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Abstract. A Z2 parity odd real scalar is a good candidate for dark matter in the present
Universe. We consider models contain two Higgs doublet fields and one real scalar dark matter
particle with mass in the range of 31 − 40 GeV and annihilating into a bb̄ pair, or with about
10 GeV mass and annihilating into tau lepton pair. Those annihilation modes suitably explain
the observed excess of the gamma-ray flux from the Galactic Center. We identify the parameter
region of the model that can fit the gamma-ray excess and satisfy phenomenological constraints,
such as the observed dark matter relic density and the null results of direct dark matter search
experiments. Most of the parameter region is found to be within the search reach of various
future experiments.

1. Introduction
The weakly interacting massive particle (WIMP) is a prime candidate for dark matter (DM)
in the Universe and indirect search of WIMP DM through its annihilation is one of the most
effective methods to detect a WIMP.

Over the past several years, many analysis have claimed an excess of gamma rays from the
Galactic Center (GC) and its WIMP annihilation interpretations [1, 2, 3, 4]. It has been reported
that this gamma-ray excess can be fit by about 10 GeV mass WIMP annihilating into a pair of
tau leptons, or by several tens GeV mass WIMP annihilating into a bb̄ pair [5, 6, 7, 8, 9]. The
Fermi-LAT Collaboration has released the constraints on WIMP annihilation cross section by
using six years data taken from dwarf Spheroidal (dSph) galaxies, and if we take the face value
for the WIMP annihilation cross section, one may find a mild tension between the Fermi-LAT
constraints and a favored value for GC excess [10]. However, at this moment, we are going to
investigate WIMP interpretations of the GC excess, because there is an astrophysical uncertainty
such as the DM density profile of galaxies or the local DM density.

One of simple models for dark matter is so-called Higgs portal DM model, where a real scalar
φ with odd Z2 parity plays a role of dark matter and annihilates into standard model (SM)
particles through Higgs boson(s) exchange processes. The minimal model with φ and one SU(2)
doublet SM Higgs field (for an incomplete list, see, e.g., Refs. [11, 12, 13, 14]) is not available for
explaining this GC gamma-ray excess, because its allowed mass range is limited to be around
60 GeV or larger than several hundreds GeV mostly by the null results of direct DM search
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experiments (see, for example, Refs. [15]), so that the desired DM mass range 30 − 40 GeV to
account for the GC excess is excluded.

A desired thermal relic scalar dark matter mass is determined by the mediator particle mass
in the Higgs portal DM framework. In fact, this is the reason why we have mφ ∼ 62 GeV
' mh/2 on the minimal model, where h denotes the SM Higgs boson with the mass of 125 GeV
discovered at the Large Hadron Collider (LHC). The extension of the Higgs sector to the two
Higgs doublet model (THDM) provides various possibilities.

As noted above, two annihilation modes of dark matter is favored to explain the GC excess;
one is a tau lepton pair final state from about 10 GeV mass dark matter, the other is bb̄ final state
from 30 − 40 GeV mass dark matter. We show that both cases can be realized by appropriate
choice of two Higgs doublet sector. First, we show that WIMP with about 10 GeV mass can
mostly annihilate into tau leptons through the second Higgs boson exchange process with so-
called Type-X THDM and could account for the GC excess [16]. Next, we consider cases where
WIMP with the mass about 30−40 GeV mostly annihilate into bb̄. With the second Higgs boson
with the mass about 60 − 70 GeV in the so-called Type-II THDM, the resultant annihilation
cross section is suitable to explain the cosmic dark matter relic abundance as well as the GC
excess [17]. However, such a light extra Higgs boson in (non-supersymmetric) Type-II THDM
is very severely constrained by the search result at the LHC [18]. This difficulty can be avoided
with the Type-Y THDM [19]. Moreover, we find that signals due to this new light Higgs boson
mediator can be observed at the international linear collider (ILC) [19].

2. Two Higgs doublet portal scalar dark matter
We introduce a real SM gauge singlet scalar φ as the dark matter candidate, along with the
Z2 parity by which the stability of the DM particle is guaranteed. We extend the Higgs sector
to be two Higgs doublet model with a softly broken Z2 parity in order to avoid large flavor
changing neutral current. The scalar potential for the two Higgs doublets (Φ1 and Φ2) with the
soft breaking Z2 parity and the scalar DM φ is given by

V = −µ21|Φ1|2 − µ22|Φ2|2 − (µ212Φ
†
1Φ2 + H.c.)
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Two electrically neutral CP -even Higgs bosons, the SM-like Higgs boson h and the other
boson H, appears at the electroweak symmetry breaking vacuum. We impose the condition
sin(β−α) = 1 with tanβ = v2/v1 and the mixing angle of those Higgs fields α, then h is indeed
the SM-like. For simplicity, we assume that the charged and CP -odd Higgs bosons are heavy
enough to be consistent with their current experimental bound and to decouple them from our
analysis of the dark matter physics. Thus, the relevant interaction operators between φ and
Higgs bosons (h or H) are

O ⊃ vHφ2, vhφ2, (2)

with v = 246 GeV being the vacuum expectation value of Higgs fields. Four ways of this Z2

parity assignment in the Higgs sector are referred to as Type-I, II, X and Y, as shown in Table 1.
We only consider later three cases, whose Yukawa couplings are given by
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Table 1. The assignment of (softly broken) Z2 parity for each Type of Yukawa couplings.

Type Others Φ1 Φ2 uR dR `R
Type-I + + − − − −
Type-II + + − − + +
Type-X + + − − − +
Type-Y + + − − + −

respectively. Here Qi (Li) is the ordinary left-handed SU(2) doublet quark (lepton) of the ith
generation, and uiR, diR and `iR are the right-handed SU(2) singlet up- and down-type quarks
and charged leptons, respectively.

We evaluate

• The invisible decay branching ratio of h into a pair of φ through the interactions in Eq. (2)

• The thermal relic abundance of the real scalar DM

• The present annihilation cross section (σv)0 of the DM particle

and impose the current bound and future expected sensitivities of DM direct search experiments
on those model parameter space.

2.1. With Type-X
In the Type-X THDM, Φ1 couples with only leptons. Thus, the non-SM-like Higgs boson H,
which is mostly comes from Φ1, has large couplings to leptons. A pair of scalar dark matter
particles with mass mφ ' 10 GeV dominantly annihilates into τ τ̄ through the s-channel H
exchange. The cross section is enhanced when mH ∼ 2mφ.

Figure 1 shows results for a benchmark point. Since h may have a large invisible decay in
some parameter region with a particular particle mass spectrum [20], we also have taken this
constraint into account. The thick blue line corresponds to the thermal relic abundance of the
scalar dark matter Ωh2 = 0.1, while the parameters between the two dashed red lines provide
the annihilation cross section, 2.81× 10−26 ≤ (σv)0 ≤ 3.99× 10−26 cm3/s. The shaded regions
are excluded by the direct dark matter search at the XENON100 (2012) [21], and the expected
sensitivity by the XENON1T experiment [22] is depicted by two dotted lines. Near the resonance
pole mφ ' mH/2, the thermal relic abundance and a sufficient present annihilation cross section
into a tau pair to account for GC excess are simultaneously satisfied for σ1 ' 0.03,mH ' 26 GeV.
This region is found to be close to the sensitivity of the direct dark matter search expected by
the XENON1T experiment.

2.2. With Type-II
A pair of scalar dark matter particles with mass mφ = 31− 40 GeV dominantly annihilates into
bb̄ through the s-channel exchange of the Higgs bosons (h and H). The cross section is enhanced
by H exchange when mH ∼ 2mφ. As in the case with Type-X two Higgs doublet fields, there
is a parameter region where both the gamma ray excess and the observed relic abundance can
be explained simultaneously [17]. However, as stated in introduction, such a light Higgs boson
now confronts with extra Higgs bosons search at the LHC [18].

2.3. With Type-Y
With Type-Y THDM, φ mainly annihilates into a bb̄ pair through the H exchange but H has
much smaller couplings with tau lepton compared to those in Type-II Yukawa couplings and less
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constrained by the LHC. The cross section is enhanced at the H resonance pole when mH ∼ 2mφ.
We evaluate the cross section as a function of the coupling σ2 and the non-SM-like Higgs boson
mass mH . Figure 2 shows the results for mφ ' 34 GeV, which corresponds to mH = 70 GeV.
We have fixed tanβ = 20.

Along the thick blue line, the observed DM relic density Ωh2 = 0.1 is reproduced, while
dashed lines show the present DM annihilation cross sections (σv)0 and its numbers are shown
in units of 10−26 cm3/s. The shaded regions are excluded by the LUX (2014) experiment [23],
and the expected sensitivity of the XENON1T experiment [22] is depicted by two thin lines.

As stated above, the SM-like Higgs boson h can decay into a pair of scalar DM particles
through the interactions in Eq. (2) which is observed as its invisible decay. Figure 2 also shows
the branching ratio of this invisible decay BR(h→ φφ) = 0.02, 0.05, and 0.1.

This extra Higgs boson may be discovered at the ILC. The signal process is e−e+ → bb̄H →
bb̄bb̄. We show the expected numbers of 4b event at the ILC for the center of energy

√
s = 250

GeV and the luminosity L = 500 fb−1 at Fig. 3. The mediator H exchange contribution are
shown with red color in the histogram. For instance, with this number of events of mH = 70
GeV, this significance is about 3.4σ.
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0.5

1

0.02 0.05 0.1

0.000 0.005 0.010 0.015 0.020

50

60

70

80

90

Σ2

m
H
HG

e
V
L

mDM � 34.3 GeV

Figure 2. For explanation of each lines and
regions, see the text.

3. Summary
Motivated by the gamma-ray excess from the Galactic Center and its interpretation as
annihilating dark matter particles, we have examined a Higgs portal DM scenarios with two Higgs
doublet models. We have identified the model parameter region that can explain the gamma-ray
excess and satisfies the phenomenological constraints on the relic dark matter abundance and
elastic scattering cross section of the DM particle off nuclei, as well as the invisible decay rate
of the SM-like Higgs boson into a pair of DM particles. Most of the identified parameter region
can be tested by future direct dark matter detection experiments. In addition, the search for the
invisible decay process of the SM-like Higgs boson and the non-SM-like Higgs boson at future
collider experiments is complementary to direct DM searches.
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Figure 3. The expected numbers of 4b events generated by various processes at the ILC for
mH = 60 GeV (left) and 70 GeV (right), respectively. mjj denotes the invarinat mass. The H
mediation contributions are shown with red color in the histogram.
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