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We investigate the di-Higgs production at the Large Hadron Collider in the two-Higgs doublet model
(2HDM). In particular, we study the production of an extra neutral Higgs boson ϕ in association with the
Standard Model (SM) Higgs boson h in the Higgs alignment limit. We analyze two scenarios where the
additional Higgs ϕ is in a CP-even or -odd state with a large top-Yukawa interaction. The leading
contribution of this production comes from the top-quark loop-induced gluon-fusion channel gg → hϕ.
The measurement of the hϕ production can probe the quartic couplings in the Higgs potential as well as the
top-Yukawa couplings. Imposing both theoretical constraints (from the perturbative unitarity and the
vacuum stability bounds) and experimental bounds (from the SM Higgs and flavor physics measurements)
on the 2HDM parameter space, we calculate the production cross section of gg → hϕ. Furthermore, we
scrutinize these processes in the parameter spaces where the CMS ditau and diphoton excesses around
100 GeV, and/or the muon g − 2 anomaly can be accommodated.
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I. INTRODUCTION

The spontaneous symmetry breaking of SUð2ÞL ×
Uð1ÞY is caused by a Higgs field in the Standard Model
(SM) [1,2], where the Higgs potential is given by a negative
mass squared term and a quartic coupling, and the Higgs
obtains nonvanishing vacuum expectation value (VEV).
Through the couplings between the Higgs and the other SM
fields, fermions obtain their masses and the SUð2ÞL gauge
bosons acquire the masses by absorbing the Nambu-
Goldstone bosons [3–5]. This picture is very successful
in explaining experimental results; however, the origin of
the negative mass squared term is unknown. Therefore it

motivates the further understanding of the Higgs sector.
There may be multiple Higgs fields and the scalar potential
may be more complicated than the one in the SM.
One promising way to reveal the vacuum structure given

by the scalar potential is to test signals involving (extra)
scalars in the final state at the Large Hadron Collider (LHC).
The Higgs boson pair production, for instance, gives
information about the triple-Higgs coupling [6,7]. Precise
calculations of the dominant contribution gg → hh within
the SM have been performed at next-to-leading order (NLO)
QCD accuracy [8–18]. Its frontier has been pushing up to
next-to-next-to-next-to-leading order QCD [19–29] and
NLO electroweak (EW) [30–32] in various approximations.
Currently, it has been still difficult to test the scalar potential
parameters directly at the LHC due to the small Higgs-pair
production cross section compared to the huge QCD back-
ground [33,34]. Nevertheless, thanks to the accumulating
luminosity at the LHC and improvements in the flavor-
tagging algorithm [35,36], the measurement of the Higgs-
pair production has provided profound information on the
triple-Higgs coupling and thus the shape of the Higgs
potential [37–48]. The future prospects are discussed in
Refs. [7,49].
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Multi-Higgs doublet models often appear as low-energy
effective field theories: the supersymmetric standard
model [50,51], left-right symmetric model [52], and so
on. Therefore, it is interesting to investigate the new physics
models with extra Higgs doublets. After the SM Higgs
discovery in 2012 [53,54], it has turned out that its
interactions are well consistent with the SM predictions
within the current experimental and theoretical uncertain-
ties [55,56]. This fact may imply that the additional scalars
live in the considerably high energy region which leads
to the decoupling feature, or they are hidden from the
measurements by the Higgs alignment feature where the
additional Higgs doublets do not mix with the SM-like
Higgs doublet. In this paper, we pursue the latter possibility,
and propose a novel way to probe a relatively light neutral
scalar through the di-Higgs production channel at the LHC.
We consider the two-Higgs doublet model (2HDM) as a

working example of new physics, and assume the existence
of a light additional neutral Higgs boson. There are many
motivations for the light additional scalar. For example, it is
known that the CP violation of the SM, namely the
complex phase of the Cabbibo-Kobayashi-Maskawa
(CKM) matrix, is not large enough to generate the observed
baryon asymmetry of the Universe (BAU) [57]. In addition,
the observed 125 GeV Higgs mass is too heavy for the
strong first-order phase transition (SFOPT), which is
required for a viable explanation of the BAU. For a
successful SFOPT, the modification of the SM Higgs
potential is necessary and hence extensions of the Higgs
sector are well motivated [58–61]. It is shown that an
additional scalar with Oð1Þ top-Yukawa coupling can
provide the large CP violation and explain the observed
BAU [62]. A joint explanation of the BAU and the radiative
neutrino mass with light scalars is also discussed [63–65].
Moreover, a light (pseudo) scalar would explain the

discrepancy in the muon anomalous magnetic moment
(muon g − 2) [66–69], whose SM expectation value is
based on the eþe− → hadrons data. Note that the recent
evaluations of a window observable for the hadronic vacuum
polarization based on lattice QCD simulation [70] are shown
in Refs. [71–76], and a large discrepancy with the eþe− →
πþπ− data has been reported in Refs. [77–79]. In the flavor-
conserving 2HDM where only flavor-diagonal Yukawa
interactions are introduced, an additional light scalar could
explain the muon g − 2 anomaly via the two-loop Barr-Zee
diagram [80]. Here, note that a large mass gap between the
lightest neutral scalar and the charged scalar is necessary to
avoid collider constraints.
In recent years, not significant enough but mild excesses

around 95 GeV have been reported in ττ̄ [81] and γγ [82]
resonance searches by the CMS collaboration, and in bb̄
mode by the LEP experiment [83]. In Ref. [84], it is shown
that an additional CP-odd pseudoscalar ϕ with a large ϕt̄γ5t
interaction can still provide a viable solution to the ττ̄ excess
reported by the CMS, while the CP-even scalar explanation

is shown to be difficult. In the light CP-odd scalar scenario,
the production cross section of pp → tt̄þ ττ̄ is suppressed
because of the cancellation among diagrams. We will show
that the measurement of the di-Higgs production, pp → hϕ,
can provide a powerful test for this light CP-odd scenario.
In this paper, motivated by the aforementioned points,

we investigate the impact of hϕ production at the current
and high luminosity LHC, where ϕ ¼ H and A are CP-
even and -odd additional neutral scalars, respectively. We
show the production cross sections in a plane of relevant
model parameters, and discuss the phenomenological
impact and relevance to those excesses. Calculations of
various types of Higgs-pair production cross sections in the
relevant beyond SM scenarios are addressed Refs. [85–95].
In particular, a comprehensive study in the gluon-fusion
channel has been done based on the benchmark model
parameters [93].
The outline of the paper is given as follows. In Sec. II, we

introduce the 2HDM and summarize the needed model
parameters for our analysis. In Sec. III, we investigate the
hϕ production whose phenomenological impact is given
along with relevant constraints from flavor physics and
Higgs precision measurements, as well as the theoretical
constraints from the Higgs potential analysis. The Sec. IV is
devoted to the conclusion.

II. TWO-HIGGS DOUBLET MODEL

We consider the 2HDM where an additional scalar
doublet is introduced to the SM. The general scalar
potential of the model is given as

V ¼ M2
11H

†
1H1 þM2

22H
†
2H2 − ðM2

12H
†
1H2 þ H:c:Þ

þ λ1
2
ðH†

1H1Þ2 þ
λ2
2
ðH†

2H2Þ2 þ λ3ðH†
1H1ÞðH†

2H2Þ

þ λ4ðH†
1H2ÞðH†

2H1Þ þ
�
λ5
2
ðH†

1H2Þ2 þ ½λ6ðH†
1H1Þ

þ λ7ðH†
2H2Þ�ðH†

1H2Þ þ H:c:

�
: ð1Þ

Here, we work in the Higgs basis where only one doublet
takes a VEV [96–98] at the renormalization scale μ ¼ mW :

H1 ¼
 

Gþ

1ffiffi
2

p ðvþhþ iG0Þ

!
; H2 ¼

 
Hþ

1ffiffi
2

p ðHþ iAÞ

!
; ð2Þ

where v ≃ 246 GeV and G denotes the Nambu-Goldstone
bosons.1 The stationary conditions for Eq. (2) are

1Parameter relations between the 2HDM in the Higgs basis and
a general basis (with and without softly broken Z2 symmetry) are
summarized in Appendix B.
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M2
11 ¼ −

λ1
2
v2; M2

12 ¼
λ6
2
v2: ð3Þ

For simplicity, we further assume the CP-conserving scalar
potential, so that one can define the CP-even and -odd
scalar mass eigenstates. The SM-like Higgs is h and the
charged scalar is Hþ, while H and A correspond to
additional the CP-even and -odd neutral scalars.
It is noted that h-H mixing in their mass basis is

suppressed as far as λ6 is negligible, and then all h
interactions become the same as the SM Higgs boson at
the renormalization scale μ ¼ mW . This condition is known
as the Higgs alignment limit [99–102]. In the following
analysis, we assume λ6 ¼ 0 and consider the phenomenol-
ogy of the scalar bosons in the Higgs alignment limit. In
addition, λ7 leads to only trilinear couplings of the extra
scalars as far as λ6 is vanishing, so that hH=hA production
we investigate is independent of the value of λ7.
In the Higgs alignment limit (λ6 → 0), scalar masses are

related as

m2
h ¼ λ1v2;

m2
H� ¼ M2

22 þ
λ3
2
v2;

m2
H ¼ M2

22 þ
λhHH

2
v2;

m2
A ¼ M2

22 þ
λhAA
2

v2; ð4Þ

and the first equation requires λ1 ≃ 0.26 to obtain the
observed Higgs mass. For the latter convenience, we also
define

λhHH ¼ λ3 þ λ4 þ λ5; λhAA ¼ λ3 þ λ4 − λ5: ð5Þ

Note that the equations above hold regardless of whether
the softly broken Z2 symmetry is imposed or not.
The breakdown of the custodial symmetry is stringently

constrained by the measurements of the oblique parameters
[103–105]. The constraints requiremH ≃mH� ormA ≃mH�

for the model to be consistent with the data [106]. This
condition is equivalent to λ4 ≃ −λ5 or λ4 ≃ λ5, respectively,
in the Higgs alignment limit. It can be seen from Eq. (5) that
the hHH and hAA couplings are controlled by λ3, λ4, and λ5.
The important point here is the sign in front of λ5. Since the
λ5 term in the potential is proportional to ðH†

1H2Þ2 þ H:c:,
there is sign difference between the hHH and hAA
couplings. It is also noted that the hHþH− interaction is
controlled only by λ3 in the Higgs alignment limit.
We are interested in the di-Higgs production in the Higgs

alignment limit. We define the Yukawa couplings involving
extra scalars as follows [98]:

−LH2-Yukawa ¼ Q̄iðV†
CKMÞij eH2ρ

u
jku

k
R þQiH2ρ

d
ijd

j
R þ H:c:;

ð6Þ

with eH2 ¼ iτ2H�
2, and particularly the ρutt ≡ ρϕtt interaction

is given as

−Lt
Yukawa ¼

ρϕttffiffiffi
2

p t̄Ht − i
ρϕttffiffiffi
2

p t̄Aγ5t

− ½ρϕttt̄RHþðVCKMdLÞ3 þ H:c:�: ð7Þ

We work on the basis where the left-handed quarks are
represented as QT ¼ ðV†

CKMuL; dLÞ with the mass eigen-
states uL and dL. Other Yukawa couplings, for example the
tau-Yukawa coupling, will be introduced in the next section.
The large additional top-Yukawa coupling can be realized in
many types of 2HDMs; for example, the type-II 2HDM and
a flavor-aligned 2HDM. The decay models of extra scalars
depend on the setup. In this paper, we are interested in
hH=hA productions where the extra scalars dominantly
decay to ττ, so that we consider a 2HDMwith a large ρϕtt and
a sizable ττ coupling, ðρϕττ=

ffiffiffi
2

p Þτ̄Hτ þ iðρϕττ=
ffiffiffi
2

p Þτ̄Aγ5τ.
The other Yukawa couplings are assumed to be vanishing
or relatively small to avoid the constraints from, especially,
flavor physics.2

In general ρϕtt can be a complex value, whereas the
collider phenomenology that we are interested in does not
change in the presence of the complex phase in the Higgs
alignment limit. In this paper, we take ρϕtt to be real for
simplicity. It is noted that if the additional bottom-Yukawa
coupling is sizable, the chirality-enhanced amplitude sig-
nificantly affects b → sγ, and this scenario would be
excluded easily. In the following, we label the additional
lighter and heavier neutral scalars as ϕl and ϕh, respectively.

III. PHENOMENOLOGY

In this section, we consider the hϕl production at the
LHC. We evaluate the production cross section in Sec. III A
and discuss the phenomenological constraint on the relevant
top-Yukawa coupling in Sec. III B. The phenomenological
impacts on the excesses are investigated in Sec. III C.

A. hϕl production

In the SM, it is known that there is a partial cancellation
among the diagrams in the Higgs pair production in the
gluon-fusion processes [6,7]. At the leading order, there are
two types of diagrams: one is the top box diagram and the
other is the top triangle diagram with the triple Higgs
coupling. Therefore, the modified triple Higgs coupling can

2This kind of setup can be realized by the softly broken Z2

symmetric 2HDM, see Ref. [84] and references therein.
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be probed in this channel, and this process has eagerly been
studied to test the structure of the Higgs potential.
In this work, we extend this strategy to the hϕl produc-

tion. The representative Feynman diagrams for the scalar
productions are shown in Fig. 1. The left and right diagrams
show the top box and triangle-induced contributions,
respectively. The magenta vertex in the diagram corre-
sponds to the additional top-Yukawa coupling in Eq. (7),
and the cyan one denotes the triple Higgs couplings. The
previous experimental data were not enough to probe the
new physics scenarios via this production when the addi-
tional scalar boson is heavy. However, the expected data at
the current and future LHC can shed light on this production
as we will show. Note that in the general 2HDM parameter
space, for the hϕ production there is another relevant
diagram which comes from the Z-boson exchange Drell-
Yan process. Although it is generated by the EW interaction,
thanks to its tree-level nature, its contribution can be
potentially much larger than the gluon-fusion process in
Fig. 1 according to [91]. Nevertheless, it is important to
notice that such EW production is significantly suppressed
in the Higgs alignment limit, while the top-loop induced
productions are not suppressed.
As a demonstration, we consider a case of ϕl ¼ A and

ϕh ¼ H. We note that the CP-conserving scalar potential
does not allow the hA production through gg → h or
H → hA. Furthermore, the Higgs alignment limit ensures
that the gg → h → hH process vanishes but leaves a
nonvanishing triple-Higgs couplings λhAA and λhHH; hence
gg → A → hA and gg → H → hH processes are irreduc-
ible in the Higgs alignment limit. The representative
diagrams are shown in Fig. 1.
In this study, there are four relevant free parameters to the

hϕl production: (1) the produced lighter scalar mass mϕl
,

(2) the heavier scalar mass mϕh
, (3) the triple Higgs

coupling λhAA (λhHH) for hA (hH) production, and
(4) the additional top-Yukawa coupling ρϕtt. In our analysis,
we fix mϕl

and ρϕtt and vary mϕh
and λ3 coupling by

assuming mH� ¼ mϕh
to avoid the experimental bound

from the oblique parameter. We numerically calculate the
production cross section by MadGraph5_aMC@NLO [107] for a
given set of A and H masses and λ3. For each benchmark

parameter point, ten thousand events are generated.3 It is
noted that the matrix elements of one-loop-induced gg →
hA process have been validated against an independent
implementation of 2HDM model in OpenLoops2 [109].
In Fig. 2, by fixing mϕl

¼ 100 GeV, we show the hϕl
production cross section in the unit of fb and the λhϕlϕl

in
red and blue contours, respectively. The result for
mϕl

¼ 50, 150, 200, 250, 300, 400 GeV can be found in
Appendix A. The vertical and horizontal axes correspond to
λ3 and mϕh

. We set ρϕtt ¼ 1 for simplicity since both the
amplitudes corresponding to diagrams in Fig. 1 are linearly
proportional to ρϕtt. The cross section is proportional to
jρϕttj2, thus it is easy to rescale the cross section.
The relevant constraints on ρϕtt, which depends on the

scalar mass spectrum, are discussed in Sec. III B.
Combining those constraints and production cross section
in Figs. 2, 4, and 5, the realistic production cross section
can be obtained. We observed that the SM-like destructive
interference among the diagrams in Fig. 1 exists in the hA
as well as the hH production modes. Especially for the hA
production, the additional γ5 insertions play a similar role
in the Dirac algebra of loop numerators in the box and
triangle diagrams, hence the destructive interference is
expected. Our numerical analysis explicitly shows the
destructive behavior in the parameter regions with
λhϕlϕl

> 0. It is observed that the production cross section

can be Oð100Þ fb for mϕl
¼ 100 GeV with ρϕtt ¼ 1. For

mϕl
¼ 400 GeV the cross section can be Oð10Þ fb. We see

that the cancellation occurs when λhϕlϕl
is of Oð1Þ.

Given the similarity between hϕ production and the SM
hh production at the leading order and the fact that higher-
order QCD corrections do not introduce additional γ5
insertions, we further expect that a SM-like NLO QCD
K factor is around 2 for the loop-induced gg → hϕ cross
sections as well. This K factor ≃2 is partially confirmed in
Ref. [93] in the heavy top-mass limit, and it is important to
confirm this expectation in the future by exact calculations
which are out of the scope of this paper.
Furthermore, the Higgs precision data can constrain the

parameter space. While most of the Higgs signal strengths
approach the SM Higgs predictions in the Higgs alignment
limit, the signal strength for γγ does not. It is because the
one-loop induced charged scalar contribution modifies
h → γγ rate, which has been measured with LHC run 2
full data [110]. The light green region in Fig. 2 is excluded
at the 2σ level. This constraint is especially relevant for the
low-mass H� region with large coupling λ3. On the other
hand, one could also consider the pp → ϕl → γγ search.
However, the value of BRðϕl → γγÞ significantly depends
on the Yukawa couplings ρϕtt, ρ

ϕ
ττ, and also ρϕbb. So, we

FIG. 1. The representative Feynman diagrams for hϕ produc-
tion in the Higgs alignment limit, where ϕ ¼ H or A is the
additional scalar.

3The numerical data of the production cross sections as well as
the process and parameter cards for these analyses are available in
the supplementary files in [108].
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conclude that the constraint from the pp → ϕl → γγ
search is reducible in Fig. 2. Note that when one chooses
the appropriate size of Yukawa couplings, the CMS
diphoton excess [82] can be explained by pp → ϕl →
γγ [84].
If the trilinear scalar couplings are too large, then they

eventually blow up at high energies due to the renormal-
ization group evolution. We consider a perturbative uni-
tarity bound [111–113] where the renormalization group
evolution effect is considered based on Refs. [114,115].
Here, we set λ7 ¼ 0 as a reference value. When one takes
λ7 ¼ Oð1Þ, which is an irrelevant parameter to hϕl pro-
duction, the unitarity bound becomes more severe. The
black solid, dashed, and dotted lines in Fig. 2 correspond to
the cutoff scale of Λ ¼ 103; 104, and 105 GeV, respec-
tively. If one requires the model to be perturbative up to
10 TeV, then the region outside the black dashed line will be
excluded.
Another theoretical constraint on the quartic couplings

comes from the vacuum stability of the scalar potential. In
this paper, we impose the tree-level bounded-from-below
condition for the scalar potential [116,117],

λ1; λ2 > 0;
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
þ λ3 > 0;ffiffiffiffiffiffiffiffiffi

λ1λ2
p

þ λ3 þ λ4 − jλ5j > 0: ð8Þ

In order to produce a large mass difference between ϕl and
ϕh, λ4 must be largely negative value at the EW scale.
Therefore, to satisfy the last condition in Eq. (8), λ2 must be
largely positive, though it does not change the phenom-
enology discussed in this paper. The gray region in Fig. 2
is excluded since there λ2 becomes too large (λ2 > 4π)
to respect the bounded-from-below condition [118]. We
see that various constraints are very complementary on
this plane.

B. Constraints on ρϕtt
In this section, we discuss the relevant flavor and collider

constraints on the top-Yukawa couplings. First of all, we
summarize the constraints from the direct searches at the
LHC. The tb resonance search is relevant for the additional
charged scalar H�, and the tt̄ resonance search is relevant
for the extra neutral scalars H and A when ρϕtt is dominant
among the interactions. On the other hand, since a bound
from the ττ̄ resonance search strongly depends on whether
the scalar has other decay modes or not, we consider only
the case where ρϕtt is dominant compared to other couplings
for simplicity.
In Fig. 3, we derive the upper limit on ρϕtt as a function

of mH�ð¼ mϕh
Þ. The orange region is excluded by the

FIG. 2. The hϕl production cross section is shown in red contours on the heavier scalar mass and λ3 plane. The lighter scalar mass is
fixed as mA ¼ 100 GeV (left) and mH ¼ 100 GeV (right). The figures with other masses are found in Appendix A. Blue contours
denote λhAA and λhHH at the additional scalar scale. The light green region and gray regions are excluded by the h → γγ constraint and
the vacuum stability condition, respectively. The black contours show the cutoff scale in Log10ðΛ=GeVÞ.

FIG. 3. The upper limit on ρϕtt as a function ofmH� at 95% C.L.
The orange region is excluded by the tb resonance search.
Purple and blue regions surrounded by dotted lines could be
disfavored by the t → bH� → bτν and t → bH� → bbc decays,
respectively. The light green region is excluded by the Bs-meson
mixing bound.
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pp → tbH� → t̄btb̄ process based on the LHC run 2 full
data [119] assuming BRðH� → tbÞ ¼ 1. It is noted that the
experimental data is available in the region of
mH� ≥ 200 GeV. In fact, there is also a decay mode where
the scalar decays into gauge bosons H� → W�ϕl, and the
t̄b branching fraction is diluted for mH� −mϕl

> mW. For

instance, we obtain BRðH� → tbÞ ¼ 0.6 for ρϕtt ¼ 1 with
mH� ¼ 350 GeV and mϕl

¼ 100 GeV. Notice that the
dilution of the bound significantly depends on mϕl

.
Another collider constraint for a light H� scenario comes

from the exotic top decay that is available in the range of

mH� ≤ 160 GeV. If the couplings other than ρϕtt are negli-
gible for mH� ≤ mt, then H� → cb will be the dominant
decay mode via ρdbb or ρutc interactions in Eq. (6). Both
ATLAS and CMS collaborations have searched for H� →
cb channel via a top quark decay [120,121], and they set the
upper limit on the product of BRðt → bH�Þ × BRðH� →
bcÞ as a function of mH� . Assuming BRðH� → cbÞ ¼ 1,

we can set the upper limit on ρϕtt, which is shown by the blue
region in Fig. 3. Similarly, ifH� → τν is the dominant decay
mode via scalar-tau Yukawa interaction, we can set the upper

limit on ρϕtt, which is shown by the purple region in
Fig. 3 [122]. Furthermore, the similar upper limit can be
obtained from H� → cs via ρucc and ρdss [123]. It is noted
that tt̄ resonance and four-top searches give a weaker
constraint [124], and thus they are omitted.
The large ρϕtt also modifies the BðsÞ-meson mixing

ΔMBðsÞ at one-loop level. We use the analytic formula

for the H� box contribution (H� −W∓ and H� −H∓
boxes) from Refs. [125,126] and adopt the latest
bound [127]. The renormalization group running correc-
tion from μ ¼ mH� to μ ¼ mW is taken into account.
Notice that other flavor constraints, for example, the ones
from b → sγ and semileptonic decays of kaon, are con-
firmed to be less stringent [128]. In Fig. 3, the light green
region is excluded by the Bs mixing constraint. Since the
Bs mixing constraint does not depend onmϕl

and the decay
modes, the bound is the most conservative in Fig. 3. It is
observed that the mass gap exists for the LHC bounds
around mH� ∼mt due to the experimental difficulty.
However, the Bs mixing constraint is complementary
and thus fills the gap.
It is observed that, for example, ρϕtt ≃ 0.4 is allowed for

themH� ≳ 200 GeV scenario. Combining these constraints
with Figs. 2, 4, and 5, one can read the maximal production
cross section of the hϕl channels as we will show an
example of in the next section.
It is worth mentioning that in addition to the ρϕtt bound,

a severe constraint on λhϕlϕl
appears for mϕl

≤ mh=2 in
Fig. 4. In this parameter region, the h → ϕlϕl decay is
kinematically open and modifies the Higgs total width. The
partial decay width is given as

Γðh → ϕlϕlÞ ¼
λ2hϕlϕl

v2

32πmh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
ϕl

m2
h

s
: ð9Þ

The current bound [129,130] corresponds to λhϕlϕl
≤

Oð10−2Þ for mϕl
≤ mh=2.

C. Comment on solutions of ditau excess and muon g− 2
In this subsection, we briefly discuss the phenomeno-

logical impacts on the ditau excess and the muon g − 2
anomaly explanations in the 2HDMs.
Since the 100 GeV ττ̄ excess requires an additional light

scalar decaying into ditau final states, we introduce the
following interaction,

−Lτ
Yukawa ¼

ρϕττffiffiffi
2

p τ̄Hτ þ i
ρϕττffiffiffi
2

p τ̄Aγ5τ: ð10Þ

It is shown in Ref. [84] that the a simultaneous explanation
of the ditau [81] and diphoton excesses [82] favors mϕl

¼
mA ≃ 95–100 GeV with ρϕtt ≃ 0.4 and ρϕττ ≃ 3 × 10−3,
which corresponds to BRðA → ττ̄Þ ≃ 0.3. As seen from
Fig. 3, mH� ≤ 200 GeV with ρϕtt ≃ 0.4 cannot satisfy the
ΔMBs

bound. Furthermore, we found that mH ≤ 2mt is
excluded by the ditau search [131].4 For mH ≥ 2mt,
BRðH → ττ̄Þ is significantly diluted and the bound becomes
weak, thus the explanation is possible.
On the other hand, the current 95% C.L. upper limits on

the signal strengths of the di-Higgs production in bb̄ττ̄
decay mode is given as μðhh → bb̄ττ̄Þ ≤ 3.3 [132]. The
NNLO SM prediction is given as σhhggf ¼ 31.05þ6%

−23% �
3% fb with mh ¼ 125 GeV [23,133]. It is noted that the
experimental upper limit is a consequence of the combi-
nation of gluon fusion (ggf) and vector boson fusion
(VBF). Although the VBF cross section is small, σhhVBF ¼
1.73þ0.03%

−0.04% � 2.1% fb at NNLO [133], the unique VBF
event topology provides a useful handle to identify signal
events and sensitivity. While it is nontrivial to separate the
impacts of ggf and VBF determination, the ggf mainly
determines the upper limit [132]. With the SM predictions
BRðh → bb̄Þ ¼ 58.1% and BRðh → ττ̄Þ ¼ 6.3%, we can
estimate a rough sensitivity of hA production at the LHC
by only considering the ggf mode; the current LHC data
reaches 7.5 fb for the di-Higgs production with bb̄ττ̄
final state.
From Fig. 2, we can see that σðpp → hAÞ is as large as

200 fb for ρϕtt ¼ 1 when the cutoff scale Λ > 10 TeV is
imposed. For ρϕtt ¼ 0.4, the production cross section is
calculated as σðpp → hAÞ ¼ 200 × 0.42 ≃ 30 fb. There-
fore the explanation of ττ̄ excess with mA ∼ 100 GeV,

4It is noted that mH� ≤ mt þmb is also disfavored by the
τν resonance search associated with the top and bottom
quarks [122].
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ρϕtt ¼ 0.4, ρϕττ ¼ 3 × 10−3 predicts σðpp → hAÞ×
BRðh → bb̄Þ × BRðA → ττ̄Þ ≃ 5.6 fb, which is larger
than the SM di-Higgs prediction (2.3 fb). If the K factor
is about 2 for σðpp → hAÞ, then the model prediction
exceeds the current exclusion for the hh channel. As shown
in Ref. [84], unlike the CP-even interpretation, it is
challenging to test the CP-odd solution for the ττ̄ excess
in tt̄þ ττ̄ final state, whereas the hA production (decaying
into bb̄ττ̄) allows us to probe this solution. In this context,
more dedicated sensitivity studies are necessary from both
experimental and theoretical sides. It is noted that the single
H production process can be relevant for the model
parameter space. The CMS collaboration probed the pp →
H → AZ → ττ̄ þ ll̄ process with the run 1 data, and the
Oð10Þ fb upper limit on σðpp → H → AZ → ττ̄ þ ll̄Þ has
been set.5 We calculated the signal cross section based on the
SusHi [136,137] and confirmed that the parameter that
explains ττ and diphoton excesses simultaneously predicts
the smaller signal cross section by roughly a factor of 1=2.
The LHC run 2 full result would give conclusive evidence.
It is known that a light pseudoscalar is necessary for an

explanation of the muon g − 2 anomaly in the type-X and
flavor-aligned 2HDMs [80], where the dominant contribu-
tion comes from the two-loop Barr-Zee diagram with a tau
loop. In the type-X 2HDM, the top-Yukawa coupling with
the heavy scalar is Oð0.01Þ for the excess favored region.
Therefore, the di-Higgs production cross section is too
small to be observed. We also found that even in the flavor-
aligned 2HDM, the top-Yukawa coupling cannot be large
due to the constraint from Bs → μμ̄ measurement that is
enhanced with a light scalar exchange diagram [138].
Furthermore, it would not be easy to reconstruct the
additional light scalar in ττ̄ final state at the LHC due to
several neutrinos. Therefore, we conclude that the di-Higgs
production for the solution of the muon g − 2 anomaly is
less relevant.

IV. CONCLUSION

The Higgs field plays a very important role in giving
masses to the SM particles. However, there are still open
questions, for example, the origins of the negative mass
term and also the hierarchy of the fermions. There would be
new physics to solve the questions. On the other hand, it is
known that the extended Higgs models can be the key to
explaining the origins of the neutrino masses, EW baryo-
genesis, dark matter, and EW vacuum stability. Therefore it
is often believed that the study of the Higgs sector is the
way to access physics beyond the SM. The 2HDM is one of
the simplest extensions of the SM that frequently appears in
new physics scenarios. It is known that this model can

explain the excesses in the ττ̄ and γγ resonances data
reported by the CMS collaboration as well as the muon
g − 2 anomaly. Those discrepancies require a light neutral
scalar that will be within the reach of the LHC. This kind of
light scalar is also well motivated by a successful strong
first-order EW phase transition and the baryon asymmetry
of the Universe.
In order to chase a realistic and still-allowed 2HDM that

can resolve the aforementioned puzzles, in this paper, we
investigated the hϕ production where ϕ is the additional
neutral scalar (ϕ ¼ H, A). This process will be interesting
in the high luminosity LHC era. We calculated the cross
section of hϕ production from the loop-induced gluon
fusion channel at the leading order. We took into account
the theoretical bounds from the perturbative unitarity and
vacuum stability conditions, and the experimental bounds
from the Higgs and flavor precision measurements as well
as the direct search at the LHC. It is found that hϕ
production cross section could be as large as Oð30Þ fb if
the additional scalar mass is around 100 GeV. One should
note that ϕϕ production (would decay into 4τ, which is
harder to probe than 2b2τ from hϕl production) can also be
a relevant search channel. Although the top-loop box
contribution is suppressed by an additional factor of ρϕtt,
gg → h → ϕϕ and gg → ϕ → ϕϕ contributions are not; the
latter depends on the value of λ7, and the resonance
enhancement is possible.
Furthermore, motivated by the low mass ττ̄ and γγ

resonant excesses reported by the CMS collaboration,
we investigated the impact of the hϕ production. It was
found that the combined explanation of the excesses
predicts σðpp → hA → bb̄ττ̄Þ ≃ 6 fb at the QCD leading
order. Very interestingly, this leading-order cross section is
already larger than the SM Higgs-pair production decaying
into bb̄ττ̄ by a factor of more than 2. Therefore, this mode
provides a unique window to probe the possible explan-
ation of the excesses. Lastly, it is clear that more dedicated
precise calculations and experimental simulations to evalu-
ate the realistic sensitivity are further needed.
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APPENDIX A: ADDITIONAL FIGURES

In this appendix, we present figures that are not shown in
the main text. Figure 4 shows the production cross sections
formϕl

¼ 50 (upper), 150 (middle), and 200 GeV (bottom).

Figure 5 shows the results for mϕl
¼ 250 (upper), 300

(middle), and 400 GeV (bottom). The color code is the
same as Fig. 2 and for the description of the contours see
the caption of Fig. 2 and the main text. For mϕl

¼ 50 GeV,
the Higgs width bound gives a stringent constraint on λhϕlϕl

since h → ϕlϕl is kinematically open. Therefore, the
allowed region from the Higgs width bound must be almost
degenerated to the line of λhϕlϕl

¼ 0. It is noted that the
constraint from h → γγ does not appear on the plane with
mϕl

¼ 400 GeV. As mentioned in Sec. III A, these cross
section data are available in [108].

FIG. 4. The hϕl production cross section is shown on the heavier scalar mass vs λ3 plane. The left and right figures are for hA and hH
productions, respectively. The lighter scalar mass is fixed to be 50 (upper), 150 (middle), and 200 GeV (bottom). See, the caption of
Fig. 2 for the description of the constraints and other explanations.
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APPENDIX B: PARAMETER RELATIONS
IN THE 2HDMs

For the sake of completeness, in this appendix, we
summarize the parameter relations between the general
basis and the Higgs basis in the 2HDMs (see, e.g.,
Refs. [125,139,140]).
The most general Higgs potential for the general 2HDM

is given by

V ¼ m2
11Φ

†
1Φ1 þm2

22Φ
†
2Φ2 − ðm2

12Φ
†
1Φ2 þ H:c:Þ

þ 1

2
λG1 ðΦ†

1Φ1Þ2 þ
1

2
λG2 ðΦ†

2Φ2Þ2 þ λG3 ðΦ†
1Φ1ÞðΦ†

2Φ2Þ

þ λG4 ðΦ†
1Φ2ÞðΦ†

2Φ1Þ þ
�
1

2
λG5 ðΦ†

1Φ2Þ2 þ ½λG6 ðΦ†
1Φ1Þ

þ λG7 ðΦ†
2Φ2Þ�ðΦ†

1Φ2Þ þ H:c:

�
; ðB1Þ

FIG. 5. The hϕl production cross section is shown on the heavier scalar mass vs λ3 plane. The left and right figures are for hA and hH
productions, respectively. The lighter scalar mass is fixed to be 250 (upper), 300 (middle), and 400 GeV (bottom). See, the caption of
Fig. 2 for the description of the constraints and other explanations.
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with

Φi ¼
 

ωþ
i

1ffiffi
2

p ðvi þ hi þ iziÞ

!
; ði ¼ 1; 2Þ; ðB2Þ

where vi=
ffiffiffi
2

p
is the VEV of Φ0

i , satisfying v ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
¼ ð ffiffiffi

2
p

GFÞ−1=2 ≃ 246 GeV and tan β ¼ v2=v1.
Both vi can be taken to be real and positive values without
losing generality. On the other hand, m2

12 and λG5;6;7 are
complex values in general. When one imposes the softly
broken Z2 symmetry (Φ1 → Φ1;Φ2 → −Φ2) to prohibit
the flavor-changing neutral currents, λG6;7 must be set to zero
for any renormalization scale.
In the following, we assume the CP conservation for

simplicity, and then m2
12 and λG5;6;7 are real. The stationary

conditions for the general 2HDM potential are

m2
11 − s2βM

2 þ v2

2
ðc2βλG1 þ s2βλ

G
345 þ 3sβcβλG6

þ s2β tan βλG7 Þ ¼ 0;

m2
22 − c2βM

2 þ v2

2
ðs2βλG2 þ c2βλ

G
345 þ c2β cot βλ

G
6

þ 3sβcβλG7 Þ ¼ 0; ðB3Þ

with

M2 ¼ m2
12

sβcβ
; λG345 ¼ λG3 þ λG4 þ λG5 ; ðB4Þ

where sβ ¼ sin β and cβ ¼ cos β.
The Higgs basis in Eq. (2) is obtained by

�
H1

H2

�
¼
�

cβ sβ
−sβ cβ

��Φ1

Φ2

�
: ðB5Þ

By matching the scalar potential in Eq. (B1) to the one in
the Higgs basis (1), we obtain the following parameter
relations:

M2
11 ¼ c2βm

2
11 þ s2βm

2
22 − s2βm2

12; ðB6Þ

M2
22 ¼ s2βm

2
11 þ c2βm

2
22 þ s2βm2

12; ðB7Þ

M2
12 ¼

1

2
s2βðm2

11 −m2
22Þ þ c2βm2

12; ðB8Þ

λ1 ¼ c4βλ
G
1 þ s4βλ

G
2 þ 1

2
s22βλ

G
345 þ 2s2βðc2βλG6 þ s2βλ

G
7 Þ; ðB9Þ

λ2 ¼ s4βλ
G
1 þ c4βλ

G
2 þ 1

2
s22βλ

G
345 − 2s2βðs2βλG6 þ c2βλ

G
7 Þ; ðB10Þ

λ3 ¼
1

4
s22βðλG1 þ λG2 − 2λG345Þ þ λG3 −

1

2
s4βðλG6 − λG7 Þ; ðB11Þ

λ4 ¼
1

4
s22βðλG1 þ λG2 − 2λG345Þ þ λG4 −

1

2
s4βðλG6 − λG7 Þ; ðB12Þ

λ5 ¼
1

4
s22βðλG1 þ λG2 − 2λG345Þ þ λG5 −

1

2
s4βðλG6 − λG7 Þ; ðB13Þ

λ6 ¼ −
1

2
s2βðc2βλG1 − s2βλ

G
2 − c2βλG345Þ þ c2βð1 − 4s2βÞλG6

þ s2βð−1þ 4c2βÞλG7 ; ðB14Þ

λ7 ¼ −
1

2
s2βðs2βλG1 − c2βλ

G
2 þ c2βλG345Þ þ s2βð−1þ 4c2βÞλG6

þ c2βð1 − 4s2βÞλG7 : ðB15Þ

Using the stationary equations (B3), M2
11 and M2

12 can be
represented as

M2
11¼−

v2

2

�
c4βλ

G
1 þs4βλ

G
2 þ

1

2
s22βλ

G
345þ4c3βsβλ

G
6 þ4s3βcβλ

G
7

�
;

¼−
1

2
λ1v2; ðB16Þ

M2
12 ¼

v2

2

�
−
1

2
s2βðc2βλG1 − s2βλ

G
2 − c2βλG345Þ

þ c2βð1 − 4s2βÞλG6 þ s2βð−1þ 4c2βÞλG7
�
;

¼ 1

2
λ6v2: ðB17Þ

When one imposes the approximate Higgs alignment
condition (λ6 ≃ 0) in order to avoid the experimental
bounds from measurements of the Higgs signal strengths,
the scalar potential is given as

V ≃−
1

2
λ1v2H

†
1H1þM2

22H
†
2H2þ

λ1
2
ðH†

1H1Þ2

þ λ2
2
ðH†

2H2Þ2þ λ3ðH†
1H1ÞðH†

2H2Þþ λ4ðH†
1H2ÞðH†

2H1Þ

þ
�
λ5
2
ðH†

1H2Þ2þ λ7ðH†
2H2ÞðH†

1H2ÞþH:c:

�
: ðB18Þ

The scalar boson masses are determined as

m2
h ≃ λ1v2; m2

H ≃M2
22 þ

1

2
λ345v2;

m2
A ¼M2

22 þ
1

2
ðλ3 þ λ4 − λ5Þv2; m2

H� ¼M2
22 þ

1

2
λ3v2:

ðB19Þ
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Given four scalar boson masses, the remaining degrees of
freedom in this model are three (e.g., λ2;3;7), and the value
of λ7 is irrelevant to our study except for an indirect effect
on the perturbative unitarity bound. As we discussed below
Eq. (8), λ2 gives only a relevant effect on the vacuum
stability condition. As a consequence, the production cross
section of gg → hϕl can be determined only by λ3 and the
scalar masses.
When one imposes the (softly broken) Z2 symmetry, λG6;7

are forbidden. This condition provides the following
parameter relations in the Higgs basis:

λG6 ¼ 1

2
s2βðc2βλ1 − s2βλ2 − c2βλ345Þ þ cβc3βλ6 þ sβs3βλ7 ¼ 0;

ðB20Þ

λG7 ¼ 1

2
s2βðs2βλ1 − c2βλ2 þ c2βλ345Þ þ sβs3βλ6 þ cβc3βλ7 ¼ 0;

ðB21Þ

which further restrict the parameters. Note that in this paper
we do not impose these conditions.
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