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ABSTRACT: Two-Higgs-Doublet Model of Type-X in the large tan 8 limit becomes lep-
tophilic to allow a light pseudo-scalar A and thus provide an explanation of the muon g — 2
anomaly. Introducing a singlet scalar dark matter S in this context, one finds that two
important dark matter properties, nucleonic scattering and self-annihilation, are featured
separately by individual couplings of dark matter to the two Higgs doublets. While one of
the two couplings is strongly constrained by direct detection experiments, the other remains
free to be adjusted for the relic density mainly through the process SS — AA. This leads
to the 47 final states which can be probed by galactic gamma ray detections.
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1 Introduction

The existence of dark matter (DM) is supported by various astrophysical and cosmological
observations in different gravitational length scales. The best candidate for dark matter is
a stable neutral particle beyond the Standard Model (SM). The simplest working model
is to extend the SM by adding a singlet scalar [1, 2] and thus allowing its coupling to the
SM Higgs doublet which determines the microscopic properties of the dark matter particle.
This idea of Higgs portal has been very popular in recent years and studied extensively
by many authors [3]. However, such a simplistic scenario is tightly constrained by the
current direct detection experiments since a single Higgs portal coupling determines both
the thermal relic density and the DM-nucleon scattering rate.

One is then tempted to study the scalar dark matter property in popular Two-Higgs-
Doublet Models (2HDMs) [4]. Having more degrees of freedom, two independent Higgs
portal couplings and extra Higgs bosons, one could find a large parameter space accom-
modating the current experimental limits and enriching phenomenological consequences
[5].

The purpose of this work is to realize a scalar singlet DM through Higgs portal in
the context of a specific 2HDM which can accommodate the observed deviation of the
muon g — 2. Among four types of Zs-symmetric 2HDMs, the type-X model is found to be a
unique option for the explanation of the muon g — 2 anomaly [6] and the relevant parameter
space has been explored more precisely [7-10]. Combined with the lepton universality
conditions, one can find a large parameter space allowed at 20 favoring tan 8 2 30 and
ma < mpy g+ ~ 200 — 400 GeV [10]. The model can be tested at the LHC by searching
for a light pseudo-scalar A through 47 or 2u 27 final states [11, 12].

In the large tan 8 regime, the SM-like Higgs boson reside mostly on the Higgs dou-
blet with a large VEV. Therefore its coupling to DM is severely constrained by the direct
detection experiments. On the other hand, the other Higgs doublet with a small VEV con-
tains mostly the extra Higgs bosons, the light pseudo-scalar A, heavy neutral and charged



bosons H and H*, and thus its coupling to DM controls the thermal relic density preferably
through the annihilation channel SS — AA.

In Sec. 2, we describe the basic structure of the model. In Sec. 3 and 4, we discuss
the consequences of DM-nucleon scattering and DM annihilation which determines the relic
density as well as the indirect detection, respectively. We conclude in Sec. 5.

2 L2HDM with a scalar singlet

Introducing two Higgs doublets ®1 2 and one singlet scalar S stabilized by the symmetry
S — —S, one can write down the following gauge-invariant scalar potential:
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where a softly-broken Zs symmetry is imposed in the 2HDM sector to forbid dangerous
flavor violation. Extending the analysis in [4], one can find the following simple relations

for the vacuum stability:

Ag >0, A\ >0, X>0,
5\3 > — 5\15\2, (2.2)

;\3 + M — |)\5| > —1/ 5\15\2

where \; = A\ — K?/2)s, Ao = Ay — Kk3/2)3, and A3 = A3 — K1k2/2Xs. As we will see, the
desired dark matter properties require |k; 2| < 1 and thus the vacuum stability condition
can be easily satisfied in a large parameter space.

Minimization conditions determine the vacuum expectation values <<I>(1)72> = v12/V?2
around which the Higgs doublets are expressed as

1 .
Do = 77{2, E (01,2 +p12+ 177(1),2) . (2.3)

Removing the Goldstone mode, there appear five massive fields denoted by H*, A, H and
h. Assuming negligible CP violation, H* and A are given by

+,0 +.0
HE A= =5y + ey, (2.4)

where the angle § is determined from t¢g = tan8 = va/v1. The neutral CP-even Higgs
bosons are diagonalized by the angle a:

h = —sap1 + Cap2, (2.5)
H = +cap1 + sap2,

where h denotes the lighter (125 GeV) state.



Normalizing the Yukawa couplings of the neutral bosons to a fermion f by my/v where
v = +/v] + v3 = 246 GeV, we have the following Yukawa couplings of the Higgs bosons:

m — _ . _
—Ly = ). Tf (y?hff +yf HIf — Zy}“Af%f) (2.6)
f=u,d}t
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where the normalized Yukawa couplings y?’H’A are given by

A A H H h h
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As the 125 GeV Higgs (h) behaves like the SM Higgs boson, we can safely take the alignment
limit of cos( — ) ~ 0 and |y?| ~ 1 and y;if x 1/tg and ylA’H o tg. Notice that A and H
couple dominantly to the tau in the large tan 8 limit.

The singlet and doublet scalar couplings are given by

V = %SQ [QU(I{hh +rkpH)
+rpph® + 26 ghH + kgpH? + kaa(A* +2HYH )],
where kp = —K154C3 + K2caSg = mc% + ms%,
KH = +K1CaCg + k25058 = (K1 — K2)c358.
Khh = /1133 + mgci ~ mc% + /128%,
kha = —(K1 — K2)CaSa = (K1 — K2)c3sg,
KHH = /ﬂci + 5233 =~ ms% + /12(:%,

KAA = /{18% + /@26%, (2.8)

which shows interesting relations in the alignment limit: sy ~ Kpp, kg = Kpg, and K ~
kaA. Furthermore, one finds further simplification: xp, pp, ~ K2, kg ~ 0, and kKo gH ~
1 neglecting small contributions suppressed by 1/t3. This behavior determines the major
characteristic of the model.

3 DM-nucleon scattering

The spin-independent (SI) nucleonic cross-section of the DM is given by

2.2 2
™MV K KR
on = N 2< hgl\;Nh n HQJ;TNH> ’ (3.1)
m(mg + mp) mj myy

where gNNh ~ 0.0011 and gNNH =~ gNNh/t,B-
In Fig. 1(a), by considering the recent XENONI1T bound [13] (red solid) and the future
sensitivity of LUX-ZEPLIN [14] (purple dotted) and XENONnT [15] (blue dashed) exper-

iments, we highlight the allowed region in the plane of DM mass mg and the combination
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Figure 1. (a) The allowed parameter space in the DM mass mg and the combination of couplings
plane for SI scattering cross section. The red solid curve is the current bound from XENONIT [13]
experiment and the purple dot and blue dashed curves are the expected bounds in LUX-ZEPLIN [14]
and XENONnT [15] experiments, respectively. The region above the mentioned curves are excluded
at 90% confidence level. (b) The allowed region in k1 — k2 plane is illustrated by choosing mg =
150 GeV from the left panel figure. The color code is the same as of the left panel. For ko > 0, the
region above the direct detection experiment curves and for k5 < 0, the region below the curves are
excluded at 90% confidence level. We take my = 250 GeV and tg = 50 for this plot.

2

Kg m
ot LI
tg miy

bounds are excluded at 90% confidence level. For further illustration, in Fig. 1(b), we

of couplings . The region above the mentioned direct detection experiment

choose a benchmark point mg = 150 GeV and show the allowed parameter space in k1 — k9
plane for mg = 250 GeV and tg = 50. The color code is the same as in Fig. 1(a). Note
that in the limit of t3 > 1 and mpy > my,, the combined coupling is dominated simply
by ko and thus strongly constrained as in the SM Higgs portal scenario. One can also see
that it is not possible to make the combined coupling small through cancellation between
two large couplings. The other coupling x; is rather unconstrained and thus this freedom
allows us to reproduce the right relic density of dark matter.

4 DM annihilation

In our scenario with m4 < mjy < mpy g+ and tg 2 30, one can read from the DM couplings
(2.8) that the main DM annihilation channels depending on mg can be categorized simply
by SS — 77 for mg < ma; SS — AA for mg > mA, and SS — AA, HH/H"H~ for
mg > mpy g+. For our analysis, we take a representative parameter set: my = 50 GeV,
mp g+ = 250 GeV, and tg = 50.

First, in case of mg < my4, the DM pair annihilation goes through SS — h*/H* — 77,
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Figure 2. The right DM relic density is obtained by the red line through the DM annihilation
channels SS — 77,AA, and HH/HTH~. The gray shaded region is excluded by Ferm-LAT
gamma ray detection in the 27 [16] and 47 [17] final states. The plot is obtained for m4 = 50 GeV,
my g+ = 250 GeV, and tg = 50.

leading to the corresponding annihilation rate:

m2 |k, kpts|? m2\ %2
O'Urel(SS—)T’F) = 477: Fh‘i‘ PHﬂ‘ (1_7%;) R (41)
S

where Py = 4m?% — mi +ilymy for ¢ = h, H. Away from the resonance point, the thermal
freeze-out condition, ov,q &~ 2 x 1079GeV 2, is satisfied by

m2
|kp + kptg—a-| ~ 1.45. (4.2)
My
Considering the required limit of k1 > k2 (and thus kg ~ k1/tg), Eq. (4.2) requires
myg \?2
~58 () 43
1] 250 GeV (43)

This behavior is shown by the red curve for mg < 50 GeV in Fig 2, which is however
disfavored by the recent Fermi-LAT detection of gamma rays from dwarf galaxies [16].
For mg > my4, the SS — AA channel is the dominant annihilation process leading to

1 m2
oUrel(SS — AA) = TommZ | [1— m—‘;
S S

2
o ( KhARAA v2(4m% — mi) KHAHAA U2(4m% - mlzq) (4.4)
- P2 [Py 2 L

where in the alignment limit the triple scalar couplings are given by

(m2 —2m3) (3 - 53)

v2

1
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, (4.5)

AhAA =

1
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The curve satisfying relic density with the mentioned annihilation mode can be seen
from Fig. 2 for the range 50 GeV < mg < 250 GeV. As discussed in Sec. 2 that in the large
tg limit kj, ~ Ko, the resonance behavior at mg = my, /2 is absent in mg — k1 plane. It can
also be seen that due to Agaa > Ana4, an huge enhancement of annihilation cross section
near the H resonance region rendering tiny values of x1 to obtain the observed relic density.

For mg > my g+, the SS — HH, HTH~ channels are open to give additional contri-
bution given as

3 m%[
v (SS — HH/HYH ™) = 5 -
167wmg myg
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assuming myp = mpyg+. The triple scalar couplings at the alignment limit are
2 2 2 2
(mh — 2mH) (cﬁ — 55>
AwH+H- = 2 ; (4.8)
1 4 1 1
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HH+H 2 [mHSB < +ig+ c5> mig c% + S% (4.9)

The total effect of all three annihilation channels namely SS — 77, AA, HH/H"H™ in the
analysis is depicted in Fig. 2 for the range mg > 250 GeV where the observed relic density
is easily obtainable with sy ~ O(1071).

Fermi-LAT gamma ray detection from dwarf galaxies put strong bounds on the anni-
hilation rates for the 27 (Fig. 1 in Ref. [16]) and 47 (Fig. 9 in Ref. [17]) final states. Both
of them are similar, disfavoring mg < 80 GeV. In Fig. 2, we show the excluded parameter
space in gray shaded region. It should be noted that the indirect bound shown here is
imposed in a conservative way assuming 100% branching fraction for H and H* to 7 states
and still leaves the region mg > 80 GeV completely accessible.

5 Conclusion

In this work we consider an extension of the SM with an additional SU(2);, Higgs doublet
and with a singlet scalar serving as a viable DM candidate. Our particular interest is in the
2HDM of Type-X which can explain muon g — 2 anomaly in the parameter space allowing
a light pseudo-scalar A and large tan 3, and thus provides interesting testable signatures
at the LHC. This scenario reveals a simple characteristic of the allowed parameter space
consistent with the observed DM relic density and various constraints from direct and
indirect detections.

The strong constraint on the SM Higgs portal scenario from direct detection experi-
ments is evaded in a distinguishing way by extra Higgs portal present in the model. The
recent XENONIT limit and the future sensitivity of XENONnT and LUX-ZEPLIN exper-
iments severely constrains the quartic coupling xo of the DM to one of the Higgs doublets



(mostly SM-like) whereas the coupling x; to other Higgs doublet is permitted up to O(1)
values.

Such freedom allows us to obtain the correct relic density in the parameter space where
muon g — 2 anomaly can be explained. In this region of parameter space, the relevant
annihilation channels for the DM pair are 77, AA, HH/H"H~. As the DM annihilation
leads to the 27 or 47 final state, Fermi-LAT data from gamma ray detection exclude the DM
mass below about 80 GeV. We find that the relic density can be obtained with reasonable
values of the coupling k1 for the DM mass opening up the annihilation channel of AA.
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