa coupling was also studied.
With the cutoff scale 10 TeV, the perturbativity was broken
if tan β ≲ 0.5.
The heavy neural Higgs boson search data from γγ, τþτ−,

and tt̄ modes were used to constrain the aligned 2HDM.
With two candidates of H0 and A0, we considered three
cases, (i) mH ≲ 600 GeV, (ii) mA ≲ 600 GeV, and
(iii) mH ≃mA ∼mH� ≲ 600 GeV. All of them had very
similar shapes and the location of the exclusion region from
γγ, τþτ−, and tt̄ data. The difference was the area. Since the
g-g-A0 vertex had much larger loop function than g-g-H0,
the case (iii) had the strongest constraints from the heavy
Higgs search. The diphoton resonance search data excluded
the small tan β region formH;A ≲ 340 GeV in all four types.
The τþτ− mode excluded small tan β for Types I and Y, an
island region around tan β ∼Oð1Þ for Types II and X, and
additional large tan β for Type II. Finally the tt̄ resonance
search excluded small tan β for mH;A ≳ 500 GeV. There
was a loophole. The mass range of mH;A ≃ 350–500 GeV
has not been constrained yet by the current LHC heavy
Higgs data. In this mass region, both H0 and A0 decay
dominantly into tt̄, but the measurement of the tt̄ invariant
mass in this range is challenging because the signal events
are easily swamped by the background. We need an
additional tag for the production of a heavy neutral
Higgs boson so that the tt̄ resonance search can probe
this lower mass region.
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FIG. 11 (color online). FormH ≃mA ∼mH� ≲ 600 GeV in the aligned 2HDM, the combined exclusion plot at 95% C.L. from heavy
Higgs searches (through γγ, τþτ−, and tt̄) flavor physics, Δρ; Rb, and the breakdown of perturbativity of top Yukawa coupling at 10 TeV.
The diphoton resonance at 200 GeV with 2σ local significance observed by ATLAS [18] is presented for reference.
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Finally we studied whether two diphoton excesses with a
2σ local significance observed by ATLAS can be accom-
modated in the aligned 2HDM. The mγγ ¼ 200 GeV
resonance can be H0, A0, or degenerate H0=A0 in
Types I, II, and Y, with small tan β. In Type X, the τþτ−
results excluded the 200 GeV diphoton resonance for A0

and degenerate H0=A0. The mγγ ¼ 530 GeV resonance is
impossible in the aligned 2HDM. Not only is the diphoton

rate too small, but the tt̄ data exclude the resonance. This
cannot be avoided since the tt̄ rate is closely related with the
γγ rate through the loop.
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