
Probing a light dark sector at future lepton colliders via invisible decays
of the SM-like and dark Higgs bosons

Gholamhossein Haghighat ,1,* Mojtaba Mohammadi Najafabadi,1,† Kodai Sakurai ,2,‡ and Wen Yin 2,§

1School of Particles and Accelerators, Institute for Research in Fundamental Sciences (IPM),
P.O. Box 19395-5531, Tehran, Iran

2Department of Physics, Tohoku University, Sendai, Miyagi 980-8578, Japan

(Received 26 September 2022; accepted 22 January 2023; published 27 February 2023)

A renormalizable UVmodel for axionlike particles or hidden photons, which may explain the dark matter,
usually involves a dark Higgs field, which is a singlet under the standard model (SM) gauge group. The dark
sector can couple to the SM particles via the portal coupling between the SM-like Higgs and dark Higgs
fields. Through this coupling, the dark sector particles can be produced in either the early Universe or the
collider experiments. Interestingly, not only the SM-like Higgs boson can decay into the light dark bosons,
but also a light dark Higgs boson may be produced and decay into the dark bosons in a collider. In this paper,
we perform the first collider search for invisible decays by taking both the Higgs bosons into account. We
use a multivariate technique to best discriminate the signal from the background. We find that a large
parameter region can be probed at the International Linear Collider operating at the center-of-mass energy of
250 GeV. In particular, even when the SM-like Higgs invisible decay is a few orders of magnitude below the
planned sensitivity reaches of the International Linear Collider and the high luminosity LHC, the scenario
can be probed by the invisible decay of the dark Higgs boson produced via a similar diagram. Measuring the
dark Higgs boson decay into the dark sector will be a smoking gun signal of the light dark sector. A similar
search of the dark sector would be expected in, e.g., the Cool Copper Collider, the Circular Electron Positron
Collider, the Compact Linear Collider, and the Future Circular electron-positron Collider.
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I. INTRODUCTION

The existence of a dark sector is plausible due to the
evidence for dark matter (DM). In particular, a light dark
sector may be reasonable since DM stability is easily
guaranteed. axionlike particles (ALPs) and hidden photons
are widely studied and considered dark matter candidates. In
a large class of models, they arise from the spontaneous
breaking of a global (gauged) U(1) symmetry by the
vacuum expectation value (VEV) of a dark Higgs field
whose (would-be) Nambu-Goldstone boson is an ALP
(hidden photon) (see Refs. [1–7] for reviews). Given the
portal coupling [8–12] between the dark and Standard
Model (SM)-like Higgs doublet fields, which may not be
too small due to the ’t Hooft naturalness argument [13], and

given that they both get VEVs, mixing between the dark and
SM-like Higgs bosons is induced (see Appendix A 1).
Thanks to this mixing, light dark matter can be successfully
produced in the early Universe (see Appendix A 2). This
mixing leads to a universal prediction for a large class of
models,1 which is the invisible decay of the SM-like Higgs
boson into the light dark sector particles, and the existence
of the dark Higgs boson. The dark Higgs boson and the
SM-like Higgs boson may be produced and decay into the
light dark matter particles in the early Universe or collider
experiments. In a collider, especially in a Higgs factory, the
SM-like Higgs invisible decay and dark Higgs invisible
decay, which have similar diagrams, may be both probed.
The former has been studied widely. The current upper limit
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1Our analysis can even be applied to probe the case that the
pseudo-Nambu-Goldstone boson is the weakly interacting mas-
sive particle (WIMP) dark matter whose mass is around the half
of the Higgs boson mass [14–19]. Although, in this case, the mass
effect is not negligible, we expect that we can still have a very
nice opportunity to search for the dark Higgs decay into DM at
future lepton colliders. To distinguish the WIMP models from
light-dark sector models, we focused on, after we detect the dark
Higgs invisible decay, we may check the SM-like Higgs boson
decay rate into the massive DM pair and, further, consider the
indirect/direct detection experiments.
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on the invisible branching fraction of the SM-like Higgs
boson is 0.11 (0.18) at 95% confidence level (C.L.) from the
ATLAS (CMS) searches [20,21]. The projected upper limit
at the high luminosity LHC (HL-LHC) is also found to be
0.038 [22] (also see the studies [23,24]). For the latter,
excluded regions on a model parameter space by the dark
Higgs invisible decay with LEP data is studied in [25].
In addition, in the case the SM-like Higgs boson does
not decay invisibly, collider searches for dark Higgs
boson production at the International Linear Collider
(ILC) with the center-of-mass energies 250 and 500 GeV
were studied in Refs. [26] (irrelevant to the dark Higgs
boson decay products) and [27], respectively. The invisible
decay with either Higgs boson at the Compact Linear
Collider (CLIC) was studied in [28] (see also other relevant
papers [16,18,29–32]). However, the collider simulation
involving productions and decays of both Higgs bosons has
not been studied in detail so far. Since the productions, as
well as decays, of the two Higgs bosons are tightly linked in
a wide class of light dark sector models, in a large parameter
region, they cannot be separately discussed. When they both
contribute to the events, the collider signals would be
affected statistically, and thus, as we will see, either enhance
or suppress the resulting significance depending on the
observables and parameter regions.
In this paper, we study the invisible decays of the two

Higgs bosons at the ILC [33] as an approach to probe the
light dark sector. Choosing to work at a lepton collider for
such a search is mainly motivated by the fact that lepton
colliders provide a clean environment with less background
compared with the hadron colliders and that there is no
ambiguity about the energies of the colliding particles at
lepton colliders. Assuming the ILC operates at the center-of-
mass energy of 250 GeV, we search for the missing energy
signature from the light dark particles produced in the
decays of the Higgs bosons. The production of a SM-like
Higgs boson h or a dark Higgs boson s in association with a
Z boson, e−eþ → h=sþ Z, with subsequent decay of the
produced Higgs boson into light dark particles is assumed as
the signal process in this study. We estimate the back-
grounds relevant to the signal process and use a multivariate
technique to separate the signal from the background. We
pay careful attention to all decay modes of the produced
Z boson. Different signal regions are defined so that all
possible final states are covered, and the analysis is
performed for each signal region independently. It is seen
that the backgrounds are well under control using a number
of carefully defined discriminating variables. We find that
even if the SM-like Higgs boson invisible decay rate is a
few orders of magnitude smaller than the reaches of the
HL-LHC and ILC, the light dark sector models can still be
probed by the invisible decay of the produced dark Higgs
boson. It is also shown that a similar improvement with
respect to the indirect limits on the invisible decay of the
SM-like Higgs boson derived from Higgs signal strength

measurements [34–36] can be achieved. It is also seen that
the SM-like and dark Higgs bosons can be reconstructed
and can even be distinguished if they have different masses.
This affords us the opportunity to detect the dark Higgs
boson and measure its physical properties, e.g., its mass,
which can provide a smoking gun signal of the light dark
sector. We choose ILC to perform the analysis for illus-
trative purposes. Our conclusions and numerical results can
be directly applied to lepton colliders like the Circular
Electron Positron Collider, the CLIC, the Future Circular
electron-positron Collider [37–39], as well as the recently
proposed Cool Copper Collider [40] if the detector effects
do not differ.
This paper is organized as follows. In Sec. II, we discuss

the model for the renormalizable light natural dark sector,
its cosmology, and the prediction of the Higgs boson
invisible decay (more precisely in Appendices A 1 and
A 2). Section III is dedicated to the search for Higgs
invisible decays at the ILC. Section III A discusses the
signal process under consideration and relevant back-
ground processes. A Monte Carlo simulation method,
used to generate signal and background samples, is
described in Sec. III B. In Sec. III C, the employed object
identification and event selection procedure is discussed.
Section III D provides a detailed discussion of the multi-
variate method used for signal-background discrimination,
and in Sec. III E, the constraints on the model parameters
obtained in the analysis are provided.

II. RENORMALIZABLE MODEL FOR A GENERIC
LIGHT DARK SECTOR

A. Model

Let us consider a dark sector with one dark Higgs field,
Φ, which spontaneously breaks a continuous Gdark sym-
metry by its VEV,

h0jΦj0i ¼ vΦ: ð1Þ

In this minimal setup, the only renormalizable interaction
between the SM and dark sector is the portal coupling
between the SM-like and dark Higgs fields. We consider
the most general Higgs potential, given by

V ¼ −m2
ΦjΦj2 þ λjΦj4 þ λPjHj2jΦj2 þ λHjHj4 − μ2HjHj2;

ð2Þ

where Φ (H) is the dark (SM-like) Higgs singlet (doublet)
field which breaks the Gdark (SUð2ÞL × Uð1ÞY) symmetry,
λP; λð> 0Þ and λHð> 0Þ are constants, μ2H ≃ ð125 GeVÞ2=2
is the bare Higgs mass term in the SM, and m2

Φð> 0Þ is the
dark Higgs mass squared parameter.
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Via the symmetry breaking, we obtain

H¼
� Gþ

vþ 1ffiffi
2

p ðϕrþ iG0Þ
�
; Φ¼ vΦþ 1ffiffiffi

2
p ðρþ ia0Þ; ð3Þ

where v denotes the VEV of the SM-like Higgs field, and
G�,G0 are the Nambu Goldstone bosons (NGBs) absorbed
as a longitudinal mode of the weak gauge bosons. Here,
for simplicity of discussion, we assume Gdark is a global
U(1) symmetry. In this case, the NGB associated with the
spontaneous breaking of Gdark is an ALP. We assume the
ALP, a0, acquires its mass via explicit symmetry breaking
with a generic renormalizable potential controlled by a real
order parameter κ,

δV ¼ κ

�X4
j¼1

cjm
4−j
Φ Φj þ

X2
j¼1

ðc̃Hj m2−j
Φ ΦjjHj2

þ c̃Φj m
2−j
Φ ΦjjΦj2Þ

�
þ H:c: ð4Þ

Here, cj; c̃xj ðx ¼ H;ΦÞ are complex dimensionless coef-
ficients that involve generic CP phases. At κ → 0, the U(1)
symmetry is exact, and we obtain a naturally small ALP
mass scaling as [13]

ma ∼
ffiffiffi
κ

p
vΦ: ð5Þ

Interestingly, if cj; c̃xj have sizes of Oð1Þ with generic
Oð1Þ CP phases, a behaves as a CP-even ALP [32].
It can be easily found that, in any singlet scalar extension,
the generic renormalizable potential has the form Vfull ¼
VfullðjHj2; ρ; a0Þ. Once we have that ρ; a0 are CP even, we
find the spatially integrated potential CP conserving. With
the generic CP phases residing in cj; c̃xj , this CP-even ALP
can mix with the SM-like and dark CP-even Higgs bosons
in the low-energy effective theory and decay into the light
components in the SM, like photons. The mixing between
the SM-like Higgs boson and the ALP can be estimated
as [32]

θah ¼ ch
m2

a

mhmΦ
; ð6Þ

with ch being Oð1Þ given that cj; c̃Hj ; c̃
Φ
j are Oð1Þ. The

model predicts a consistentCP-even ALP DM in the regime
of 10 keV −MeV with a thermal production with a
reheating temperature of a few GeV thanks to the non-
vanishing portal coupling λP.
Assuming this model as the theoretical framework, we

perform a collider search to probe the dark sector. As we
have emphasized, our analysis can apply to a wider class of
models, like hidden photons and many pairs of (would-be)
NGBs (see Appendix A 2). If the (would-be) NGB mass

and the irrelevant couplings are not too large, our numerical
results will be the same quantitatively with certain param-
eter redefinition (due to the equivalence theorem).

B. Prediction of the Higgs boson invisible decay

We consider a scenario in which the CP-even ALP has a
mass in the sub-MeV range so that (based on the discussion
in Appendix A 2) it can be a viable dark matter. To have an
ALP in this mass range, the order parameter for the breaking
of the U(1) symmetry should be small, κ ≪ 1, according to
Eq. (5). We define the physical states in the mass basis as0

B@
h

s

a

1
CA ¼ Rα

0
B@

ϕr

ρ

a0

1
CA; ð7Þ

where the rotation matrix Rα is given by

Rα ¼

0
B@

cosα sin α 0

− sin α cos α 0

0 0 1

1
CA ð8Þ

in the limit κ → 0. The states h, s, and a are, respectively,
identified as the SM-like Higgs boson, the dark Higgs
boson, and the CP-even ALP. Working on the physical
basis, the model input parameters are α, vΦ, the dark Higgs
mass ms, the CP-even ALP mass ma, the mass of the
SM-like Higgs boson mh, and the EW VEV v.2 The last
two parameters are fixed as mh ¼ 125.25 GeV and
v ¼ 246 GeV. Here, we assume ms > mh=2 for simplicity
of the analysis. In this range, the SM-like Higgs boson
cannot decay into the on-shell dark Higgs boson pair.3 We
also assume the range of the mixing angle to be 0 < α <
π=4 because the predicted SM-like Higgs boson couplings
considerably deviate from those of the SM in the case of
π=4 < α < π=2, which obviously does not fit the proper-
ties of the discovered 125 GeV Higgs boson.
It can be shown that the couplings of the SM/dark Higgs

boson to the SM fermions gh=sff̄ and SM gauge bosons
gh=sVV (V ¼ Z;W�) are given by

gh=sff̄ ¼ κh=sgSM
hff̄

; gh=sVV ¼ κh=sgSMhVV; ð9Þ

where gSM
hff̄

(gSMhVV) denotes the SM prediction for the SM-

like coupling to the SM fermions (gauge bosons), and the
modification factors κh=s are given by

2While the complex dimensionless coefficients cj; c̃xj are also
model input parameters, their effects are negligible in the regime
of κ ≪ 1.

3In this case, the SM-like Higgs invisible decay rate would be
enhanced byOð1Þ due to the new channel. Still, the production of
s followed by the invisible decay should be a good probe of the
scenario in the parameter region.
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κh ¼ cos α; κs ¼ sin α: ð10Þ

The SM-like and dark Higgs bosons decay into ALPs
through the couplings

ghaa ¼
m2

hffiffiffi
2

p
vΦ

sin α; gsaa ¼ −
m2

sffiffiffi
2

p
vΦ

cos α; ð11Þ

respectively. The model also predicts the three-body decays
h → aas for the SM-like Higgs boson and s → aah for the

dark Higgs boson if kinematically allowed. The widths of
these decay modes are shown to be highly suppressed,
and thus these decays are neglected in this study.4
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FIG. 1. Decay widths of the SM-like Higgs and dark Higgs bosons as a function of the model parameters α, vΦ, andms. Γðh=s → SMÞ
and Γðh=s → aaÞ are, respectively, the h=s decay width into SM particles and ALPs, and Γtotal

h=s denotes the h=s total decay width.

4In the limit of α ≪ 1, the analytic expression for the width
of the decay h → aas is given by Γh→aas ≃m4

s sin2 α=
ð2048π3m3

hv
4
ΦÞ½m4

h −m4
s −m2

hm
2
s logðm2

s=m2
hÞ�. Compared with

two-body decays of h, this width is suppressed by the phase space
factor, the mixing angle α and the factor m4

h=v
4
Φ. The width for

s → aah is obtained by exchanging ms ↔ mh.
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The prediction of the model for the decay widths of the
SM and dark Higgs bosons into ALPs and SM particles
are shown in Fig. 1. The decay widths are provided as
functions of the model parameters. For the SM-like Higgs
boson, the partial width for the decays into SM particles is
expressed by Γðh → SMÞ ¼ ðκhÞ2ΓSMðh → SMÞ, where
ΓSMðh → SMÞ denotes the decay width into the SM (the
analytical formulas can be found in, e.g., Refs. [41,42]). The
width for h → aa is given by Γðh → aaÞ ¼ g2haa=ð32πmhÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

a=m2
h

p
. In computing the decay width of the dark

Higgs boson, all decay modes available for the considered
dark Higgs masses, i.e., the decays into charged leptons,
quarks, gluons, WW�, ZZ�, Zγ, γγ, and ALPs, have been
taken into account. The analytic formula for each decay
width of the dark Higgs boson is obtained from the
one for the SM-like Higgs boson by the replacement
ðmh; κh; ghaaÞ → ðms; κs; gsaaÞ. We have also considered
the NNLO QCD corrections for the decays into quarks
[43,44] and gluons [45].
Although the ALP interactions with light SM particles are

highly suppressed by the positive powers of the ALP mass,
the ALP interaction with the SM-like Higgs boson is not
suppressed. This feature makes the search for invisible
decays of the SM-like Higgs boson a helpful approach to
probe the dark sector. However, the invisible decay of the
SM-like Higgs boson can be probed down to branching
fractions of Oð0.1Þ% at the ILC [23,24,33] (cf. [22,37–39]
for sensitivity of other future colliders), which corresponds
to a specific parameter region (low vΦ–high α) for the SM-
like Higgs boson decay into ALPs, as can be seen from
Figs. 1(a) and 1(b) [with the above future sensitivity of the
branching fraction, the decay width Γðh → aaÞ can be
probed down to the order of 10−3 MeV]. Invisible decays of
the SM-like Higgs boson, therefore, only allow for probing
the dark sector to a very limited extent. As mentioned
before, the dark Higgs boson can also be produced at the
ILC. Interestingly, the diagrams through which the dark
Higgs boson is produced are similar to those of the SM-like
boson. Moreover, as seen in Figs. 1(c)–1(e), the invisible
decay is the dominant decay mode of the dark Higgs boson
for the whole parameter region considered here. This is
because the visible decay of the dark Higgs boson in the
mass range is not only suppressed by the mixing but also by
the small Higgs-Yukawa coupling or loop factor. Therefore,
a hadron collider is difficult to probe the parameter region
for vΦ ≲ 10 TeV.5 A very beneficial approach to probe the
dark sector is, therefore, to consider both the dark and SM-
like bosons in the search for invisible decays. As described
below, taking account of both the Higgs bosons offers a
golden opportunity to extend the probe of the dark sector to

regions below the reach of the ILC for invisible decays of
the SM-like Higgs boson.
It is worth mentioning that, for the dark Higgs boson, the

decay into SM particles is suppressed by sin2 α and the
invisible decay, which depends on cos2 α=v2Φ, is dominant
unless for large enough vΦ values. For vΦ values signifi-
cantly larger than those considered in this study, the dark
Higgs decay into the visible sector can become dominant
and, therefore, of interest in the search for the dark sector.

III. PROBING LIGHT DARK SECTOR VIA (DARK)
HIGGS INVISIBLE DECAY AT THE ILC

Assuming the ILC operates at the center-of-mass energy
of 250 GeV, we perform a search for the missing energy
signature due to the ALP production. This search takes
advantage of a signal to which both the SM-like and dark
Higgs bosons contribute. The ALP is produced in the
decays of the SM and dark Higgs bosons. In this search, the
model parameters are constrained and the resulting bounds,
which correspond to vΦ ¼ 0.5, 1, and 10 TeV, will be
presented in the sinα-ms plane.

A. Signal and background processes

We search for the signal process e−eþ → h=
sþ Z → aaZ, in which the Z boson is produced in
association with the SM/dark Higgs boson, and the
produced Higgs boson subsequently decays into ALPs.
The mass of the ALP is assumed to be in the sub-MeV
range, which corresponds to a lifetime much longer than
the age of the Universe for the ALP. The produced ALPs
remain invisible in the detector and manifest themselves as
missing energy. For the parameter space considered in this
study, the width of the dark Higgs boson into ALPs is at
least of Oð10−6Þ GeV, which corresponds to a lifetime of
Oð10−19Þ s for the most energetic dark Higgs bosons
produced at the ILC with the center-of-mass energy of
250 GeV. The dark Higgs boson, therefore, promptly
decays into ALPs after production. The leading order
Feynman diagrams contributing to the signal process are
shown in Fig. 2. The diagrams in Fig. 2(a) involve the dark
Higgs boson, and the diagrams in Fig. 2(b) involve the
SM-like boson.
The signal cross section σ can be written as σh þ σsþ

σinter., where σh and σs are, respectively, the contributions
of the h-involved and s-involved processes, and σinter:
denotes the interference between the h-involved and
s-involved processes, which is important when ms ≈mh.
Figure 3 shows the signal cross section as a function of
the model parameters. The presented cross sections are
obtained with the use of MADGRAPH5_AMC@NLO [49–51].
The diagrams in Fig. 2 depend on sin 2α and thus the signal
cross section increases with α as seen in Fig. 3(a). The signal
cross section does not show a significant dependence on
the ALP mass, as seen in Fig. 3(b). This results from the

5That said, for vΦ ≳ 10 TeV and ms ≳ 150 GeV, the visible
decay of the dark Higgs gets more important, which will be
discussed elsewhere. For a search for visible decays of a heavy
scalar, with a mass in the range 0.25–1 TeV, see, e.g., Refs. [46–48].
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FIG. 3. Cross section of the signal process e−eþ → aaZ versus the model parameters (a) α, (b) ALP mass ma, (c) vΦ, and (d) dark
Higgs massms. The signal cross section σ is shown by the black solid line and σh (σs), which denotes the contribution of the h-involved
(s-involved) processes to the signal cross section, is shown by the green (red) dashed line.

FIG. 2. Leading order Feynman diagrams contributing to the signal process e−eþ → aaZ. The blue dots show the beyond SM
interactions.
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smallness of the ALP mass in the sub-MeV range when
compared with the masses of the SM and dark Higgs bosons
and the energy of the colliding particles. The analysis in this
work is independent of the ALP mass in the considered
range, and thus is only performed for one mass value.
Throughout this paper, it is assumed that ma ¼ 0.5 MeV.
According to Fig. 3(c), which shows the signal cross section
scan over vΦ, the contribution of the h-involved processes to
the signal cross section is dominant at low vΦ values. As vΦ
increases, σh decreases rapidly while σs does not change
much. This is because the h-involved cross section is
proportional to the SM-like Higgs invisible decay rate
scaling roughly as ∝ α2m3

h=v
2
Φ, but the s-involved cross

section is only determined by the s production cross section,
which is independent of vΦ at the leading order as long as
the s invisible decay is faster than the visible decay
suppressed by the mixing.6 Thus, the s-involved processes
become dominant soon by increasing vΦ. As we will see,
this behavior has significant effects on the limits obtained at
different vΦ values. Figure 3(d) shows the signal cross
section as a function of the dark Higgs boson mass. As seen,
the cross section decreases as the dark Higgs mass increases
since the available phase space gets kinematically sup-
pressed. For dark Higgs masses above the thresholdffiffiffi
s

p
−mZ ≈ 158.8 GeV, the contribution of the s-involved

processes to the signal is highly suppressed as the dark
Higgs boson can only be produced off shell. This study
concentrates on the dark Higgs masses below this threshold.
As seen, the contribution of the interference term to the
signal cross section is negligible for all dark Higgs masses
except forms ≈mh. At masses in the vicinity of the SM-like
boson mass, a large destructive interference causes a rapid
decrease in the signal cross section (see Ref. [52] for a
detailed theoretical study in this regime. The suppression
can be interpreted as a quantum Zeno effect.)
The Z boson produced in the signal process decays via

different hadronic and leptonic decay modes. These decay
modes and their corresponding branching fractions are
shown in Table I. As seen, the highest branching fraction
(≈70%) belongs to the decay into a diquark. The signal is,

therefore, dominated by events with a final state dijet. The
leptonic decay Z → l−lþ (l ¼ e, μ, τ) has a branching
fraction of 3.4%. In the case of the decay into a tau pair, the
produced tau leptons promptly decay through the hadronic,
semileptonic, and leptonic modes. The lowest branching
fraction corresponds to the decay into a tau pair with
subsequent leptonic decays of the tau leptons.
The dominant background processes relevant to the

assumed signal process are ll̄ (l ¼ e, μ, τ), W−Wþ,
ZZ, hZ, Zγ, and multijet production. These background
processes are considered in this study, and their contribu-
tions are estimated. There are also some subdominant
background processes producing the signal signature.
These processes have a small contribution to the total
background, and therefore, are not included in the list of
backgrounds. The production of ZZ� → Zνlν̄l and
W�W∓� → W�lν̄lðl̄νlÞ is an example of these processes.
The effects of such processes will be irrelevant and be
neglected compared with the systematic uncertainty of the
event selection efficiencies in Sec III E.

B. Monte Carlo simulation

The model described in Sec. II is implemented into
FEYNRULES [54] to generate the universal FEYNRULES

output model. MADGRAPH5_AMC@NLO uses the generated
universal FEYNRULES output file and generates hard events.
PYTHIA 8.2.43 [55] is used to perform parton showering,
hadronization, and decays of unstable particles. The sim-
ulation of detector effects is performed by DELPHES 3.4.2

[56] using the ILC card based on the proposed International
Large Detector [57]. The center-of-mass energy of the
colliding electron-positron beams is set to 250 GeVand the
beams are assumed to be unpolarized. Event generation is
independently performed for different vΦ; ms; α parameter
sets. vΦ has the values 0.5, 1, and 10 TeV and the dark
Higgs mass ranges from mh=2 ≈ 63 GeV to the on-shell
dark Higgs production threshold

ffiffiffi
s

p
−mZ ≈ 158.8 GeV.

In all generations, the mass of the ALP is assumed to
be 0.5 MeV.

C. Object identification and event selection

Jets in the events are reconstructed by the anti-kt
algorithm [58] inside FASTJET 3.3.2 [59] assuming the jet
cone size of 0.5. The reconstructed jets are required to
satisfy the transverse momentum and pseudorapidity con-
ditions pT > 30 GeV and jηj < 2.5. Jets are tagged using a
tau tagging algorithm with 40% efficiency for tau jets and
0.1% mistag rate for light jets. This tagger uses the distance
criterion ΔR < 0.5, where ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δη2 þ Δϕ2

p
, with η and

ϕ being the pseudorapidity and azimuth angle, respectively.
Isolated objects are identified using the relative isolation
variable Irel, which is evaluated for each candidate particle.
The relative isolation variable is defined as Irel ¼ Σpi

T=p
P
T ,

where P is the candidate particle, and i is the summation

TABLE I. Decay modes of the Z boson with corresponding
branching fractions based on data taken from [53].

Decay mode
Branching fraction

(BR)

qq̄ 0.699
e−eþ 0.034
μ−μþ 0.034
τ−τþðhadronicÞ 0.014
τ−τþðsemileptonicÞ 0.015
τ−τþðleptonicÞ 0.004

6In this case, the branching fraction for s → aa is almost
independent of vΦ.
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index running over all particles (excluding the particle P)
within a cone with size 0.5 centered on the candidate
particle. The minimum transverse momentum required for
particles to be taken into account in the summation is
0.5 GeV. An object is identified as an isolated object if
Irel < Imax

rel . Imax
rel is set to 0.12 for electrons and photons, and

is assumed to be 0.25 for muons. Isolated electrons,
photons, and muons are required to satisfy the conditions
pT > 10 GeV and jηj < 2.5.
Seven signal regions are defined based on the different

signal final states that the decay modes of the Z boson
produce. The criteria defining these signal regions are
provided in Table II. The signal regions SR1, SR2, and
SR3, respectively, correspond to the dijet (where jets are
not tau-tagged), dimuon, and dielectron final states. The
signal region SR4 is defined by requiring exactly two tau-
tagged jets. The signal region SR5 (SR6) requires exactly
one tau-tagged jet and one muon (electron). The last signal
region, SR7, requires exactly one electron and one muon.
The leptons required in these signal regions should pass the
isolation criterion. Moreover, in signal regions requiring
two leptons, the leptons should have opposite charges.

D. Analysis

Applying the object identification conditions and signal
regions criteria, events are selected and categorized into the
seven assumed signal regions. Different signal regions are
analyzed independently. Table III shows the obtained signal

and background event selection efficiencies corresponding
to different signal regions for an assumed set of model
parameters. As seen, the highest signal selection efficiency
is obtained for the signal region SR1. This signal region
benefits from the dominance of the hadronic decays of the
Z boson. The signal regions SR2 and SR3 have the second
and third highest signal selection efficiencies. The effi-
ciency obtained for SR2 is slightly better than that of SR3
due to the better efficiency for the muon reconstruction in
the detector compared with the electron. The lowest signal
selection efficiencies correspond to the signal regions SR4
to SR7, which are dominated by the Z decay into a tau pair.
In particular, SR4, which requires a pair of tau-tagged jets,
has the lowest signal selection efficiency. Difficulties in
reconstructing jets and the low tau-tagging efficiency are
the main reasons leading to such a low event selection
efficiency for this signal region.
Preselected events are analyzed to separate the signal

from the background using a number of discriminating
variables. Figure 4 provides a cartoon showing the signal
process e−eþ → aaZ with the subsequent decay of the Z
boson into V1 and V2, where V1 and V2 are visible products
of the Z boson decay and V1 is assumed to have a larger
transverse momentum than V2. The list of the discrimi-
nating variables used in this analysis is provided below.
Some of the variables are also shown in Fig. 4. The
discriminating variables are assumed to be measured in
the laboratory frame unless stated otherwise:

TABLE III. Signal and background event selection efficiencies obtained for different signal regions corresponding
to vΦ ¼ 1 TeV, ms ¼ 140 GeV, α ¼ 0.05, and ma ¼ 0.5 MeV.

Signal hZ τþτ− WþW− Zγ ZZ ll̄ Multijet

SR1 0.17712 0.31771 0.10622 0.26258 0.14977 0.30364 0.00021 0.64717
SR2 0.02722 0.00333 0.01709 0.01108 0.00714 0.01430 0.00076 0
SR3 0.02442 0.00280 0.01657 0.01001 0.00734 0.01281 0.21458 1.3 × 10−06

SR4 0.00023 0.00060 0.04445 9.2 × 10−05 0.00022 0.00023 0 1.7 × 10−05

SR5 0.00054 0.00097 0.05365 0.00206 0.00050 0.00046 0 1.8 × 10−06

SR6 0.00051 0.00097 0.05389 0.00192 0.00051 0.00046 9.3 × 10−06 0
SR7 0.00056 0.00162 0.03376 0.02078 0.00053 0.00037 0 0

TABLE II. Signal regions and corresponding defining criteria. Njet, Nτ-jet, Nμ, and Ne, respectively, denote the
number of reconstructed jets that are not tau tagged, the number of tau-tagged jets, the number of muons, and the
number of electrons in an event.

Signal region Njet Nτ-jet Nμ Ne

SR1 2 0 0 0
SR2 0 0 2 0 (Nμ− ¼ 1, Nμþ ¼ 1)
SR3 0 0 0 2 (Ne− ¼ 1, Neþ ¼ 1)
SR4 0 2 0 0
SR5 0 1 1 0
SR6 0 1 0 1
SR7 0 0 1 1 (Ne− ¼ 1, Nμþ ¼ 1 or Neþ ¼ 1, Nμ− ¼ 1)

GHOLAMHOSSEIN HAGHIGHAT et al. PHYS. REV. D 107, 035033 (2023)

035033-8



(1) Ms=h candidate: reconstructed mass of the dark/SM-like
boson candidate.

(2) MV1V2
: invariant mass of the V1 and V2 objects.

(3) ΩV1V2
: angle between the momentum vectors of the

V1 and V2 objects.
(4) ΩZ rest frame

ZV1
: angle between the momentum vector of

the reconstructed Z boson in the laboratory frame and
the momentum vector of the objectV1 as measured in
the rest frame of the reconstructed Z boson.

(5) ΩZ;s=h: angle between the momentum vectors of the
reconstructed Z boson and the reconstructed dark/
SM-like Higgs boson.

(6) =ET : missing transverse energy.
(7) scalarHT : scalar sum of transverse momenta of all

objects reconstructed in the detector.

(8) pV1

T ; pV2

T : transverse momenta of the V1 and V2

objects.

(9) ηV1 ; ηV2 : pseudorapidities of the V1 and V2 objects.
The four-momenta of the Z boson pZ

μ and the dark/SM-like

boson ps=h
μ are reconstructed using the relations pZ

μ ¼
pV1
μ þ pV2

μ and ps=h
μ ¼ ð ffiffiffi

s
p

−
P

i E
i;−

P
i p⃗

iÞ, where pX
μ ,

EX, and p⃗X, respectively, denote the measured four-
momentum, energy, and three-momentum of the object
X, and the summation index i runs over the objects V1 and
V2 and all reconstructed photons. At a lepton collider, there
is no ambiguity in the energies of the colliding particles
compared with hadron colliders. The variables Ms=h candidate

and ΩZ;s=h, defined above, greatly benefit from this feature
of lepton colliders. The same set of variables is used for all
the signal regions and parameter space points under study in
this analysis. Figure 5 shows several examples of the
correlation matrix for the discriminating variables corre-
sponding to different signal regions. The total missing
energy =E, is a well-motivated variable for searches per-
formed at lepton colliders. In this analysis, however, we use
the missing transverse energy =ET, instead, because =E is
highly correlated with the variable Ms=h candidate. Figure 6

shows the distributions obtained for the discriminating
variables corresponding to the signal region SR2 for an
assumed set of model parameters as an example. The main
contribution of the signal events to the signal region SR2
comes from events with the Z boson decay into a dimuon.
The objects V1 and V2 in Fig. 4 are, therefore, the
reconstructed muons, μ1 and μ2, in this case. As seen in
Fig. 6, the signal distribution has two sharp peaks for several
variables, i.e., Ms=h candidate, Ωμ1μ2 , and =ET . These peaks
correspond to the h-involved and s-involved signal proc-
esses. These processes have comparable cross sections for
the vΦ value assumed in Fig. 6.
To take full advantage of the defined variables and

achieve the greatest possible sensitivity, a multivariate
technique using the Toolkit for Multivariate Data
Analysis (TMVA) package [60] is employed to discriminate
the signal from the background rather than using a cut-based
method. All algorithms available in the TMVA package are
examined in terms of the discrimination power using the
receiver operating characteristic (ROC) curve. The distri-
butions obtained for the discriminating variables are passed
to the algorithms as input and training is performed
considering all the background processes according to their
respective weights. A comparison of the obtained ROC
curves shows that the boosted decision trees (BDT) algo-
rithm has the best performance in signal-background
discrimination. The BDT algorithm is, therefore, used in
this analysis to separate the signal from the background.
Figure 7 shows the BDT response when the distributions in
Fig. 6 are passed to the BDT as input. As seen, the signal is
well separated from the background. Among the back-
ground processes, the ZZ and WþW− production processes
lead to the most severe, but well under control, back-
grounds. To ensure that overtraining does not occur in the
multivariate analysis, the TMVA overtraining check is
performed. The BDT response for the test and training
samples of the signal and background events are compared,
and it is ensured that they are consistent.
According to the TMVA output, the discriminating

variablesMs=h candidate,Ωμ1μ2 , and =ET are the most powerful
discriminants. The discrimination power of the variables
depends on the point of parameter space that is consid-
ered. Among the model parameters, vΦ and the dark
Higgs mass are the parameters with major effects on the
signal-background discrimination. The contributions of the
s-involved and h-involved processes to the signal change for
different vΦ values. Moreover, the kinematics of the signal
s-involved events strongly depend on the dark Higgs mass.
Consequently, the kinematics of the signal and thus the
discrimination power of the variables can be strongly
sensitive to vΦ and the dark Higgs mass. It can be inferred
from Figs. 6(a) and 6(c) that when the dark Higgs mass
changes from 140 GeV to around the Z boson mass, the
signal peak corresponding to the s-involved processes
coincides with the ZZ background peak, giving rise to a

FIG. 4. Cartoon showing the associated production of a SM or
dark Higgs boson and a Z boson with subsequent decay of the
Higgs boson into ALPs and decay of the Z boson into V1 and V2.
V1 and V2 are visible decay products of the Z boson, which can
be a jet, a tau-jet, a muon, or an electron. Neutrinos produced in
association with V1 and V2 in some decay modes are not shown.
The angles ΩV1V2

, ΩZ rest frame
ZV1

and ΩZ;s=h are used as discrimi-
nating variables and are defined in the main text.
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degradation in the signal-background discrimination. The
signal-background discrimination also depends on the
signal region under consideration. In signal regions involv-
ing jets, the signal-background discrimination can be
significantly degraded when compared with the pure lep-
tonic signal regions. Technical difficulties and uncertainties
in the reconstruction of jets, and also the invisible neutrinos
produced as a byproduct in the hadronization process, are
the main reasons behind this degradation.
It is worth mentioning that the distribution obtained for

the Higgs candidate mass Ms=h candidate in this analysis can

be used to measure the mass of the dark Higgs boson. It is
outside the scope of this paper, but we can measure the
mass of the dark Higgs boson by setting a proper fit
function, e.g., a Gaussian function, to fit to the signal Higgs
candidate mass distribution. The dark Higgs mass can then
be read from the fitted value of the “mean” parameter of the
Gaussian function. The signal regions SR2 and SR3 are
especially useful for this purpose because low uncertainties
in these signal regions allow for accurate mass measure-
ments. If measured, it would be a smoking-gun signal of the
light dark sector.

FIG. 5. Correlation matrices for the used discriminating variables corresponding to (a) the signal region SR1 assuming vΦ ¼ 1 TeV
and ms ¼ 80 GeV, (b) the signal region SR6 assuming vΦ ¼ 10 TeV and ms ¼ 150 GeV, and (c) the signal region SR7 assuming
vΦ ¼ 10 TeV and ms ¼ 90 GeV. In all the cases, it is assumed that α ¼ 0.05 Rad and ma ¼ 0.5 MeV.
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E. Prospects for constraints on the model parameters

Using the BDT response, expected 95% C.L. upper limits
on the parameter α are computed for all the assumed signal
regions for the dark Higgs mass range 63–158.8 GeV and
are presented in the sin α-ms plane. Limits are computed
using the significance formula Ns=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ns þ Nb

p
, where Ns

and Nb are, respectively, the number of signal and total
background events in a window determined by optimizing
the signal significance. The integrated luminosities assumed
for computing the limits are 0.5 and 2 ab−1, which are
approved by the Linear Collider Board [61,62]. The total

target integrated luminosity of 2 ab−1 at
ffiffiffi
s

p ¼ 250 GeV is
foreseen in the ILC running scenario H20, which has been
the reference scenario for ILC physics projections since
2015. Figure 8 shows the limits obtained for different
signal regions corresponding to the vΦ values 0.5,1, and
10 TeV. This analysis can be affected by uncertainties
arising from jet reconstruction, tau-tagging, measurement
of the energy and momentum of particles, etc. To take into
account potential systematic uncertainties, we consider an
overall uncertainty of 10% on event selection efficiencies
obtained for signal and background processes. Figure 9
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FIG. 6. Distributions obtained for the discriminating variables corresponding to the signal region SR2 and the model parameters
vΦ ¼ 1 TeV,ms ¼ 140 GeV, α ¼ 0.05 Rad andma ¼ 0.5 MeV. The distributions of the signal and the total background are separately
normalized to unity.
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shows the limits including the uncertainty of 10% corre-
sponding to different signal regions and vΦ values. We
note that in some figures, some reaches disappear because
the theoretical cross section for a given setup of vΦ and ms

is maximized with α ∼ π=4 (see also Sec. II B for the
reason why we do not show α > π=4). The indirect
95% C.L. upper bounds derived from the Higgs signal
strength measurements [34–36] have also been shown in
Figs. 8 and 9. These bounds have been taken from
Ref. [34] and are obtained by performing χ2 fits to the
Higgs signal strength data.

As seen in Figs. 8 and 9, in almost the whole of the
considered parameter space at vΦ values 0.5 and 1 TeV, the
strongest limits are obtained for the signal region SR1.
This signal region corresponds to the dijet final state and
has the highest signal selection efficiency among the
examined signal regions. In particular, the h-involved
processes dominate in most of the ms range, which is the
reason why the sensitivity only mildly depends on ms. At
vΦ ¼ 10 TeV, the signal region SR2, which corresponds
to the dimuon final state, gives the most stringent limits
for most dark Higgs masses. Although event selection
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FIG. 6. (Continued)
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efficiency corresponding to the signal region SR2 is much
smaller than that of the signal region SR1, the much better
signal-background discrimination at the SR2 at high vΦ
values fully compensates for the small signal selection
efficiency, resulting in stronger limits.7 As vΦ increases,
the contribution of the h-involved processes to the
signal decreases, and, as a result, the signal-background
discrimination in the signal region SR1 gets degraded.
This degradation mainly results from the uncertainties
originating from the presence of jets in this signal region.
The improvement (degradation) in the signal-background
discrimination in the signal region SR2 (SR1) is signifi-
cant, especially for dark Higgs masses lower than mh.
Among the examined signal regions, the weakest one is

SR7, which requires exactly one electron and one muon
with opposite charges in the final state. In most regions
of the parameter space, no sensitivity is obtained for
this signal region. Only at the integrated luminosity of
2 ab−1 [61,62] and vΦ ¼ 0.5 TeV and when no systematic
uncertainty is considered, very loose limits are obtained for
this signal region for dark Higgs masses below ∼115 GeV
as seen in Fig. 8(a). The main contribution of the signal to
this signal region comes from events with the Z decay into a
tau pair when both of the tau leptons decay leptonically.
The smallness of the branching fraction of this decay mode
and neutrinos produced as byproducts in the decay of the
tau leptons degrade the sensitivity in this signal region.
Similarly, at higher vΦ values, the sensitivities of SR4–SR6
also get degraded rapidly due to the reduction in the signal

cross section and due to the background dominated
behavior of significance, Ns=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ns þ Nb

p
. As seen, at

vΦ ¼ 10 TeV, no sensitivity is obtained for the signal
regions SR4 to SR7. It is also seen that the limits at higher
vΦ values are more sensitive to the dark Higgs mass. The
reason behind this observation is again that the purity of the
signal s-involved events increases as vΦ grows, and as a
result, the kinematics of the signal becomes more sensitive
to the dark Higgs mass.
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FIG. 8. Expected 95% C.L. upper limits on sin α corresponding
to different signal regions obtained for the vΦ values (a) 0.5 TeV,
(b) 1 TeV, and (c) 10 TeV and the integrated luminosities of 0.5
and 2 ab−1. Upper limits at 95% C.L. derived from Higgs signal
strength data taken from Ref. [34] are also shown.
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signal region SR2. The assumed model parameters are
vΦ ¼ 1 TeV, ms ¼ 140 GeV, α ¼ 0.05 Rad, and ma ¼ 0.5
MeV. The signal and the total background distributions are
separately normalized to unity.

7One notes that the reach of the SR2 signal region in vΦ ¼
10 TeV is slightly better than that of vΦ ¼ 1 TeV at some mass
ranges. We expect this is due to the cleaner signal distribution
with a single peak with the larger vΦ.
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As the dark Higgs mass increases, the decrease in the
signal cross section degrades the sensitivity. This degrad-
ing effect can, however, be partially compensated by the
improvement in the signal-background discrimination at
higher dark Higgs masses. As the dark Higgs mass
increases, the discrimination power of some variables like
Ms=h candidate andΩV1V2

can be improved, leading to a better

signal-background discrimination at higher dark Higgs
masses [see Figs. 6(a) and 6(c)]. The effect of this
compensation is more obvious for the signal regions
SR1, SR2, and SR3 at vΦ values 0.5 and 1 TeV since
the h-involved processes significantly contribute to the
signal at these vΦ values and the signal cross section does
not drop too low at large dark Higgs masses.
As mentioned before, for dark Higgs masses around the Z

boson mass, the signal peak corresponding to the s-involved
processes coincides with the peak of the ZZ background for
some variables, giving rise to the degradation of the signal-
background discrimination. The obtained limits for dark
Higgs masses in this region, therefore, show a tendency to
be weaker. This effect is more obvious for signal regions in
which the Z boson is reconstructed more accurately, namely
SR1, SR2, and SR3. It is also seen that the sensitivity
degradation around the Z boson mass is more significant
at higher vΦ values (because of the higher purity of the
s-involved events).
The signal cross section experiences a rapid decrease at

jms −mhj ≲ Γðs → aaÞ due to the destructive interference
term [see Fig. 3(d)]. The limits are consequently degraded
at dark Higgs masses in the vicinity ofmh. It is seen that for
some signal regions, the sensitivity is even totally lost in
this mass region, e.g., for the signal regions SR4, SR5, and
SR6 at vΦ ¼ 0.5 and 1 TeV. At vΦ ¼ 1 TeV, the contri-
butions of the h-involved and s-involved processes to the
signal are comparable in contrast to the cases of vΦ ¼ 0.5
and 10 TeV. A larger interference is, therefore, induced at
vΦ ¼ 1 TeV, giving rise to a more serious sensitivity
degradation at ms ≈mh at this vΦ value. For this region,
the dark Higgs boson decouples due to a quantum effect,
and, by neglecting the existence of the dark Higgs boson
with a certain redefinition of the mixing parameter, the
invisible (SM-like) Higgs boson decay can be studied as in
the usual case [52] (cf. [33]). The signal strength bound is
alleviated as well. Thus we do not perform the analysis in
detail in this paper.
The obtained limits indicate that a large region of the

considered parameter space can be probed with the present
analysis. At vΦ values of 0.5 and 1 TeV, the sensitivity
reach does not change significantly for different dark Higgs
masses, and the dark sector can be probed for α values
above ∼0.01 and ∼0.02, respectively. At vΦ ¼ 10 TeV, the
best-obtained limit ranges from ∼0.02, for dark Higgs
masses near mh=2, to a few tenths, for dark Higgs masses
near the threshold mass. Comparing the obtained limits
with the limits from the Higgs signal strength measure-
ments, it is seen that the limit on the α parameter can be
improved by about one order of magnitude with the present
results. For a wide range of vΦ values, the invisible decay is
dominated by the s-involved processes whose cross section
does not depend much on vΦ [Fig. 3(c)] and thus the reach
does not change much with vΦ ¼ Oð1–10Þ TeV. However,
s will also dominantly decay into SM particles via the
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FIG. 9. Expected 95% C.L. upper limits on sin α assuming
an overall uncertainty of 10% on event selection efficiencies
corresponding to different signal regions obtained for the vΦ
values (a) 0.5 TeV, (b) 1 TeV, and (c) 10 TeV and the integrated
luminosities of 0.5 and 2 ab−1. Upper limits at 95% C.L.
derived from Higgs signal strength data taken from Ref. [34]
are also shown.
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mixing if vΦ ≫ 10 TeV and the invisible signal efficiency
gets suppressed. This can be seen in the ms ≳ 150 GeV
where the reach of α increases significantly in the vΦ ¼
10 TeV case in Figs. 8 and 9 [cf. Fig. 1(e)]. This is due to
not only the phase space suppression but also the enhanced
s decay widths to W and Z bosons, suppressing the
branching ratio for the s invisible decay. Probing this very
weakly coupled region at the ILC can be made by searching
for the visible particles [47,48].8

The obtained limits shown in Fig. 9 can be translated
to the limits on the invisible decay of the SM-like Higgs
boson. Figure 10 shows the translated upper limits on the
invisible branching fraction of the SM-like Higgs boson,
BRðh → invisibleÞ, at 95% C.L. for different vΦ values and
integrated luminosities. To make a comparison, indirect
limits derived from the Higgs signal strength data [34–36],
current limits obtained by searching for invisible decays of
the SM-like Higgs boson derived by the ATLAS [20] and
CMS [21] collaborations, and the projected limit from the
HL-LHC [22] on the invisible branching fraction of the
SM-like Higgs boson at 95%C.L. are also shown. As seen in
this figure, the best limits obtained in this study are, at least,
about two orders (one order) of magnitude stronger than
the current (projected) limits from the LHC (HL-LHC). The
difference between the obtained limits and the LHC limits
increases for higher vΦ values and reaches to about three
orders of magnitude at vΦ ¼ 10 TeV. As mentioned before,
at large vΦ values, the h-involved processes get suppressed
and thus the search for the invisible decay of the SM-like
Higgs boson loses its sensitivity quickly as vΦ grows. In this
analysis, however, by searching for the invisible decays of
both the SM-like and dark Higgs bosons, a large unprobed
parameter region becomes accessible. A comparison also
shows that the limits derived from the Higgs signal strength
measurements can be improved by about one to two orders
of magnitude with the present results. As emphasized
in [34], and seen in Fig. 10, the limits from the Higgs
signal strength data can be stronger than the direct limits
derived from direct searches for invisible decays of the
SM-like Higgs boson at the LHC. For a discussion on the
reasons see [34].
It is worth mentioning that the limits obtained in this

analysis can be further improved by using the polarized
electron-positron beams. ILC plans to provide polarized
beams with a polarization degree of about 80% (30%) for
electron (positron) beams [33]. The Higgs production is
enhanced with polarized beams, providing the possibility of
a deeper probe of the dark sector.

IV. CONCLUSIONS

In a large class of models for ALPs and dark photons,
light dark sector couples to the Higgs doublet field via the
doublet-singlet Higgs portal coupling, leading to the mixing
of the SM-like boson h with the dark Higgs boson s since
both the electroweak symmetry and dark symmetry are
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FIG. 10. Expected 95% C.L. upper limits on BRðh →
invisibleÞ corresponding to different signal regions obtained
for the vΦ values (a) 0.5 TeV, (b) 1 TeV, and (c) 10 TeV and
the integrated luminosities of 0.5 and 2 ab−1. BRðh → invisibleÞ
is translated as the function of sin α, ms and vΦ [see Fig. 9,
cf. Fig. 1(a)]. The limits derived from the Higgs signal strength
data taken from [34], the HL-LHC projected limit [22], and the
current limits derived by the ATLAS [20] and CMS [21]
collaborations at 95% C.L. are also shown.

8Apart from the searches for SM-like and dark Higgs boson
invisible decays, the ILC precisely measures the Higgs boson
couplings, e.g., 0.38% for the hZZ coupling [63]. Thus, indirect
searches of s via the deviations of the SM-like Higgs boson
couplings also have the potential to probe the region of ms ≳
150 GeV (see, e.g., [64–68]). See also the signal strength bounds
of the model [34–36].
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spontaneously broken. These models predict light ALPs and
dark photons, which can be viable candidates for DM.
The light DM scenarios exhibit similar properties, and thus
a search for the light dark sector can serve as a tool for a
generic probe of all these scenarios. The decay of the SM-
like boson into DMs, which is a universal prediction of these
models, can be used to probe the dark sector at collider
experiments. This channel, which has been widely studied,
can probe the dark sector to a certain extent that is allowed
by the sensitivity reach of the collider. Since the existence of
the dark Higgs boson is also a prediction of those models,
and thus it may be also a further probe of the dark sector, it is
very beneficial to take account of both the SM and dark
Higgs bosons in the search for invisible decays.
In this work, we presented the first search for the invisible

decays of both the SM and dark Higgs bosons. These Higgs
bosons are produced via similar Feynman diagrams at the
ILC in the process e−eþ → h=sþ Z, and h=s decays into
light generic dark particles. The analysis is performed for
different signal regions, which cover all decay modes of the
Z boson. ILC is assumed to operate at the center-of-mass
energy of 250 GeV with integrated luminosities of 0.5 and
2 ab−1. Signal and background events are generated con-
sidering a realistic simulation of the International Large
Detector effects. Using a number of discriminating variables
and with the help of a multivariate technique, the signal is
well discriminated from the background. The dark Higgs
masses larger than half of the SM-like boson mass and
below the threshold of the on-shell dark Higgs production
are considered in the analysis. The obtained limits indicate
that, at the vΦ values 0.5 and 1 TeV, the dark sector can be
probed for α values down to around 0.01–0.03. At
vΦ ¼ 10 TeV, the obtained limits substantially change
for different dark Higgs masses and range from ∼0.02,
for the lowest dark Higgs masses, to a few tenths, for dark
Higgs masses near the threshold mass, since the signal
events are dominated by the dark Higgs boson decay. A
comparison shows that the present study can improve the
current (projected) limits on the invisible branching fraction
of the SM-like Higgs boson from the LHC (HL-LHC) by at
least two orders (one order) of magnitude. The limits
derived from the Higgs signal strength measurements can
also be improved by about one to two orders of magnitude.
The power of the search channel in this study and the
importance of including the dark Higgs boson in the search
are more obvious at high vΦ values. At vΦ ¼ 10 TeV, for
example, we obtained limits of Oð10−5Þ on the invisible
branching fraction of the SM-like Higgs boson, which is
about three (two) orders of magnitude below the sensitivity
reach of the HL-LHC (ILC) for the SM-like Higgs invisible
decay. In the presented analysis, the SM-like and dark Higgs
bosons can be simultaneously reconstructed, and their
masses can be measured. For instance, we can measure
the mass of the dark Higgs boson by setting a proper fit
function, e.g., a Gaussian function, to fit to the signal Higgs

candidate mass distribution. Observation of the dark Higgs
boson with the possibility of mass measurement offers a
golden opportunity to probe the dark sector.
Again, the presented study may serve as a tool to explore

a broad class of models predicting light ALPs and dark
photons. The light dark particles may even behave as the
dark radiation produced via the portal interaction alleviating
the Hubble tension (see Appendix A 2). The analysis can be
easily applied to other future eþe− colliders such as Cool
Copper Collider, Circular Electron Positron Collider, CLIC,
and Future Circular electron-positron Collider.
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APPENDIX: THEORETICAL
AND COSMOLOGICAL ASPECTS

So far, we have performed a collider study of the
renormalizable model defined by the potential (2). We
find that a certain parameter region with λP; λ ∼ 0.0001–1,
and μH ∼mΦ ∼ 100 GeV can be probed via the invisible
decays. Here let us comment on some theoretical and
cosmological motivations of the parameter region and
argue the powerfulness of our analysis.

1. Naturalness

The parameter region that we have discussed is favored
from the so-called ’t Hooft naturalness [13] with a cutoff
scale not too larger than the weak scale. Since λP in Eq. (2)
is not forbidden by any symmetry, λP may not be much
smaller than 1 according to naturalness. So do λ and λH.
Then μ2H (m2

Φ) would acquire a collection of −λPv2ϕ
(−λPv2). Avoiding the fine-tuning of mΦ ∼ vΦ or μH ∼ v,
we obtain the natural region m2

Φ ∼ μ2H.
We also mention that there are several loopholes in the

discussion. Even if the model is not natural in the context of
the ’t Hooft argument, the model may become natural by
assuming certain UV completion or further assumptions.
For instance, we may assume that there is supersymmetry
above a typical scale of Λ. Since the renormalizable
coupling between Φ and H super multiplets is forbidden
due to the SUð2Þ × Uð1Þ ×Gdark symmetry, the resulting
portal coupling in the low energy effective theory is
suppressed. On the other hand, the dark sector may be
weakly coupled to have a small portal coupling (e.g., [69]).
We may say that the parameter region that can be probed

in our proposal belongs to the region favored by naturalness
without further assumptions.
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2. Cosmology

In this setup, the DM (or the dark radiation relaxing the
H0 tension) can be produced successfully, thanks to the
portal coupling. Whether the DM is a massive ALP9 or
hidden photon depends on the nature of Gdark and the
quality (if it is a global symmetry). Before discussing the
Gdark specific phenomena, let us provide a Gdark indepen-
dent discussion by assuming that a is either a NGB or a
would-be NGB.

a. A generic discussion

Since we are focusing on the region where λP is not
too small, the (would-be) NGB can be thermally produced
via the portal coupling in the early Universe. To discuss
the interaction around the decoupling of NGB, we can
integrate out h and s. By noting the effective dark
Higgs-NGB coupling Lint ∼ sffiffi

2
p

vΦ
ð∂aÞ2, we obtain the

dimension-seven term

δL¼−
ffiffiffi
2

p
λPmψ

ðm2
h −m2

sÞm2
h

∂a∂aψ̄ψ≡−
ffiffiffi
2

p
mψ

Λ2
Hm

2
h

∂a∂aψ̄ψ ; ðA1Þ

with ψ being a SM fermion. Until this interaction becomes
irrelevant, (would-be) NGB, a, is produced in the early
Universe. Given that λP is not too small and mh ∼ms, the

interaction rate via this term, which scales as m2
ψ

Λ4
Hm

4
h
T7, is

slower than the Hubble expansion rate when T ≪
100 GeV in the parameter range of interest.
The light ALP/hidden photon discussed in this part

cannot be produced through the usual nonthermal produc-
tion mechanisms unless the relevant temperature is very
low.10 This is because otherwise the nonthermally produced
DM would be thermalized due to the fast reaction origi-
nating from the portal interaction. Conversely, a simple
production mechanism is possible via the portal interaction
due to which the DM is produced thermally. The abundance
can be calculated straightforwardly given a reheating
temperature TR ≲min ðmh;msÞ and Eq. (A1):

na
s

����
T¼TR

∼
Γth

H

nψ
s

����
T¼TR

; ðA2Þ

Ωa ∼ma ×
na
s

����
T¼TR

×
s0
ρc

∼ 0.35
ma

20 keV

�
mψ

GeV

�
2
�

TR

2 GeV

�
5
�
3 TeV
ΛH

�
4

: ðA3Þ

Here, s (s0) is the entropy density soon after reheating (at
the present Universe), na (nψ ) the number density of the
ALP (fermion), Γth the thermal production rate, ρc the
critical density today. We note that ifma is larger than keV,
we need a reheating temperature lower than the weak
scale. This kind of low reheating temperature may be
predicted in a more fundamental UV model like a string
theory by the decay of the moduli, string axion, gravitino,
etc. Alternatively, the inflation models, which would not
cause too large radiative corrections to the Higgs boson
masses, also predict low reheating temperatures [73]. In
the following, we consider that the reheating is caused by
the moduli decay, but our discussion can apply to other
possibilities as well. Recently, it was discussed that the
out-of-equilibrium sphaleron could work efficiently dur-
ing the thermalization of the reheating [72], satisfying two
of the Sakharov conditions for the baryogenesis. This is
because the moduli for the reheating decays into the
energetic SM particles, whose interaction with the ambi-
ent plasma has a center-of-mass scale much larger than the
sphaleron scale.11

The thermally produced DM tends to be too warm and
the mass should satisfy [32] ma ≳ 20 keV for a dominant
DM. The parameter region ≲200 keV can be tested in the
future observations of the 21 cm line and Milky Way
subhalo count [32].
Interestingly, the same portal interaction would lead to

the collider signals discussed in the main part. Also, it is
interesting to notice that neither the DM production nor the
prediction of the invisible decays depend much on the
detail of what Gdark is thanks to the equivalence theorem.
On the other hand, the nature of Gdark affects later
cosmology and astrophysics observations. This will be
discussed in the following by assuming Gdark ¼ Uð1Þglobal,
Uð1Þlocal, or SUðNÞlocal.

b. Case with Gdark =Uð1Þglobal global symmetry:
(CP-even) ALP

Let us discuss the case when Gdark is a global Abelian
symmetry. Then, the resulting NG boson can be seen as an
ALP, which will be considered a cold DM. We may assume
that U(1) is the global symmetry that is explicitly broken,
which may be expected from quantum gravity. As dis-
cussed in the main part around Eq. (4), we obtain a CP-
even ALP mixing with the SM-like Higgs boson. By taking

9Strictly speaking, ALPs may regard an axion coupled to a
photon. In this paper, we denote ALPs as generic axions.

10A simple nonthermal production scenario with the low
reheating temperature may be that the light DM is produced
via reheating [70,71]. Here, the reheating temperature is required
to be larger than the moduli (any other mother particle for the
reheating) mass. Thus, the nonthermal sphaleron may not be
active [72], and we need some other possible source for the baryon
number violation for the baryogenesis.

11Alternatively, given the sub weak scale reheating, we also
have the possible baryogenesis scenarios with extensions of the
model for baryon number violation [74–79].
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account of the effect of mixing, one can see that the ALP
lifetime can be much longer than the age of the Universe if
ma ≲ 1 MeV, i.e., twice the electron mass. This is because
it dominantly decays into a pair of photons via a width [see
Eq. (6)]

Γa→γγ ∝
m7

a

v4m2
Φ
; ðA4Þ

which is highly suppressed by the seventh power of the small
ma. It was shown that a slightly smaller ma than MeV can
evade the very severe bound from the X, γ-ray searches.
In addition, in this regime, the “direct detection” bound via
the a absorption (cf. [80]) or the cooling bound of stars via
the mixing is also irrelevant due to the smallness of
the interaction. For instance, the electron coupling,
θah

me
v aēe, has an effective “coupling scale” ∼v=θah∼

1012 GeVðMeV
ma

Þ2 ð100 GeVÞ2
c−1h mhmΦ

, which is several orders of mag-

nitude larger than the scale that is sensitive. This scenario
can be tested in the x-ray and γ-ray observations, i.e., indirect
detection, rather than the direct detection.
We also comment that the conventional ALP, CP-odd

coupled to SM particles (see [81–85] for related searches
and experimental bounds), has tension to be the DM in this
regime. This is because the ALP has a too large coupling to
electrons, even via radiative corrections. We note that the
ALP discussed in this paper has a typical decay constant

fa ∼ vΦ ≲ 10 TeV: ðA5Þ

If it couples to photons anomalously, then the decay rate
with ma ≳ 20 keV will exceed the x ray, γ ray extremely.
We are led to consider the so-called anomaly-free ALP [86]
(see also earlier work [3,87]).12 However, as long as the
ALP couples to a particle that is charged under the
SUð3Þc × SUð2ÞL × Uð1ÞY , a radiative correction would
induce a derivative coupling of a to the electron or light
quarks whose couplings are significantly constrained. A
naively expected interaction has the form of

�
1

16π2

�
n ∂μa

fa
ψ̄γμγ5ψ : ðA6Þ

Here, n is a model-dependent number of loops for the
interaction to appear (n ¼ 0 for the tree-level coupling.) For
instance, if ALP has a photon coupling at some scale
(which is canceled by a fermion loop at a lower scale), we
have n ≤ 2 [93]. Given that fa ≲ 10 TeV, avoiding the
bounds from direct detections, astrophysics, and X, γ-ray
observations, we need n ≳ 3, and therefore, the even safest
anomaly-freeCP-odd ALP scenario is in tension with those
observations.13

c. Case with Gdark =Uð1Þlocal gauge symmetry:
Hidden photon

If Uð1Þlocal is a gauge symmetry, then we have a hidden
photon. This hidden photon eats the NGB and gets massive.
The mass is

mγ0 ¼
ffiffiffi
2

p
g0vΦ; ðA7Þ

with g0 being the Uð1Þlocal gauge coupling. Thus the hidden
photon can also be the DM.
The formula of Eq. (A3) applies to the production of the

hidden photon by simply replacing ma with mγ0 thanks to
the equivalence theorem. The difference from the CP-even
ALP is the DM phenomenology in the present Universe.
The hidden photon couples to the SM particles via the
renormalizable interaction

δL ¼ ϵ

2
F0
μνF

μν
Y ; ðA8Þ

where F0 (FY) is the field strength of the hidden photon
(hypercharge gauge boson), and ϵ is the mixing parameter.
Even if mγ0 < 1 MeV, the decay into the photons are highly
suppressed. The hidden photon can only decay into three
photons due to the CP nature (or we may call it Furry’s
theorem), and it decays via the dimension-eight terms.
Instead of the x-ray/gamma-ray bound, the “direct detection”
as well as star cooling bounds are more important [1,2,80]
requiring ϵ≲ 10−13. Satisfying this, we can have the
thermally produced hidden photon, whose mass should be
larger than 20 keV to be consistent with the structure
formation as discussed previously.

d. Case with Gdark =SUðNÞlocal gauge symmetry:
Accidental light DM and dark radiation

Let us consider Gdark as a non-Abelian gauge symmetry,
SUðNÞlocal. We will show that this solves the quality
problem of the Uð1Þglobal discussed in the previous part,
and may relax the Hubble tension. Here, we do not impose
any global symmetries but only the local symmetry. To this

12The relaxed bound of X, γ rays in the context of the direct
detection experiment via the electron coupling was first derived
in [88]. The anomaly-free ALP in the context of an effective field
theory (EFT) was studied in [89]. The above discussions are
confirmed in the context of direct detection in [90]. As the UV
model, a two-Higgs-doublet model was built [88] (see also [91]). A
detailed study of light three-Higgs-doublet models (see also [86])
was discussed, and the photon coupling is found to be enhanced in
a certain parameter region [92]. In the present discussion, we do
not need the tree-level ALP coupling to the electron, meaning that
the photon coupling can be even more suppressed. Even in this
case, the electron/light quark couplings would be induced radi-
atively, and the scenario is severely constrained with fa ≲ 10 TeV.

13IfΦ is the Baryon number minus lepton number (B-L) Higgs
field that couples to the right-handed neutrinos around the TeV
scale, then the ALP (or Majoron) decays into the SM neutrinos
with a lifetime shorter than the age of the Universe.
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end, we assume that Φ ¼ Φij is a complex symmetric
tensor under this symmetry. In a large parameter region of
the renormalizable potential of Φ, we can get

h0jΦj0i ¼ vΦffiffiffiffi
N

p δij; ðA9Þ

which means the spontaneous breaking of

SUðNÞlocal → SOðNÞlocal: ðA10Þ

This generates N2 − 1 − ðN − 1ÞN=2 ¼ ðN2 þ N − 2Þ=2
would-be NGBs eaten by the gauge bosons. The charged
massive gauge bosons have the mass of

mG ≃ 2gSUðNÞvΦ; ðA11Þ

with gSUðNÞ being the gauge coupling. We also have
ðN − 1ÞN=2 massless gauge bosons corresponding to the
number of the generators of SOðNÞlocal. Those gauge
bosons, if produced sufficiently in the early Universe and
not confined, can play the role of the self-interacting dark
radiation [94] that alleviates the Hubble tension [95–101]. In
addition, we have bosons in a ðN þ 1ÞN=2 − 1 representa-
tion [the symmetric tensor of SOðNÞlocal] and two neutral
(CP-odd and -even) Higgs bosons. The CP-even neutral

boson, ρ ¼
ffiffi
2

pffiffiffi
N

p tr ReΦ, corresponds to the dark Higgs boson

discussed previously.
Interestingly, there is an accidental symmetry of

Uð1Þglobal when N > 4. This is also spontaneously broken
by the VEV of Φ [102–104] (see also [102,105–107] for
other representations of matter for accidental symmetries).
Thus the CP-odd neutral boson residing in Φ corresponds
to the ALP, a. Giving a cutoff scale, Λ, of the theory,
Uð1Þglobal is expected to be broken by the term of

δL ¼ − detΦ
ΛN−4 þOðdetΦjHj2Þ þ H:c: ðA12Þ

This gives a mass to the ALP,

ma ∼ vΦ

�
vΦ
Λ

�
N=2−2

: ðA13Þ

In fact, taking N ¼ 5, we obtain

ma ¼ 20 keV

�
vΦ

1 TeV

�
3=2

�
Mpl

Λ

�
1=2

; ðA14Þ

consistent with the DM with Λ being the reduced Planck
scale Mpl. This ALP is difficult to mix with the SM-like
Higgs boson if Λ ≫ vΦ. This is because there is an
accidental CP symmetry in the leading term in Eq. (A12).

To sum up, we have SUðNÞlocal × Uð1Þglobal, the latter of
which is accidental when N > 4. The resulting spectrum
with generic parameters of the Higgs potential is as
follows14:
(1) Scale of vΦ: Dark Higgs boson, s, ðN þ 1ÞN=2 − 1

charged bosons.
(2) Scale of mG: ðN þ 1ÞN=2 − 1 charged vector

bosons.
(3) Scale ≪ mG: ðN − 1ÞN=2 massless gauge bosons

(unless confinement), ALP a.
By focusing on the dark Higgs component (with certain

redefinition), vΦ þ s=
ffiffiffiffiffiffiffi
2N

p
, and the SM-like field system,

our previous discussion does not change much. For
instance, there is a mixing term between the SM-like
Higgs and dark Higgs bosons:

V ⊃ λPtrðjΦj2ÞjHj2 ⊃ 2
ffiffiffiffi
N

p
vΦvϕrρ: ðA15Þ

We can also find the interaction between s and NGB, a, as
well as the would-be NGBs, ai :

Lint ≃
sffiffiffiffiffiffiffi

2N
p

vΦ

�
ð∂aÞ2 þ

XNðNþ1Þ=2−1

i¼1

ð∂aiÞ2
�
: ðA16Þ

By integrating out s, we get the higher dimensional term of
the form

δL ¼ −
ffiffiffi
2

p
λPmψ

ðm2
h −m2

sÞm2
h

�
∂a∂aþ

XNðNþ1Þ=2−1

i¼1

ð∂aiÞ2
�
ψ̄ψ ;

ðA17Þ

≡ −
ffiffiffi
2

p
mψ

Λ2
Hm

2
h

�
∂a∂aþ

XNðNþ1Þ=2−1

i¼1

ð∂aiÞ2
�
ψ̄ψ : ðA18Þ

Thus the DM, a, can be produced, again, via the thermal
scattering with a low reheating temperature. In addition,
the charged vector bosons in the early Universe are also
produced. We note that there are also loop-induced cou-
plings by integrating out the charged bosons. We do not
consider them since the contribution to the production of
the dark particles should be subdominant.
By neglecting the annihilation of the charged vector

boson soon after the reheating, we find

14In a certain choice of the parameters, the mass scales of the
dark Higgs bosons and charged bosons may be different from
what we list.
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nMVB

s
¼

�ðN þ 1ÞN
2

− 1

�
na
s
; ðA19Þ

with nMVB being the total number density of the massive
charged gauge bosons, respectively. The dark sector is
composed of two sectors after the reheating: the ALP sector
and the SOðNÞ sector, where the charged particles under the
SOðNÞ reside in. In addition, we have the visible SM sector.
The three sectors rarely interact with each other after the
reheating. The evolutions of the SM and ALP sectors are
the same as discussed previously, and we do not repeat
them here.
Let us focus on the SOðNÞ sector. Soon after the

reheating, the heavy gauge boson would annihilate into
the SOðNÞ gauge bosons, and the thermalization takes
place. According to the energy conservation, SOðNÞ sector
carries the entropy density of

sdark ∼
2π2

45

�
3

�ðN þ 1ÞN
2

− 1

�
þ 2

ðN − 1ÞN
2

�
−1=3

×

�
30nMVBTR

π2

�
3=4

: ðA20Þ

When the massive gauge boson becomes nonrelativistic,
they annihilate like a WIMP. The annihilation cross section
scales as

σ ∼
g2SUðNÞN

4πv2Φ
: ðA21Þ

Thus vΦ=ðgSUðNÞ
ffiffiffiffi
N

p Þ ≪ 10 TeV is required so that the
“lightest charged particles” is not overproduced, while
gSUðNÞN ≲ 1 is required so that confinement is absent in
cosmology for simplicity. By taking account of the Sommer-
felt enhancement [108,109] (see also Refs. [110–113]), the
bound on vΦ can be relaxed but it may not be much larger
than 10 TeV. This motivates the parameter region of our
main focus. After the annihilation, the SOðNÞ gauge bosons
behave as self-interacting dark radiation. Given that the relic

of the charged massive gauge bosons is subdominant,15 the
comoving entropy would be carried by the SOðNÞ massless
gauge bosons.
By assuming that a contributes to the dominant DM via

Eq. (A3), we find that the thermally produced SOðNÞ sector
contributes to the dark radiation represented as the
deviation of the effective neutrino number,

ΔNeff ∼ 10−3
�
N
5

�
2
�

80

g⋆S½TR�
�

1=3 20 keV
ma

: ðA22Þ

Thus satisfying ma > 20 keV for the DM small-scale
structure bound, the thermally produced dark radiation
via Eq. (A19) contributes to the deviation of the effective
neutrino number ΔNeff ≪ 0.1 for N ≲ 10, satisfying the
cosmological bound. On the other hand, during the
reheating, the self-interacting dark radiation can be also
produced via the decay of the moduli. We consider this
production naturally happens since we can write the
interaction of jΦj2ϕ with ϕ being the moduli. In this case
the dark radiation can easily contribute to ΔNeff ¼ Oð0.1Þ
alleviating the H0 tension. The thermally produced a
contributes to the DM.16

In any of the above light DM scenarios (we can also
consider dark radiation production by taking the ALP,
hidden photon or non-Abelian gauge boson mass to be
small enough and consider a high enough reheating
temperature), the s-h system as well as the invisible decays
of s, h, do not change much. The analysis in the main part
gives a generic probe of those scenarios.
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