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ABSTRACT: We investigate the collider signatures of three benchmark points in the singlet
fermionic dark matter model motivated by the Fermi gamma-ray excess at the Galactic
center. The benchmark points are classified according to the final state of the main dark
annihilation process: a pair of b quarks, Higgs bosons and new scalar bosons. Since the
dark sector in the model communicates with the visible sector through a mixing between
the new scalar and the Higgs boson, collider observables related to the measurements of
Higgs boson properties and searches for the new scalar boson are essential to probe the
benchmark scenarios at colliders. In this paper, we consider four collider observables: (1)
Higgs signal strength (essentially hZZ coupling), (2) triple Higgs coupling, (3) exotic Higgs
decay, and (4) direct production of the new scalar particle. We find that the benchmark
points have distinctive collider signatures that can be well tested by the interplay of future
lepton and hadron colliders.
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1 Introduction

The existence of dark matter (DM) in the universe is now well established by various
observations of the gravitational interactions of the DM and the anisotropy of cosmic
microwave background. In order to investigate its feature as a particle, it is required to
observe non-gravitational interactions of DM with the standard model (SM) particles. One
of such trials is indirect detections of the DM, which probe the signals from the annihilation
or the decay of the DM in the current universe. They can contribute to energetic charged
particles, photons, and neutrinos which are observable in satellite and terrestrial detectors.
In particular, the gamma-ray signals have always drawn attention in the sense that we can
identify the location of the sources.

Interestingly, several independent researches have reported an excess of the gamma-
ray emission from the Galactic center (GC) above the expected astrophysical background
from the analysis of the Fermi Large Area Telescope (LAT) data [1-11], confirmed later
by the experimental group [12]. The excess can be explained by DM annihilations or



decays although the explanations by unidentified astrophysical sources still remain viable
possibilities. In ref. [13], we examined the possibility that the GeV scale Fermi gamma-
ray excess at the GC can be explained by the DM annihilation in the singlet fermionic
dark matter (SFDM) model [14, 15]. Within the framework, we showed that the DM
annihilation into a b-quark pair, Higgs pair, and new scalar pair could provide good fits to
the Fermi gamma-ray excess data.

The astrophysical observations alone cannot, however, confirm that the excess is orig-
inated indeed from the DM due to the unknown populations of other astrophysical sources
near the GC. As a complementary approach to support the DM explanation, it is necessary
to probe the relevant DM scenarios in collider experiments where background events are
relatively well controlled. Following this strategy, we investigate the detection prospects of
the SFDM signals explaining the gamma-ray excess in future colliders such as the High-
Luminosity Large Hadron Collider (HL-LHC) and the International Linear Collider (ILC)
as reference machines of hadron and lepton colliders.!

The reference model parameters in ref. [13] are chosen to explain the Fermi gamma-
ray excess with a best fit for each annihilation channel: resonant bb production, Higgs pair
production, Higgs and a new scalar production when they are almost degenerate in mass,
and new scalar pair production. Then, we can proceed analyses with these reference pa-
rameters providing definite predictions for collider phenomenology. Note that the scenario,
where the SM-like Higgs boson and the new scalar are too degenerate in mass and the
couplings of the new scalar to WW and ZZ are highly suppressed, is quite hard to be
probed in collider experiments. Thereby we consider the reference parameters of the other
three channels, and name them benchmark point (BP) I, II, and III, in order.

This paper is organized as follows. We briefly describe the SFDM model in section 2.
The benchmark scenarios for explaining the Fermi gamma-ray excess are introduced and
their possible collider signatures in the future collider experiments are discussed in section 3.
Section 4 is devoted to conclusions.

2 Singlet fermionic dark matter

In this section, we summarize the key features of the SFDM model used in explaining the
gamma-ray excess from the GC [13]. The dark sector is composed of a real scalar field S
and a Dirac fermion field 1, both of which are singlet under the SM gauge group.

The Lagrangian for the dark sector is given by the following renormalizable interac-

tions.
L7 = D (id — my, ) + %%58#5 — gs(cos 0Pt + sin O in®)S — Vg(S, H),  (2.1)

where the singlet scalar potential is

1 A A
Vs(S. H) = gmps® + MHTHS + M\HTHS? + 2363 4 22

) 154' (2.2)

'Note that the analysis results in the ILC can be easily converted to those in the Circular Electron
Positron Collider (CEPC) as well.



As compared to the original proposal of the SEDM [14], the pseudoscalar interaction in the

dark sector is further introduced to obtain a good fit to the gamma-ray excess from the

GC using the DM annihilation. See ref. [13] for the detail of the fit to the gamma-ray data.
The SM Higgs potential is given as

Vom = —p2H H + \o(HTH)?. (2.3)

The Higgs doublet H is written in the unitary gauge after the electroweak symmetry

1 0
() "

with v, >~ 246 GeV. The singlet scalar field also develops a nonzero vacuum expectation

breaking as follows:

value, v,, and the singlet scalar field is written as S = vs + s. The mass parameters ;> and
m3 can be expressed in terms of other parameters by using the minimization condition of
the full scalar potential Vg + Vg, i.e.,

u? = )\ov,zl + (A1 + Aovs)vs,

A A A
2 1 2 3 4 2
= - A — — . 2.5
Mo (21)5 + 2) Uh (21)5 + 6 ) Us (2:5)
The mass terms of the scalar fields are
_ T 2
Linass = 2,Uhh + 2/~LSS + Mhshs, (26)
where
1y = 2 v7,
9 _)\w% N (33 + 2A4v5)vs
Mg = 22}5 6 ’
fis = (A1 4 2X205) 0. (2.7)

A non-vanishing value of ufw induces mixing between the SM Higgs field configuration h
and the singlet scalar field s as

h1 cos by sinf, h
= 5 (2'8)
ha —sin 8, cos 0, s

The mixing angle 6, is given by

tanfs = 2.9
Tl /12 29)
with y = 2u2 /(12 — p2). Then, the physical Higgs boson masses are
1
mi, = 5 |+ 1) % 0 = i)V T+ (2.10)



We define that hy is the SM-like Higgs boson with my, = 125 GeV and hs is the singlet-like
scalar boson throughout this paper.

The imaginary mass term of the DM particle 1 from the pseudoscalar interaction,
proportional to sinf in (2.1), can be eliminated by a chiral transformation and field redef-
inition, as stated in refs. [13, 16]. Then, one can find that the DM mass is given by

my = \/(m¢0 + gsvs cos 0)2 + gZvZ sin? 6. (2.11)

And the dark sector Yukawa interactions are redefined as

— L3 = ggcos € sP + gg sin € siny, (2.12)
where
0
cosE = My, COS 0 + gsvs,

My,

in6
sing = (o ST (2.13)

My,

Therefore, there are three independent model parameters for the singlet fermion: my, gg,
and . On the other hand, the masses my, ,, the mixing angle 6,, and self-couplings of the
two physical Higgs particles hy and hy are determined by the six independent parameters
in the scalar potential, A\g, A1, A2, A3, A4, and vs. For a reference, we recall that the scalar
triple Higgs self-couplings c;; for h;h;hy interactions are expressed as

c111 = 6 gup, cos® 0+ (3A1+6Xv5) cos? 0, sin 05 + 6 o0, cos By sin® O, + (A3 + Aqvs) sin® 6,
c112 = —6 vy, cos? O sin O, + 2\qvy, (2 cos? 0, sinfy — sin® 95)
+ (A1 +2X2v5) (0053 05— 2cosfssin’ 93) + (A3 + A\qvg) cos b sin’ 0,
129 = 6Agup, €080, sin? 05 + 2 9v), (cos3 05— 2cos b, sin’ 95)
— (A1 4+2A905) (2 cos? O, sin s — sin® 93) + (A3 + A\qvy) cos? O, sin O,
Ca22 = —6Agup sin® O 4 (31 + 620, sin’ O cos B — 6 A9y, sin b cos® b
+ (A3 4+ M\gv5) cos® . (2.14)

3 Benchmark points and collider signatures

In ref. [13], we demonstrated in detail that several annihilation processes of the DM could
provide good fits to the Fermi gamma-ray excess data in the SFDM model. We consider
three benchmark points according to the final state of the main DM annihilation process.
The first benchmark point corresponds to the DM annihilation channel into a b-quark pair
(BP 1), while the second and third benchmark points correspond to the DM annihilation
channels into a SM-like Higgs pair (BP II) and into a new scalar pair (BP III), respectively,
which subsequently decay into the SM particles.

The model parameters of each benchmark scenario are fixed by fitting the Fermi
gamma-ray excess data, and it gives rise to definite predictions for collider phenomenology



as will be seen shortly. A benchmark point will be strongly favored as a solution for the
Fermi gamma-ray excess if the prediction is confirmed by the future collider experiments.
Let us now discuss the details of the three benchmark points and their collider signatures
one by one.

3.1 BP I ()¢ — bb annihilation channel)

The channel of DM annihilation into a b-quark pair is one of the most widely considered
possibilities explaining the gamma-ray excess. For example, the model independent study
in ref. [11] showed that the DM annihilation into bb gives a good fit for the gamma-ray excess
data if mpy ~ 48.7 GeV and the DM annihilation cross section (ov) ~ 1.75x 10726 cm3 51
for a self-conjugate DM. In the SFDM model, this channel can give a best fit to the observed
data when my = 49.706 GeV, my, = 99.416 GeV, mp, = 125.3GeV, and sinf; = —0.117
from the reference parameters \g = 0.128816, A1 = 36.625338 GeV, Ay = —0.131185, \3 =
—333.447606 GeV, Ay = 5.648618, vy = 150.017297 GeV, gs = 0.055, and sin & = 0.01 [13].

With the parameter setup, we obtain the correct DM relic density QA% = 0.118, and

35! which can explain the Fermi

the DM annihilation cross section (ov) = 1.5 x 1072 cm
gamma-ray excess within the uncertainty of the galaxy halo profile near the GC. Note,
however, that only a narrow parameter region around the resonance of 1) — bb is allowed
to fit the correct relic density. Furthermore, the new scalar ho needs to be almost scalar in
the dark sector, i.e., sin & = 0.01, to avoid the strong astrophysical bounds from the obser-
vation of the gamma-rays coming from the dwarf spheroidal galaxies by Fermi-LAT [17] and
the antiproton ratio by PAMELA [18] and AMS-02 [19]. On the one hand, the small mixing
angle between the SM-like Higgs and the singlet scalar, i.e., sin s = —0.117 suppresses the
spin-independent cross section of the DM recoiling against nucleon as ~ 6.3 x 107%® cm?,
which is below the constraints from various DM direct detection experiments.

In the following subsections, we discuss the collider signatures of this benchmark point
in terms of the Higgs signal strength, triple Higgs coupling, exotic Higgs decays, and direct

production of hs.

3.1.1 Higgs signal strength

As already mentioned, the physical Higgs states are admixtures of A and s in the SFDM
model. Therefore, the SM-like Higgs couplings to SM gauge bosons and fermions are
universally suppressed by the factor of cos 6, compared to the couplings in the SM.

The universal reduction factor cosfs can be precisely measured at the ILC. The
SM cross section for the Higgsstrahlung process ete™ — Zh reaches its maximum value at
/s = 250 GeV. About a half million Zh events are expected from the integrated luminosity
of 2 ab™! with a suitable polarization of ete™ beams. Then, it is possible to precisely
measure the inclusive cross section of the Higgsstrahlung process using the recoil mass
technique, which disregards the decay products of the Higgs boson. For a Z boson decaying
into a pair of fermions, Z — ff, the recoil mass is defined as [20, 21]

Mieconr = \/3 - 2\/§(Ef + Ef) + m?‘f (31)



It corresponds to the mass of the Higgs boson associated with the Z boson in the Hig-
gsstrahlung process. On the other hand, the simplest approach to represent the effect of
new physics is the so-called x formalism, where the form of Higgs interactions to the SM
particles are the same as the SM, but the couplings are rescaled from the SM value. In
the SFDM model, the cross section oz, is proportional to cos? fs. The cos 65 value can be
determined very precisely, with accuracy of 0.38% assuming a total integrated luminosity
of 2 ab™! in the s formalism:

olete™ — Zhy)
olete™ — Zh)

where the denominator is the SM prediction. Higher energy stages of the ILC experiments

= cos? O, (3.2)

W =

will reach an accuracy of 0.3% for the hZZ coupling [22].2

The mixing angle sinf; = —0.117 of the BP I implies 0.7% deviation of the hZZ
coupling from the SM value. Therefore the ILC experiment will be able to measure the
deviation. On the other hand, the HL-LHC experiment is expected to have an accuracy of
~ 4% [24, 25], which is insensitive to the deviation of the Higgs coupling.

3.1.2 Triple Higgs coupling

Another possible deviation from the SM couplings comes from the triple Higgs self-coupling
c111- In the SFDM model, the Higgs self-couplings are given by eq. (2.14). The prospects
for measuring the Higgs self-coupling is not so promising at the LHC, even at the HL-LHC.
Only O(1) accuracy is expected for the triple Higgs coupling c¢111 from the observation of
the Higgs pair production in the channel hh — bbyy at the HL-LHC [26]. Meanwhile,
projections for 100 TeV pp colliders show that a very good precision on the determination
of the triple Higgs coupling, a statistical precision of the order of 4%, is achievable using
the bbyy channel with the integrated luminosity of 30 ab=! [27, 28]. For the BP I, the
triple Higgs coupling c111 is 183.95 GeV, which corresponds to 3.9% reduction from the SM
value, so it is on the sensitivity limit of the 100 TeV pp collider.

As for the ILC, high-energy machines with center-of-mass energies above 350 GeV can
provide the opportunity of directly probing the coupling c¢111 through Higgs-pair production
processes, in particular, the double Higgsstrahlung e*e~™ — Zhh and W W -fusion ete™ —
vovhh processes. It is known that the interference between diagrams with and without a
triple Higgs vertex has opposite sign in double Higgsstrahlung and W W -fusion, so that
a combination of double Higgsstrahlung and W W-fusion measurements could be used to
maximize the precision for the deviation of the triple Higgs coupling. ILC runs at 500 GeV
or higher energies maximize the overall precision allowing for a determination of c111 with
a ~ 20% uncertainty at 68% C.L. [23]

3.1.3 Exotic Higgs decays

As mentioned in subsection 3.1.1, the ILC can measure the absolute size of the inclusive
Higgs production cross section o(ete™ — Zhy) by applying the recoil mass technique,

2Furthermore, it is expected that the FCC-ee experiments at 240 GeV (5 ab™!) and at 365 GeV (1.5
abfl), combined with measurements of single and double Higgs processes at the HL-LHC, can achieve
~ 0.25% of the accuracy for hZZ coupling [23].



which is independent of the Higgs decay modes. The recoil mass technique is applicable even
if the Higgs decays invisibly and hence indispensable for extracting the Higgs branching
ratio. For the sensitivity to invisible decay modes of the Higgs boson, the 250 GeV ILC with
2 ab~! luminosity and polarized beams would provide an upper limit BR(h — invisible) <
0.3% at 95% C.L. [29], which is a factor of 20 below the expected sensitivity of the HL-
LHC [24, 30].

The SFDM model can lead to new Higgs decay channels if kinematically allowed. In
the BP I, the mass of the singlet fermion is m,, ~ 50 GeV so that the SM-like Higgs h; can
decay into a pair of DM particles, which will escape the detector without leaving tracks,
thus leading to an invisible Higgs decay. The branching ratio of the invisible Higgs decay
is predicted to be BR(h1 — ¥1)) = 0.73%. Hence, we expect that the invisible Higgs decay
of the BP I is within the reach of the ILC, while it is beyond the reach of the HL-LHC.

3.1.4 Production of hs at colliders

The new particles can be produced at colliders, thus enabling a direct probe of the SFDM
model through dedicated search channels. The search for the light additional Higgs boson
ha (mp, < my,) directly produced via the gluon-gluon fusion process at hadron colliders
suffers from a huge amount of backgrounds if hg — bb is the dominant decay mode. Nev-
ertheless, the LHC increases the sensitivity on the search for the light Higgs by combining
with the other production channels. For instance, the CMS collaboration studied a low-
mass resonance in the diphoton channel by combining the 8 TeV and 13 TeV data [31].3
The CMS analysis result sets the upper limit to the ratio of the production cross sections as

o(pp — ha — ¥Y)
a(pp = h = ¥vY)sm

=sin? 6, <0.25 (3.3)

at 95% C.L. for myp, = my, ~ 99 GeV. For the HL-LHC, we expect that the upper limit
will be improved by order of magnitude, sin?€f, < O(0.01), so that the production of hsy
can be marginally discovered.

At the present time, the strongest bound on sin? 6, from the direct production of hs
still comes from LEP. The LEP experiments provide the 95% C.L. upper bound on the
Higgs mixing angle sin’ f; as a function of the light Higgs mass my,,, which corresponds to
sin? f, ~ 0.01 for my, = 20 GeV and sin? s ~ 0.1 for my,, = 100 GeV [33].

The bounds from the ILC experiment can significantly supersede the LEP bounds due
to the higher luminosity by a factor of a thousand as well as polarized beams. The main
production processes for light Higgs bosons at the ILC are Higgsstrahlung (ete™ — Zhs)
for low center-of-mass energies and WW-fusion (e*e~ — wvihy) for high center-of-mass
energies. By using MadGraph 5 [34], we obtain the production cross sections of eTe™ — Zhs
and ete” — vwhy for polarized beam P(e™, et) = (—80%, +30%). Figure 1 shows the
cross sections at various center-of-mass energies.

Here we concentrate on the ILC run at /s = 250 GeV and apply the nominal results in
ref. [35] for the 250 GeV with the integrated luminosity 2000 fb~!, which are extrapolated

3See also ref. [32] and the references therein.
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Figure 1. The production cross sections for hy at various /s in GeV with polarized beams. The
solid curves correspond to the Higgsstrahlung process ete~™ — Zhs, and the dashed curves are the
WW-fusion process ete~™ — vishy. The red, blue, and green colors denote the BP I, II, and III,
respectively.

from the LEP results with the beam polarization P(e™, e*) = (—80%, +30%). Two ap-
proaches, ‘ILC traditional’ and ‘ILC recoil’, are studied for estimating the sensitivity of the
ILC to light Higgs masses. In the ILC traditional method, the signal process is identified
with light Higgs decay hy — bb and Z boson decay Z — pTp~. On the other hand, in
the ILC recoil method, only Z boson decay (Z — u™ ™) is exploited and the recoil mass
distribution is studied. The 95% C.L. upper limits on the Higgs mixing angle sin® 6, are
obtained for small Higgs masses below 125 GeV as follows [35]:

sin? 05 € [0.001,0.002] with ILC traditional, (3.4)
sin? 0, € [0.003,0.005] with ILC recoil.*

For my, = 99.4GeV, the corresponding maximal reach at the ILC is sin?fs ~ 0.0015.
Therefore, the signal of the light Higgs hs can be well discovered in the case of the BP I,
where sin? 0, = 0.014.

3.2 BP II (¢ — hjh; annihilation channel)

The channel of DM annihilation into the SM-like Higgs pair (hih; in the SFDM) is an
alternative possibility explaining the gamma-ray excess. For example, a model independent
study in ref. [11] also showed that the DM annihilation into the Higgs pair gives a good fit
for the gamma-ray excess data if mpn =~ my, =~ 125.7 GeV and the DM annihilation cross
section (ov) ~ 5.33 x 10726 cm3s~! for a self-conjugate DM.

“See ref. [36] for a more conservative estimation.



In the SEFDM model, this channel gives a best fit when my = 127.5GeV, my, =
124.9 GeV, my, = 213.5GeV, and sinfs = —0.11 from the Lagrangian parameters \g =
0.1315, A\ = 1237.8GeV, Ay = —2.0, A3 = —820.5GeV, Ay = 9.39, vs = 306.15GeV,
gs = 0.098, and sin¢ = 1 [13]. From theses parameters, we obtain the correct DM relic
density Qh%? = 0.12, and DM annihilation cross section (ov) = 2.11 x 10726 cm3s~!,
explaining the gamma-ray excess within the uncertainty of the galaxy halo profile near the
GC. Note that the BP II is safe from various astrophysical bounds even when the light
Higgs hs is purely pseudoscalar in the dark sector. In the following subsections, we discuss
the collider signatures of this benchmark point.

3.2.1 Higgs signal strength

In the BP II, the Higgs mixing angle is sinf; = —0.11, i.e., cos 05 = 0.994, which implies
a 0.6% deviation of hZZ coupling from the SM value. As commented in the previous
subsection, the deviation is within the reach of the 250 GeV ILC (0.38%).

3.2.2 Triple Higgs coupling

The triple Higgs coupling c111 = 148.96 GeV of the BP II corresponds to 22% deviation
from the SM value. The deviation can be marginally detected at the ILC with higher center-
of-mass energy whose accuracy is expected to be ~ 20% [23]. On the other hand, it can be
well measured in the 100 TeV pp collider where ~ 4% accuracy might be reachable [24, 25].

3.2.3 Exotic Higgs decays

Since mp, > myp, and 2m, > my,, exotic Higgs decays such as hy — hohs and hy — )
are not expected for the BP II.

3.2.4 Production of hs at colliders

The singlet-like Higgs mass of the BP II is mj, = 213.5GeV. For the mass region of
mp, < Mmp, < 2my,, ho dominantly decays to the pairs of WW and ZZ. The corresponding
branching ratios are BR(hy — WW) = 71.5% and BR(he — ZZ) = 28.0% and the total
decay width of the hy is about 25 MeV. The strongest constraint for the additional Higgs in
this mass range comes from the current LHC searches for a new scalar resonance decaying
to a pair of Z bosons [37-39]. The 95% C.L. upper bound on o(pp — X — ZZ) at the
LHC with an integrated luminosity of ~ 36fb™! at the center-of-mass energy of 13 TeV,
is about 2.8 x 10~! pb for mx ~ 210GeV. This can be translated to the upper bound
on the Higgs mixing angle as sin?6, < 0.06 for mpy ~ 210GeV. At the HL-LHC with
the integrated luminosity of 3000 fb~!, an order of magnitude improvement on the bound,
sin? 6, < 0.008 at 95% C.L., is expected [40]. Therefore, we expect that the corresponding
signal of ho with the mixing angle sin?#, = 0.012 can be observed at the HL-LHC.

3.3 BP III (41 — hohy annihilation channel)

Another viable scenario for the Fermi gamma-ray excess is the DM annihilation process into
dark sector particles. The scenario is the most promising channel explaining the gamma-
ray excess in the sense that it is rather easy to avoid various bounds from colliders and



astrophysical observations. The model independent study in ref. [41] shows that the DM
annihilation into a pair of new scalars (¢¢), each of which decays to a b-quark pair, can
provide a good fit for the Fermi gamma-ray excess data. The best fit is obtained for mpy ~
65 GeV and the new scalar mass is about the half of the DM mass mg = mpu/2. The DM
annihilation cross section is (ov) ~ 2.45 x 10726 cm®s~!, assuming a self-conjugate DM.
In the SFDM, the best fit to the excess is obtained when m, = 69.2GeV, my, =
125.1 GeV, myp, = 35.7GeV and sinf; = 0.025 from the parameters in the Lagrangian
Ao = 0.13, \; = 4.5GeV, Ao = —0.0055, A\3 = —391.51 GeV, \y = 2.20, vy = 276.21 GeV,
and gg = 0.056. With these parameter setup, we obtain the correct DM relic density
Qh% = 0.121, and the DM annihilation cross section (ov) = 2.26 x 10726 cm®s™1. The
benchmark scenario can explain the Fermi gamma-ray excess within the uncertainty of the
galaxy halo profile near the GC like the other benchmark points. We discuss the collider

signatures of the BP III in this subsection.

3.3.1 Higgs signal strength

The Higgs mixing angle sinf; = 0.025 corresponds to cosfs = 0.9997. It implies 0.03%
reduction of hZZ coupling from the SM value. The future colliders including the ILC are
not sensitive enough to measure such a small deviation.

3.3.2 Triple Higgs coupling

The triple Higgs coupling of the BP III is ¢117 = 190.57 GeV, which implies —0.15% devia-
tion from the SM prediction. Such a small deviation will be very difficult to measure even
in the 100 TeV pp collider.

3.3.3 Exotic Higgs decays

The singlet-like Higgs mass of the BP III (my, = 35.7GeV) is smaller than half of the
SM-like Higgs mass, thus h; can decay into a new scalar pair hoho. The corresponding
branching ratio is BR(hy — hohge) = 7%. The light Higgs subsequently decays to mostly
bb, with BR(hy — bb) = 86%, giving rise to BR(h1 — hohs — 4b) = 5.2%.

Recently, the ATLAS collaboration has provided a result of search for the Higgs boson
produced in association with a vector boson and decaying into two spin-zero particles in the
H — aa — 4b channel at the 13 TeV LHC with an integrated luminosity of 36.1 b=t [42].
The 95% C.L. upper limit on the combination of cross sections for WH and ZH times
the branching ratio of H — aa — 4b ranges from 3.0 pb for m, = 20GeV to 1.3 pb
for mg = 60 GeV. The upper limit is about 1.1 pb for m, = 35.7 GeV. We can translate
the result to an upper limit on the branching ratio BR(hy — hohe — 4b) < 50% with
mp, = 35.7GeV for the BP III, assuming the SM cross sections for WH and ZH. An
order of improvement on the bound will be possible at the HL-LHC [43].

Searches for exotic Higgs decays with final states involving quarks are somewhat chal-
lenging at the LHC and HL-LHC. However, the ILC at /s = 250 GeV has an excellent
sensitivity to search for such final states, due to low QCD backgrounds and the recoil mass
technique for tagging the Higgs boson associated with the Z boson. Through the Hig-
gsstrahlung process ee™ — Zhy and the hy — hohy — 4b decay, the 250 GeV ILC with

~10 -



Higgs signal strength | Triple Higgs coupling Exotic Higgs decay hg production
0.7% reduction 3.9% reduction BR(h1 — ¢3p) = 0.73% m.h22 =99.4GeV,
BP I O A O sin? 05 = 0.014
(BR(h — invisible) < O
~ 0. IL ~ 4 FCC-hh N
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BP I1 O O No exotic decay sin 05 = 0.012
(6 ~0.3% (ILC)) | (5~ 4% (FCC-hh)) x O
e ° i (sin2 05 < 0.008 (HL-LHC))
0.03% reduction 0.15% reduction BR(h1 = hohs) = 7% m2h2 = 35'7G6V7_4
BP 111 X X O sin? 05 = 6.3 x 10
(BR(h — ss — 4b) < X
(6 ~0.3% (ILC)) (8 ~ 4% (FCC-hh)) 0.1% (ILC)) (sin? 6, < 0.0015 (ILC))

Table 1. Summary of the collider signatures for the benchmark points. The circle (triangle) denotes
that the collider signal of the benchmark can be (marginally) measurable at future colliders. The
cases where the collider signal is expected to be hard to measure or beyond the reach of the future
colliders are marked with the cross. The texts in parentheses are relevant bounds expected at the
future colliders.

the integrated luminosity of 2 ab~! can exclude branching ratio of hy — hoho — 4b down
to ~ 1073 [44]. Therefore, we expect that the exotic Higgs decay of the BP III will be very
well detected at the ILC experiment.

3.3.4 Production of hs at colliders

In the BP III, the Higgs mixing angle is sin? 6, = 6.25 x 10~* and the mass of the singlet-
like Higgs is mp, = 35.7 GeV. Since the mixing angle value is much smaller than the ILC
sensitivity given in eq. (3.4), the signal for the eTe™ — Zhy process is beyond the reach of
the ILC experiment.

4 Conclusions

In this paper, we investigated various collider signatures of some benchmark points in
the SFDM model. The benchmark points were classified according to the final state of
the dominant DM annihilation process, and we showed in the previous study that each
of them provides a best fit to the gamma-ray excess observed at the GC. Specifically, we
chose three benchmark points where the DM annihilates dominantly into a pair of b quarks,
SM-like Higgs bosons, and new scalars, dubbed as BP I, BP II, and BP III, respectively.
Provided that the SFDM is a proper reference model for the DM, probing their collider
signatures is necessary in order to either support or oppose the possibilities of explaining
the gamma-ray excess in terms of the DM annihilation.

In the SFDM model, all the particles in the dark sector are singlets, but they are
connected with the SM sector through a mixing between the singlet scalar and the Higgs
boson. Thus, collider observables related to the Higgs boson serve essential means to test
the model. We categorize the search strategies by listing four observables: Higgs signal
strength, triple Higgs coupling, exotic Higgs decay, and production of the new scalar, ho,
at future colliders such as ILC, HL-LHC, and FCC-hh.
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Table 1 summarizes preferred observables for probing each benchmark point. We find
that the BP I can be explored by the measurements of the Higgs signal strength, exotic
Higgs decay, and hy production at the ILC. On the other hand, as the triple Higgs coupling
of the BP I is on the sensitivity limit of the FCC-hh, we expect that observing a deviation
of the triple Higgs coupling from the SM prediction will be marginally possible. In the
case of the BP II, all the collider observables except the exotic Higgs decay are useful.
In particular, the triple Higgs coupling of the BP II is substantially smaller than the SM
prediction, so it is easily testable in the future experiments. The BP III can be probed by
the search for the exotic Higgs decay h1 — hoheo, while the direct production of ho is hardly
measurable due to the tiny mixing angle. Our study shows that combined searches must be
performed to find the new physics signals at future lepton and hadron colliders since single
collider observable is not sufficient to probe all the benchmark scenarios simultaneously.
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