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Although the existence of Dark Matter (DM) has been suggested by various astrophysical obser-
vations, it has not yet been discovered today. We can assume a scenario in which the particles that
account for the DM can interact with the Standard Model particles only through their couplings
with the Higgs sector, the so-called Higgs-portal model. This model can be investigated by col-
lider experiment, especially lepton collider is good at searching them through invisible decays of
the Higgs boson.
In this study, we evaluate the search ability of International Linear Collider (ILC) for invisible
decay of the Higgs using International Large Detector (ILD) full detector simulation. We esti-
mate 95% C.L. upper limit (UL) on branching ratio of invisible Higgs decays and compare them
between two center-of-mass energy conditions:

√
s = 250 GeV and 500 GeV.

In addition, we mention the complementarity of lepton collider experiment to the direct detection
experiment about DM search ability.
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1. Introduction

The Dark Matter (DM) is one of the mysteries left in the Standard Model (SM) of the particle
physics. The existence of DM has been suggested by various astrophysical observations, and many
exploratory experiments are currently underway. Although it has not yet been discovered, there are
several constraints from experimental search.

One of the models that describes the interaction between DM and SM particles is the so-called
Higgs-Portal model [1]. In this model, DM in the Universe interact only through their couplings
with the Higgs sector of the theory. The simplest and model-independent approach is assuming
the minimal Higgs sector, single doublet Higgs field structure, that leads to the SM Higgs boson
which has been observed so far and the DM singlets with spin 0, 1 and 1/2. In this case, the
phenomenology of the model would be described only by two parameters in addition to those of
the SM: the mass of the DM state and its effective coupling to the Higgs boson. The relevant terms
of the Lagrangians describing the spin 0, 1 and 1/2 DM particles interacting with the SM Higgs
field Φ can be simply written as:
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This model can be searched by collider experiments. In the SM, Higgs can decay into two Z
bosons which branching ratio is 2.62%. When both of them decay into neutrinos, Higgs disappears
from the detector. In such case, the branching ratio should be about 0.1%. If there are any physics
beyond the SM, for example DM (mDM < mH/2), the branching ratio of the invisible Higgs decay
can exceed significantly.

Today, the observed (expected) limit of 19% (15%) is set by the CMS group [2] and 26%
(17%) by the ATLAS group [3] at 95% C. L. in the LHC experiment. In addition, the HL-LHC
prospect is estimated as 1.9% in Ref. [4]. In fact, measurement of missing energy is not easy with
hadron collider because the initial state of collision is not very clear. On the other hand, the lepton
collider, such as International Linear Collider (ILC) [5, 6, 7, 8, 9], can search for invisible decay
with high accuracy by clean measurement environment and the recoil mass technique.

Therefore, we aim to evaluate the searchability of ILC for invisible decay of the Higgs boson.
ILC is a linear lepton collider which collides electrons and positrons. Its total length is planned
to be 20km which corresponds to center-of-mass energy of

√
s = 250 GeV and upgradable to 500

GeV or 1 TeV in the future which is a unique advantage of linear accelerators. In addition, the
beam polarization is also powerful tool to suppress backgrounds derived from W boson.

In this study, we use International Large Detector (ILD) [9] which is one of the detector con-
cepts for the ILC. ILD is designed to optimize Particle Flow Algorithm (PFA) [10] which enables
to reconstruct and identify all the particles, especially hadron jets. The jet energy resolution of ILD
could be 3 - 4% using PFA.

In this study, we aim to estimate 95% C.L. upper limit (UL) on branching ratio (BR) of invis-
ible Higgs decay at the ILC with ILD full detector simulation.
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2. Target Process

As a signal process in this study, we deal with the Higgs-strahlung process shown in Figure
1 with H → invisible and Z → qq which are expected to be the most sensitive channels because
of the high statistics. On the other hand, for the leptonic decays of Z, we would refer to previous
study [11].

<latexit sha1_base64="(null)">(null)</latexit>

Figure 1: The diagram of Higgs-strahlung process

Against this signal process, the main background processes are e+e− → ZZ → ννqq and
e+e−→WW → lνqq.

3. Simulation Conditions

In this section, the simulation conditions for collider, detector and event samples are described.
We assume two center-of-mass energy,

√
s = 250 GeV and 500 GeV, and two beam polariza-

tion parameters, (Pe− ,Pe+) = (∓0.8,±0.3). Integrated luminosity for one beam pol. is 900 fb−1

for
√

s = 250 GeV and 1600 fb−1 for
√

s = 500 GeV based on 250 GeV ILC staging scenario [12].
We use the signal and background samples based on the ILC Technical Design Report [5, 6,

7, 8, 9]. The beam energy spectrum includes the effects by beamstrahlung and the initial state
radiation. The beam backgrounds from γγ interactions are included in all signal and background
processes. As a signal process, e+e− → qqH with H → ZZ → 4ν is used adjusting BR(H →
invisible) = 10%. The background processes from e+e− interactions are categorized according to
the number of final-state fermions and whether Higgs is included: two fermions (2f), four fermions
(4f) and SM Higgs processes.

We perform the detector simulation with Mokka [13]/ DD4Hep [14], a Geant4-based [15] full
simulation, with the ILD detector model ILD_o1_v05 / ILD_l5_o1_v02 for

√
s = 250 / 500 GeV.

4. Analysis

We analyze in three steps: reconstruction, event selection and UL estimation.
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4.1 Event Reconstruction

Events have been reconstructed using PandoraPFA [10] in the Marlin framework [16].

Isolated lepton tagging is performed with IsolatedLeptonTagging processor [17] to
remove events which contain isolated leptons. We use the parameters summarized in Table 1 for
IsolatedLeptonTagging, where ECAL is the energy deposit in the calorimeter system, and
p is the track momentum. A multivariate double cone method is used and a cut on MVA output is
applied.

Table 1: Parameters for isolated lepton tagging.
variable condition

electron muon
ECAL/p 0.5 - 1.3 < 0.3

p > 5 GeV > 5 GeV
EECAL/(EECAL +EHCAL) > 0.9 -

Eyoke - > 1.2 GeV
MVA cut for

√
s = 250 > 0.5 > 0.5

MVA cut for
√

s = 500 > 0.8 > 0.8

After Isolated lepton tagging, jet clustering forced to two jets is performed using LCFIPlus
processor [18] and its clustering method is Durham algorithm. At the same time, beam background
rejection is performed only at

√
s = 500 GeV with rejection parameter α of 5.0.

4.2 Event Selection

After event reconstruction step, event selection is performed. As mentioned above, the branch-
ing ratio of H → invisible is assumed as 10% just for simplicity of event selection. The cut con-
ditions and number of remaining events for

√
s = 250 GeV are listed in Table 2 and 3 where

significance is defined as NS/
√

NS +NB. And also the recoil mass distribution after event selection
is shown in Figure 2 for

√
s = 250 GeV and Figure 3 for

√
s = 500 GeV.

Table 2: Selection table for
√

s = 250 GeV, (Pe− ,Pe+) = (−0.8,+0.3)
cut condition signal (efficiency) all bkg (efficiency) significance

No Cut 18917 (1.000) 1.417×108 (1.000) 1.59
Nlep = 0 18880 (0.998) 9.732×107 (0.687) 1.91
Pre-Cut 18202 (0.962) 3.358×106 (0.024) 9.91

Np f o > 15&Ncharged > 6 17918 (0.947) 2.539×106 (0.018) 11.2
pT j j ∈ (20,80)GeV 16983 (0.898) 1.368×106 (0.010) 14.4
M j j ∈ (80,100)GeV 14158 (0.748) 713194 (0.005) 16.6
|cosθ j j|< 0.9 13601 (0.719) 539921 (0.004) 18.3

Mrecoil ∈ (100,160)GeV 13585 (0.718) 244051 (0.002) 26.8
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Table 3: Selection table for
√

s = 250 GeV, (Pe− ,Pe+) = (+0.8,−0.3)
cut condition signal (efficiency) all bkg (efficiency) significance

No Cut 12776 (1.000) 7.785×107 (1.000) 1.45
Nlep = 0 12752 (0.998) 4.893×107 (0.628) 1.82
Pre-Cut 12270 (0.9609 1.329×106 (0.017) 10.6

Np f o > 15&Ncharged > 6 12067 (0.945) 852285 (0.011) 13.0
pT j j ∈ (50,250)GeV 11394 (0.892) 285847 (0.004) 20.9
M j j ∈ (80,120)GeV 9481 (0.742) 165798 (0.002) 22.6
|cosθ j j|< 0.98 9126 (0.714) 130070 (0.002) 24.5

Mrecoil ∈ (80,330)GeV 9115 (0.713) 62979 (0.001) 33.9
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Figure 2: Recoil mass distribution after event selection at
√

s = 250 GeV. (left): (Pe− ,Pe+) = (−0.8,+0.3),
(right): (Pe− ,Pe+) = (+0.8,−0.3).
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Figure 3: Recoil mass distribution after event selection at
√

s = 500 GeV. (left): (Pe− ,Pe+) = (−0.8,+0.3),
(right): (Pe− ,Pe+) = (+0.8,−0.3).

4.3 Upper Limit Estimation

After event selection, we estimate 95% C.L. UL on BR(H → invisible). First, we calculate
significance fromNS and NB for each bin of the recoil mass distribution after selection and combine
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them in all bins (Root Mean Square). Then, UL is calculated with combined significance using
following formula;

UL95%C.L.(%) =
10[%]×1.65

signi f icance(BR = 10[%])
. (4.1)

5. Results

The results are summarized in Table 4 for
√

s = 250 GeV and Table 5 for
√

s = 500 GeV
where the leptonic channel results are also converted from previous study[] and filled.

Table 4: 95% C.L. UL on BR(H → invisible) for√
s = 250 GeV
Mode (-0.8,+0.3) (+0.8,-0.3) combined
Z→ qq 0.44% 0.31% 0.25%
Z→ ll 1.06% 0.67% 0.57%
combined - - 0.23%

Table 5: 95% C.L. UL on BR(H → invisible) for√
s = 500 GeV
Mode (-0.8,+0.3) (+0.8,-0.3) combined
Z→ qq 1.30% 0.98% 0.78%
Z→ ll 2.03% 1.48% 1.19%
combined - - 0.65%

From these results, we can obviously say that the sensitivity is quite better at
√

s = 250 GeV
than 500 GeV. In addition, the hadronic channel (Z → qq) has a dominant role for search for
invisible Higgs decays. Moreover, comparing the final result of ILC-250, 0.23%, and HL-LHC
prospect, 1.9%, ILC-250 gives a factor of 10 better than HL-LHC prospect.

Finally we would like to mention the impact of collider experiments on search for DM. Figure
4 from Ref. [19, 4] shows the limit of cross section between DM and nucleon as a function of DM
mass. And the green line shows the ILC results. These plots tell us two important messages. One
is that the collider experiments is more sensitive especially in low mass region and complementary
to direct search experiments. The other is that ILC is comparable with the other lepton collider
projects.

Figure 4: DM limitations. (left): Scalar DM, (right): Majorana DM.
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6. Summary

We evaluated the searchability of ILC for invisible decay of the Higgs using ILD full detec-
tor simulation. Finally we obtained the 95% C.L. UL on BR(H → invisible) of 0.23% for 250
GeV ILC. This limitation is a factor of 10 better than the HL-LHC prospect. We also compared
the DM search possibilities of the other lepton collider projects and direct detection experiments.
We can say that ILC is comparable with the other lepton colliders and lepton collider project is
complementary to direct search experiment.
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