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Introduction
• Sub-GeV (MeV-GeV) new particles with feeble coupling to the SM can be thermal Dark Matter (DM) 

by light mediator 

※ Inelastic DM scenario can escape even electron recoil search by small mass difference

- High-energy sub-GeV particles can deposit enough energy in detector  

ILC beam dump experiment can produce high-intensity boosted new particle beams    

- High-intensity beams can produce many new particles with feeble coupling   

- escape direct detection in nuclear recoil searches because of detection threshold

- collider constraint is not severe because of feeble coupling

⇒ We need high-intensity boosted new particle beams to detect such sub-GeV particles   
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• ILC is linear collider experiment using high energy electron and positron beams
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Introduction
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• Almost all  beams go into the main beam dump after passing through the IPe±

ILC-250: Energy in Lab frame: , Flux: 125 GeV 4 × 1021/year
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The EM showers can produce boosted sub-GeV new particle
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⇒ Large amount of EM showers are produced in the beam dumps
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[S. Kanemura, T. Moroi, T. Tanabe, arXiv:1507.02809]
• It was proposed to set a shield, veto, and detector behind the main beam dump 
Introduction
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We propose a new beam dump experiment at future colliders with electron (e−) and positron
(e+) beams, BDee, which will provide a new possibility to search for hidden particles, like hidden
photon. If a particle detector is installed behind the beam dump, it can detect the signal of in-flight
decay of the hidden particles produced by the scatterings of e± beams off materials for dumping.
We show that, compared to past experiments, BDee (in particular BDee at e

+
e
− linear collider)

significantly enlarges the parameter region where the signal of the hidden particle can be discovered.

High energy colliders with electron (e−) and positron
(e+) beams, such as the International Linear Collider
(ILC) [1], the Compact Linear Collider (CLIC) [2], and
Future Circular Collider with e+e− beams (FCC-ee) [3],
are widely appreciated as prominent candidates of future
experiments. One of the reasons is that, with the dis-
covery of Higgs boson at the LHC [4], detailed studies
of Higgs properties at e+e− colliders are now very im-
portant [5]. In addition, e+e− colliders have sensitivity
to new particles at TeV scale or below if they have elec-
troweak quantum numbers.
Although e+e− colliders have many advantages in

studying physics beyond the standard model (BSM), they
can hardly probe BSM particles whose interaction is very
weak. We call such particles hidden particles, which ap-
pear in various BSM models. For example, there may
exist a gauge symmetry other than those of the stan-
dard model (SM), as is often the case in string theory.
If the breaking scale of such a hidden gauge symmetry
is lower than the electroweak scale, the associated gauge
boson can be regarded as a hidden particle [6]. In string
theory, it has also been pointed out that there may exist
axion-like particles (ALPs) [7]; they are also candidates of
the hidden particle. Sterile neutrino is another example.
These particles interact very weakly with SM particles,
and are hardly accessed by studying e+e− collisions. If
e+e− colliders will be built in the future, it is desirable
to make it possible to study hidden particles as well.
In this letter, we discuss a possibility to detect hidden

particles at the e+e− facilities. We propose a beam dump
experiment at future e+e− colliders (BDee), in which the
beam after the e+e− collision is used for the beam dump
experiment. In particular, at the ILC and CLIC, the e±

beams will be dumped after each collision, which makes
a large number of e± available for the beam dump ex-
periment. Using the hidden photon, which is the gauge
boson associated with a (spontaneously broken) hidden
U(1) symmetry, as an example, we show that the BDee
can cover a parameter region which has not been explored
by past experiments.
Let us first summarize the basic setup of BDee. We

simply assume the current design of the beam dump sys-
tem of the ILC although one may consider other possi-
bilities. The main beam dumps of the ILC will consist

Beam Dump
Shield

Veto Detector

Ldump Lsh Ldec

Beam

FIG. 1: Schematic view of BDee. The electron (or positron)
beam is injected into the beam dump from the left.

of 1.8 m-diameter cylindrical stainless-steel high-pressure
(10 bar) water vessels [1]. The e± beams after passing
through the interaction point are injected into the dump,
which absorbs the energy of the electromagnetic shower
in 11 m of water. If there exists a hidden particle, like hid-
den photon, for example, it is produced by the e±-H2O
scattering process. In this letter, to make our discussion
concrete, we consider the case where the target is H2O,
although other materials may be used as a target. The
number of the hidden photon produced in the dump is
insensitive to the target material.
Our proposal is to install a particle detector behind

the dump, with which we can observe signals of hidden
particles produced in the dump. The schematic picture
of the setup of BDee is shown in Fig. 1. The decay vol-
ume is a vacuum vessel with the length of Ldec; the signal
of the hidden particle is detected if the hidden particle
decays into (visible) SM particles in the decay volume.
A tracking detector is used to detect the hidden parti-
cle decaying into a pair of charged particles. Additional
detectors such as calorimeters and muon detectors may
be installed to enrich the physics case. As well as the
hidden particles, charged particles are also produced in
the dump; rejection of those particles is essential to sup-
press backgrounds. In particular, a significant amount of
muons are produced, as we will discuss in the following.
Thus, we expect to install shields and veto counters be-
tween the dump and the decay volume. Additional veto
counters surrounding the detector serve to reject cosmic
rays.
To see the sensitivity of BDee, we consider a model
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We propose a new beam dump experiment at future colliders with electron (e−) and positron
(e+) beams, BDee, which will provide a new possibility to search for hidden particles, like hidden
photon. If a particle detector is installed behind the beam dump, it can detect the signal of in-flight
decay of the hidden particles produced by the scatterings of e± beams off materials for dumping.
We show that, compared to past experiments, BDee (in particular BDee at e

+
e
− linear collider)

significantly enlarges the parameter region where the signal of the hidden particle can be discovered.

High energy colliders with electron (e−) and positron
(e+) beams, such as the International Linear Collider
(ILC) [1], the Compact Linear Collider (CLIC) [2], and
Future Circular Collider with e+e− beams (FCC-ee) [3],
are widely appreciated as prominent candidates of future
experiments. One of the reasons is that, with the dis-
covery of Higgs boson at the LHC [4], detailed studies
of Higgs properties at e+e− colliders are now very im-
portant [5]. In addition, e+e− colliders have sensitivity
to new particles at TeV scale or below if they have elec-
troweak quantum numbers.
Although e+e− colliders have many advantages in

studying physics beyond the standard model (BSM), they
can hardly probe BSM particles whose interaction is very
weak. We call such particles hidden particles, which ap-
pear in various BSM models. For example, there may
exist a gauge symmetry other than those of the stan-
dard model (SM), as is often the case in string theory.
If the breaking scale of such a hidden gauge symmetry
is lower than the electroweak scale, the associated gauge
boson can be regarded as a hidden particle [6]. In string
theory, it has also been pointed out that there may exist
axion-like particles (ALPs) [7]; they are also candidates of
the hidden particle. Sterile neutrino is another example.
These particles interact very weakly with SM particles,
and are hardly accessed by studying e+e− collisions. If
e+e− colliders will be built in the future, it is desirable
to make it possible to study hidden particles as well.
In this letter, we discuss a possibility to detect hidden

particles at the e+e− facilities. We propose a beam dump
experiment at future e+e− colliders (BDee), in which the
beam after the e+e− collision is used for the beam dump
experiment. In particular, at the ILC and CLIC, the e±

beams will be dumped after each collision, which makes
a large number of e± available for the beam dump ex-
periment. Using the hidden photon, which is the gauge
boson associated with a (spontaneously broken) hidden
U(1) symmetry, as an example, we show that the BDee
can cover a parameter region which has not been explored
by past experiments.
Let us first summarize the basic setup of BDee. We

simply assume the current design of the beam dump sys-
tem of the ILC although one may consider other possi-
bilities. The main beam dumps of the ILC will consist
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FIG. 1: Schematic view of BDee. The electron (or positron)
beam is injected into the beam dump from the left.

of 1.8 m-diameter cylindrical stainless-steel high-pressure
(10 bar) water vessels [1]. The e± beams after passing
through the interaction point are injected into the dump,
which absorbs the energy of the electromagnetic shower
in 11 m of water. If there exists a hidden particle, like hid-
den photon, for example, it is produced by the e±-H2O
scattering process. In this letter, to make our discussion
concrete, we consider the case where the target is H2O,
although other materials may be used as a target. The
number of the hidden photon produced in the dump is
insensitive to the target material.
Our proposal is to install a particle detector behind

the dump, with which we can observe signals of hidden
particles produced in the dump. The schematic picture
of the setup of BDee is shown in Fig. 1. The decay vol-
ume is a vacuum vessel with the length of Ldec; the signal
of the hidden particle is detected if the hidden particle
decays into (visible) SM particles in the decay volume.
A tracking detector is used to detect the hidden parti-
cle decaying into a pair of charged particles. Additional
detectors such as calorimeters and muon detectors may
be installed to enrich the physics case. As well as the
hidden particles, charged particles are also produced in
the dump; rejection of those particles is essential to sup-
press backgrounds. In particular, a significant amount of
muons are produced, as we will discuss in the following.
Thus, we expect to install shields and veto counters be-
tween the dump and the decay volume. Additional veto
counters surrounding the detector serve to reject cosmic
rays.
To see the sensitivity of BDee, we consider a model
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ILC beam dump experiment has higher sensitivity than past beam dump experiments
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FIG. 2: Contours of constant Nsig on the mX vs. ε plane
for Ebeam = 250 (red), 500 (blue), and 1500 GeV (green),
taking Ne = 4 × 1021, Ldump = 11 m, Lsh = 50 m, and
Ldec = 50 m. The dotted, solid, short-dashed, and long-
dashed lines correspond to Nsig = 10−2, 1, 102, and 104,
respectively. The gray-shaded regions are already excluded by
past beam dump experiments [10] (light-gray) or supernova
bounds [14] (dark-gray), while SHiP experiment, if approved,
will cover the yellow-shaded one [15].

Finally, we compare BDee with another possible hid-
den particle search in the future, SHiP experiment [16].
The expected discovery reach of SHiP is also shown in
Fig. 2 for the hidden photon model. We can see that, if
approved, SHiP will also cover the parameter region on
which BDee has a sensitivity. It should be noted that
SHiP is a fixed target experiment with proton beam, so

the fundamental processes producing hidden particles are
different. If signals of a hidden particle are discovered,
discrimination of various possibilities of hidden particles
may become possible by combining the results of BDee
and SHiP.

In summary, given the fact that a large number of e±

will become available for beam dump experiment once
e+e− collider starts its operation, we propose to install
a particle detector behind its dump. Using the hidden
photon model as an example, we have shown that the
beam dump experiment at e+e− colliders, BDee, signif-
icantly enlarges the discovery reach of hidden particles.
To understand the potential of BDee, case studies for
other hidden particles, like ALPs and sterile neutrinos,
should be performed. In doing so, the full capabilities
of the machine, such as the use of positrons which yield
annihilation processes, and, in the case of linear colliders,
the use of beam polarization, should be explored. In ad-
dition, the discovery reach depends on the detail of the
configurations of detectors and shields. As we have dis-
cussed, the muons produced in the dump are potential
serious background and hence careful designs of detectors
and shields are needed. These issues will be discussed
elsewhere [17]. BDee will provide a new possibility to
probe hidden particles, and hence is worth being consid-
ered seriously as an important addition to future e+e−

facilities.
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(e+) beams, BDee, which will provide a new possibility to search for hidden particles, like hidden
photon. If a particle detector is installed behind the beam dump, it can detect the signal of in-flight
decay of the hidden particles produced by the scatterings of e± beams off materials for dumping.
We show that, compared to past experiments, BDee (in particular BDee at e

+
e
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significantly enlarges the parameter region where the signal of the hidden particle can be discovered.

High energy colliders with electron (e−) and positron
(e+) beams, such as the International Linear Collider
(ILC) [1], the Compact Linear Collider (CLIC) [2], and
Future Circular Collider with e+e− beams (FCC-ee) [3],
are widely appreciated as prominent candidates of future
experiments. One of the reasons is that, with the dis-
covery of Higgs boson at the LHC [4], detailed studies
of Higgs properties at e+e− colliders are now very im-
portant [5]. In addition, e+e− colliders have sensitivity
to new particles at TeV scale or below if they have elec-
troweak quantum numbers.
Although e+e− colliders have many advantages in

studying physics beyond the standard model (BSM), they
can hardly probe BSM particles whose interaction is very
weak. We call such particles hidden particles, which ap-
pear in various BSM models. For example, there may
exist a gauge symmetry other than those of the stan-
dard model (SM), as is often the case in string theory.
If the breaking scale of such a hidden gauge symmetry
is lower than the electroweak scale, the associated gauge
boson can be regarded as a hidden particle [6]. In string
theory, it has also been pointed out that there may exist
axion-like particles (ALPs) [7]; they are also candidates of
the hidden particle. Sterile neutrino is another example.
These particles interact very weakly with SM particles,
and are hardly accessed by studying e+e− collisions. If
e+e− colliders will be built in the future, it is desirable
to make it possible to study hidden particles as well.
In this letter, we discuss a possibility to detect hidden

particles at the e+e− facilities. We propose a beam dump
experiment at future e+e− colliders (BDee), in which the
beam after the e+e− collision is used for the beam dump
experiment. In particular, at the ILC and CLIC, the e±

beams will be dumped after each collision, which makes
a large number of e± available for the beam dump ex-
periment. Using the hidden photon, which is the gauge
boson associated with a (spontaneously broken) hidden
U(1) symmetry, as an example, we show that the BDee
can cover a parameter region which has not been explored
by past experiments.
Let us first summarize the basic setup of BDee. We

simply assume the current design of the beam dump sys-
tem of the ILC although one may consider other possi-
bilities. The main beam dumps of the ILC will consist
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FIG. 1: Schematic view of BDee. The electron (or positron)
beam is injected into the beam dump from the left.

of 1.8 m-diameter cylindrical stainless-steel high-pressure
(10 bar) water vessels [1]. The e± beams after passing
through the interaction point are injected into the dump,
which absorbs the energy of the electromagnetic shower
in 11 m of water. If there exists a hidden particle, like hid-
den photon, for example, it is produced by the e±-H2O
scattering process. In this letter, to make our discussion
concrete, we consider the case where the target is H2O,
although other materials may be used as a target. The
number of the hidden photon produced in the dump is
insensitive to the target material.
Our proposal is to install a particle detector behind

the dump, with which we can observe signals of hidden
particles produced in the dump. The schematic picture
of the setup of BDee is shown in Fig. 1. The decay vol-
ume is a vacuum vessel with the length of Ldec; the signal
of the hidden particle is detected if the hidden particle
decays into (visible) SM particles in the decay volume.
A tracking detector is used to detect the hidden parti-
cle decaying into a pair of charged particles. Additional
detectors such as calorimeters and muon detectors may
be installed to enrich the physics case. As well as the
hidden particles, charged particles are also produced in
the dump; rejection of those particles is essential to sup-
press backgrounds. In particular, a significant amount of
muons are produced, as we will discuss in the following.
Thus, we expect to install shields and veto counters be-
tween the dump and the decay volume. Additional veto
counters surrounding the detector serve to reject cosmic
rays.
To see the sensitivity of BDee, we consider a model
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FIG. 2: Contours of constant Nsig on the mX vs. ε plane
for Ebeam = 250 (red), 500 (blue), and 1500 GeV (green),
taking Ne = 4 × 1021, Ldump = 11 m, Lsh = 50 m, and
Ldec = 50 m. The dotted, solid, short-dashed, and long-
dashed lines correspond to Nsig = 10−2, 1, 102, and 104,
respectively. The gray-shaded regions are already excluded by
past beam dump experiments [10] (light-gray) or supernova
bounds [14] (dark-gray), while SHiP experiment, if approved,
will cover the yellow-shaded one [15].

Finally, we compare BDee with another possible hid-
den particle search in the future, SHiP experiment [16].
The expected discovery reach of SHiP is also shown in
Fig. 2 for the hidden photon model. We can see that, if
approved, SHiP will also cover the parameter region on
which BDee has a sensitivity. It should be noted that
SHiP is a fixed target experiment with proton beam, so

the fundamental processes producing hidden particles are
different. If signals of a hidden particle are discovered,
discrimination of various possibilities of hidden particles
may become possible by combining the results of BDee
and SHiP.

In summary, given the fact that a large number of e±

will become available for beam dump experiment once
e+e− collider starts its operation, we propose to install
a particle detector behind its dump. Using the hidden
photon model as an example, we have shown that the
beam dump experiment at e+e− colliders, BDee, signif-
icantly enlarges the discovery reach of hidden particles.
To understand the potential of BDee, case studies for
other hidden particles, like ALPs and sterile neutrinos,
should be performed. In doing so, the full capabilities
of the machine, such as the use of positrons which yield
annihilation processes, and, in the case of linear colliders,
the use of beam polarization, should be explored. In ad-
dition, the discovery reach depends on the detail of the
configurations of detectors and shields. As we have dis-
cussed, the muons produced in the dump are potential
serious background and hence careful designs of detectors
and shields are needed. These issues will be discussed
elsewhere [17]. BDee will provide a new possibility to
probe hidden particles, and hence is worth being consid-
ered seriously as an important addition to future e+e−

facilities.
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Setup and signal events
・We adopted a similar setup as visible decay searches

Beam dump
Muon shield Multi-layer tracker EM calorimeter
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[M.M. Nojiri, Y.Sakaki, K. Tobioka, DU. arXiv:2206.13523]

- Muon lead shield ⇒ reduce background

EM calorimeter ⇒ detect EM showers
, Multi-layer tracker ⇒ detect charged tracks 
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・We adopted a similar setup as visible decay searches [M.M. Nojiri, Y.Sakaki, K. Tobioka, DU. arXiv:2206.13523]

- Muon lead shield ⇒ reduce background

EM calorimeter ⇒ detect EM showers
, Multi-layer tracker ⇒ detect charged tracks 
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Figure 3: The cosmic-muon fluxes at sea level (dashed line) and the beam dump area (black

band). The uncertainly in the latter flux is due to the indeterminate density of subsurface

materials in the Kitakami Mountains at the experimental site. The subsurface materials

are assumed to be soil and granite, with an average density of 2.0 to 2.4 g/cm3.

3.2 Cosmic-ray background

The beam-unrelated BG is mainly due to cosmic rays. Figure 3 shows the fluxes of cosmic

muons at sea level and the beam dump area evaluated by EXPACS [25–27] and PHITS [21]#7.

The kinetic energy loss of the cosmic muon from the ground surface to a depth of ⇠120

meters below the ground surface is estimated as ⇢⇥ hdE/dxi ⇥ 120 m ⇠ 50 GeV with the

mass density of the ground ⇢ ⇠ 2.2 g/cm3 and the stopping power of muon hdE/dxi ⇠

2 MeV · cm2/g. Due to this large energy loss, the muon flux at the beam dump area is 200

times smaller than that on the ground. Then, the number of the cosmic-muon BG events

for 10 years is estimated as

NBG
cos ⇠ O(10) · ✏veto. (3.2)

This estimate arises from the following factors:

O(10) ⇠ 10 year (operation time)

⇥ 10�4 muon/cm2/s (cosmic muon flux at beam dump area)

⇥ 1002 cm2 (detector area from top view)

⇥ 10�4/muon (hit rate per cosmic muon)

⇥ 1312⇥ 5 bunch/s (bunch number per second)

⇥ 100 ns/bunch. (time window per bunch)

#7Muon-induced neutrons avoid the muon veto and may become a BG event. Evaluation of this e↵ect is
left for future work.

10

Results of Monte Carlo simulation (EXPACS + PHITS)

Flux is much reduced

100 ns

~600 ns

Signal event arises from this time window

We impose time window = 100 ns

⇒ cosmic-ray backgrounds are negligible

• Beam-unrelated background: cosmic muons



Background

• Beam-induced background:
- neutrinos are produced by decay of pion, muon,… in beam dump
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Figure 2: The beam-induced neutrino fluxes at the end of the muon shield (left) and at the

EM calorimeter location (right).

3 Expected backgrounds

Background (BG) events in this experiment are classified into two types: beam-induced

and beam-unrelated. The beam-induced BG events arise from the SM particles produced

by the injected beam at the main beam dump, while the beam-unrelated ones are mainly

due to cosmic-ray muons.

3.1 Beam-induced background

The beam injected into the main beam dumps produces SM particles. In addition to light

particles such as pions, neutrons, and muons, because of the initial high-energy beams,

tau-leptons and heavy mesons (D, B, and Bc) are also produced by the shower photon

hitting nuclei [9]#4. Both light and heavy particle decays can produce neutrinos, which

pass through the muon shield and reach the detectors to generate the beam-induced BG

events for both the electron-recoil and visible-decay signals.

The neutrino fluxes are calculated with Monte Carlo simulation. We use PHITS 3.25 [21]

for production and transport of SM particles other than heavy mesons. For heavy meson

production, the di↵erential production cross sections obtained by PYTHIA 8.3 [22] are

implemented into PHITS; see Ref. [9] for details. In Fig. 2, we show the neutrino fluxes per

#4Heavy meson production through the electromagnetic-shower photons is taken into account, which is
the dominant channel of heavy meson production in our setup.
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Neutrino flux at detector

※ neutron, muon,.. are removed by muon shieldEx. ,…π+ → μ+ + νμ, μ+ → ν̄μ + e+ + νe

Results of Monte Carlo simulation (PHITS)
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Sensitivity of ILC beam dump experiments (1)
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Figure 5: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with small mass-splitting, � ⌧ min(me,m�1). It is assumed that ↵D = 0.5 and

mA0 = 3m�. On each panel, the three red solid lines show the sensitivity of the ILC-BDX

recoil-electron search, corresponding to 10, 102, and 103 signal events. The black solid line

shows DM relic targets [32]. The shaded grey region is excluded by the past experiments;

see Section 4.5. The dashed lines show the sensitivity of the BDX recoil-electron search

(purple) [30], LDMX (blue) [32], and Belle II experiment (green) [12, 33].

4.1.1 Small mass-splitting: � < 2me

Both pair-annihilation and bremsstrahlung are included as the source of signal events,

where on-shell dark photons are produced and decay into a �2-�1 pair, and either �2 or �1

is detected as electron recoil.

• Pair-annihilation (recoil-electron) — The DM with mass less than ' 10�2 GeV cannot

be detected because of the threshold Emin = 1 GeV. This is because decays of the

dark photon with mass less than
p
2meEmin cannot contribute to signal events since

the energy of the produced dark photon is E lab
A0 ' Ee+ ' m2

A0/2me. Also, the DM

with mass larger than ' 10�1 GeV cannot be produced from decays of the dark

photon because the dark photon mass cannot exceed
p
2meEbeam. In the positron

beam dump for the DM mass of
p
2meEbeam/3, primary positron beam production

dominates, and a peak structure arises.

• Bremsstrahlung (recoil-electron) — For the DM mass smaller than ⇠ 10�2 GeV, the

number of the recoil-electron events is suppressed by the threshold Emin = 1 GeV.
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Positron beam dump

Benchmark Model: ℒ ⊃ ϵ ⋅ eA′ μJμ
EM − gDA′ μ(iχ̄2γμχ1 + H . c.)

Dark photon Pseudo-Dirac DM

Red curves: sensitivity of ILC

DM mass

DM mass
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σv(χχ → ff̄ ) ∝ y/m2
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Figure 5: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with small mass-splitting, � ⌧ min(me,m�1). It is assumed that ↵D = 0.5 and

mA0 = 3m�. On each panel, the three red solid lines show the sensitivity of the ILC-BDX

recoil-electron search, corresponding to 10, 102, and 103 signal events. The black solid line

shows DM relic targets [32]. The shaded grey region is excluded by the past experiments;

see Section 4.5. The dashed lines show the sensitivity of the BDX recoil-electron search

(purple) [30], LDMX (blue) [32], and Belle II experiment (green) [12, 33].

4.1.1 Small mass-splitting: � < 2me

Both pair-annihilation and bremsstrahlung are included as the source of signal events,

where on-shell dark photons are produced and decay into a �2-�1 pair, and either �2 or �1

is detected as electron recoil.

• Pair-annihilation (recoil-electron) — The DM with mass less than ' 10�2 GeV cannot

be detected because of the threshold Emin = 1 GeV. This is because decays of the

dark photon with mass less than
p
2meEmin cannot contribute to signal events since

the energy of the produced dark photon is E lab
A0 ' Ee+ ' m2

A0/2me. Also, the DM

with mass larger than ' 10�1 GeV cannot be produced from decays of the dark

photon because the dark photon mass cannot exceed
p
2meEbeam. In the positron

beam dump for the DM mass of
p
2meEbeam/3, primary positron beam production

dominates, and a peak structure arises.

• Bremsstrahlung (recoil-electron) — For the DM mass smaller than ⇠ 10�2 GeV, the

number of the recoil-electron events is suppressed by the threshold Emin = 1 GeV.
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Figure 5: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with small mass-splitting, � ⌧ min(me,m�1). It is assumed that ↵D = 0.5 and

mA0 = 3m�. On each panel, the three red solid lines show the sensitivity of the ILC-BDX

recoil-electron search, corresponding to 10, 102, and 103 signal events. The black solid line

shows DM relic targets [32]. The shaded grey region is excluded by the past experiments;

see Section 4.5. The dashed lines show the sensitivity of the BDX recoil-electron search

(purple) [30], LDMX (blue) [32], and Belle II experiment (green) [12, 33].

4.1.1 Small mass-splitting: � < 2me

Both pair-annihilation and bremsstrahlung are included as the source of signal events,

where on-shell dark photons are produced and decay into a �2-�1 pair, and either �2 or �1

is detected as electron recoil.

• Pair-annihilation (recoil-electron) — The DM with mass less than ' 10�2 GeV cannot

be detected because of the threshold Emin = 1 GeV. This is because decays of the

dark photon with mass less than
p
2meEmin cannot contribute to signal events since

the energy of the produced dark photon is E lab
A0 ' Ee+ ' m2

A0/2me. Also, the DM

with mass larger than ' 10�1 GeV cannot be produced from decays of the dark

photon because the dark photon mass cannot exceed
p
2meEbeam. In the positron

beam dump for the DM mass of
p
2meEbeam/3, primary positron beam production

dominates, and a peak structure arises.

• Bremsstrahlung (recoil-electron) — For the DM mass smaller than ⇠ 10�2 GeV, the

number of the recoil-electron events is suppressed by the threshold Emin = 1 GeV.

14

Positron beam dump

Detection
χ

A′ 

e e

χ

DM production

A′ 
e+

Atomic electron 

χ

χ
αD

ϵ α

Sensitivity of ILC beam dump experiments (1)

Benchmark Model: ℒ ⊃ ϵ ⋅ eA′ μJμ
EM − gDA′ μ(iχ̄2γμχ1 + H . c.)

Dark photon Pseudo-Dirac DM

Benchmark choice (1):  αD ≡ g2
D/4π = 0.5, mA′ 

= 3mχ, Δ = mχ2
− mχ1

< 2me

Pair-annihilation

Electron recoil



N
O
T
 
F
O
R
 
D
I
S
T
R
I
B
U
T
I
O
N
 
J
H
E
P
_
0
0
1
P
_
0
2
2
3
 
v
1

10-3 10-2 10-1 100
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7

mχ [GeV]

y
=
ϵ2
α D

(m
χ
/m

A'
)4

BaBar

Relic Target

Belle II (extrapolated)

LDMX

ILC-250 10-year

103

102

10
ILC (recoil)

BD
X (

rec
oil

)

(a) electron beam dump

10-3 10-2 10-1 100
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7

mχ [GeV]

y
=
ϵ2
α D

(m
χ
/m

A'
)4

BaBar

Relic Target

Belle II (extrapolated)

LDMX

ILC-250 10-year

103

102

10
ILC (recoil)

BD
X (

rec
oil

)

(b) positron beam dump

Figure 5: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with small mass-splitting, � ⌧ min(me,m�1). It is assumed that ↵D = 0.5 and

mA0 = 3m�. On each panel, the three red solid lines show the sensitivity of the ILC-BDX

recoil-electron search, corresponding to 10, 102, and 103 signal events. The black solid line

shows DM relic targets [32]. The shaded grey region is excluded by the past experiments;

see Section 4.5. The dashed lines show the sensitivity of the BDX recoil-electron search

(purple) [30], LDMX (blue) [32], and Belle II experiment (green) [12, 33].

4.1.1 Small mass-splitting: � < 2me

Both pair-annihilation and bremsstrahlung are included as the source of signal events,

where on-shell dark photons are produced and decay into a �2-�1 pair, and either �2 or �1

is detected as electron recoil.

• Pair-annihilation (recoil-electron) — The DM with mass less than ' 10�2 GeV cannot

be detected because of the threshold Emin = 1 GeV. This is because decays of the

dark photon with mass less than
p
2meEmin cannot contribute to signal events since

the energy of the produced dark photon is E lab
A0 ' Ee+ ' m2

A0/2me. Also, the DM

with mass larger than ' 10�1 GeV cannot be produced from decays of the dark

photon because the dark photon mass cannot exceed
p
2meEbeam. In the positron

beam dump for the DM mass of
p
2meEbeam/3, primary positron beam production

dominates, and a peak structure arises.

• Bremsstrahlung (recoil-electron) — For the DM mass smaller than ⇠ 10�2 GeV, the

number of the recoil-electron events is suppressed by the threshold Emin = 1 GeV.
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Figure 5: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with small mass-splitting, � ⌧ min(me,m�1). It is assumed that ↵D = 0.5 and

mA0 = 3m�. On each panel, the three red solid lines show the sensitivity of the ILC-BDX

recoil-electron search, corresponding to 10, 102, and 103 signal events. The black solid line

shows DM relic targets [32]. The shaded grey region is excluded by the past experiments;

see Section 4.5. The dashed lines show the sensitivity of the BDX recoil-electron search

(purple) [30], LDMX (blue) [32], and Belle II experiment (green) [12, 33].

4.1.1 Small mass-splitting: � < 2me

Both pair-annihilation and bremsstrahlung are included as the source of signal events,

where on-shell dark photons are produced and decay into a �2-�1 pair, and either �2 or �1

is detected as electron recoil.

• Pair-annihilation (recoil-electron) — The DM with mass less than ' 10�2 GeV cannot

be detected because of the threshold Emin = 1 GeV. This is because decays of the

dark photon with mass less than
p
2meEmin cannot contribute to signal events since

the energy of the produced dark photon is E lab
A0 ' Ee+ ' m2

A0/2me. Also, the DM

with mass larger than ' 10�1 GeV cannot be produced from decays of the dark

photon because the dark photon mass cannot exceed
p
2meEbeam. In the positron

beam dump for the DM mass of
p
2meEbeam/3, primary positron beam production

dominates, and a peak structure arises.

• Bremsstrahlung (recoil-electron) — For the DM mass smaller than ⇠ 10�2 GeV, the

number of the recoil-electron events is suppressed by the threshold Emin = 1 GeV.
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Figure 5: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with small mass-splitting, � ⌧ min(me,m�1). It is assumed that ↵D = 0.5 and

mA0 = 3m�. On each panel, the three red solid lines show the sensitivity of the ILC-BDX

recoil-electron search, corresponding to 10, 102, and 103 signal events. The black solid line

shows DM relic targets [32]. The shaded grey region is excluded by the past experiments;

see Section 4.5. The dashed lines show the sensitivity of the BDX recoil-electron search

(purple) [30], LDMX (blue) [32], and Belle II experiment (green) [12, 33].

4.1.1 Small mass-splitting: � < 2me

Both pair-annihilation and bremsstrahlung are included as the source of signal events,

where on-shell dark photons are produced and decay into a �2-�1 pair, and either �2 or �1

is detected as electron recoil.

• Pair-annihilation (recoil-electron) — The DM with mass less than ' 10�2 GeV cannot

be detected because of the threshold Emin = 1 GeV. This is because decays of the

dark photon with mass less than
p
2meEmin cannot contribute to signal events since

the energy of the produced dark photon is E lab
A0 ' Ee+ ' m2

A0/2me. Also, the DM

with mass larger than ' 10�1 GeV cannot be produced from decays of the dark

photon because the dark photon mass cannot exceed
p
2meEbeam. In the positron

beam dump for the DM mass of
p
2meEbeam/3, primary positron beam production

dominates, and a peak structure arises.

• Bremsstrahlung (recoil-electron) — For the DM mass smaller than ⇠ 10�2 GeV, the

number of the recoil-electron events is suppressed by the threshold Emin = 1 GeV.
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Figure 6: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with a large mass-splitting, � = 0.1m�1 . It is assumed that ↵D = 0.1 and

mA0 = 3m�1 . The notation is similar to Fig. 5; in addition, dot-dashed lines show the

sensitivity of the ILC-BDX decay-signal search (95% C.L. exclusion). Also shown are

expected sensitivities of the BDX visible-decay search (purple-dashed lines) [14, 30], the

LDMX (blue) [34], and Belle II (green) [35].

Since the expected decay angle of the dark photon is (⇡/2) · (mA0/EA0), the dark

photon energy has to satisfy mA0 · (⇡/2) · (ldump + lsh + ldec)/rdet . EA0 to obtain

su�cient angular acceptance. However, the minimum energy of the dark photon is

EA0 ⇠ Emin = 1 GeV because of the threshold, and the signal events from the DM

with mass smaller than ⇠ 10�2 GeV are suppressed even if the angular acceptance

holds. For the DM with mass larger than 0.1 GeV, the angular acceptance becomes

worse, and the sensitivity rapidly decreases.

4.1.2 Large mass-splitting: � > 2me

The new feature in this case is the availability of the visible-decay signal. Here, we discuss

the sensitivity reach for this channel, highlighting each of the DM decay processes. The

results of the electron recoil searches are similar to the case of the small mass-splitting.

• Pair-annihilation (visible-decay) — For � = 0.1m�1 , the heavier DM with the mass

smaller than ' 10�2 GeV cannot decay, and the visible-decay signals do not arise.
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Figure 6: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with a large mass-splitting, � = 0.1m�1 . It is assumed that ↵D = 0.1 and

mA0 = 3m�1 . The notation is similar to Fig. 5; in addition, dot-dashed lines show the

sensitivity of the ILC-BDX decay-signal search (95% C.L. exclusion). Also shown are

expected sensitivities of the BDX visible-decay search (purple-dashed lines) [14, 30], the

LDMX (blue) [34], and Belle II (green) [35].

Since the expected decay angle of the dark photon is (⇡/2) · (mA0/EA0), the dark

photon energy has to satisfy mA0 · (⇡/2) · (ldump + lsh + ldec)/rdet . EA0 to obtain

su�cient angular acceptance. However, the minimum energy of the dark photon is

EA0 ⇠ Emin = 1 GeV because of the threshold, and the signal events from the DM

with mass smaller than ⇠ 10�2 GeV are suppressed even if the angular acceptance

holds. For the DM with mass larger than 0.1 GeV, the angular acceptance becomes

worse, and the sensitivity rapidly decreases.

4.1.2 Large mass-splitting: � > 2me

The new feature in this case is the availability of the visible-decay signal. Here, we discuss

the sensitivity reach for this channel, highlighting each of the DM decay processes. The

results of the electron recoil searches are similar to the case of the small mass-splitting.

• Pair-annihilation (visible-decay) — For � = 0.1m�1 , the heavier DM with the mass

smaller than ' 10�2 GeV cannot decay, and the visible-decay signals do not arise.
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Figure 6: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with a large mass-splitting, � = 0.1m�1 . It is assumed that ↵D = 0.1 and

mA0 = 3m�1 . The notation is similar to Fig. 5; in addition, dot-dashed lines show the

sensitivity of the ILC-BDX decay-signal search (95% C.L. exclusion). Also shown are

expected sensitivities of the BDX visible-decay search (purple-dashed lines) [14, 30], the

LDMX (blue) [34], and Belle II (green) [35].

Since the expected decay angle of the dark photon is (⇡/2) · (mA0/EA0), the dark

photon energy has to satisfy mA0 · (⇡/2) · (ldump + lsh + ldec)/rdet . EA0 to obtain

su�cient angular acceptance. However, the minimum energy of the dark photon is

EA0 ⇠ Emin = 1 GeV because of the threshold, and the signal events from the DM

with mass smaller than ⇠ 10�2 GeV are suppressed even if the angular acceptance

holds. For the DM with mass larger than 0.1 GeV, the angular acceptance becomes

worse, and the sensitivity rapidly decreases.

4.1.2 Large mass-splitting: � > 2me

The new feature in this case is the availability of the visible-decay signal. Here, we discuss

the sensitivity reach for this channel, highlighting each of the DM decay processes. The

results of the electron recoil searches are similar to the case of the small mass-splitting.

• Pair-annihilation (visible-decay) — For � = 0.1m�1 , the heavier DM with the mass

smaller than ' 10�2 GeV cannot decay, and the visible-decay signals do not arise.
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Figure 6: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with a large mass-splitting, � = 0.1m�1 . It is assumed that ↵D = 0.1 and

mA0 = 3m�1 . The notation is similar to Fig. 5; in addition, dot-dashed lines show the

sensitivity of the ILC-BDX decay-signal search (95% C.L. exclusion). Also shown are

expected sensitivities of the BDX visible-decay search (purple-dashed lines) [14, 30], the

LDMX (blue) [34], and Belle II (green) [35].

Since the expected decay angle of the dark photon is (⇡/2) · (mA0/EA0), the dark

photon energy has to satisfy mA0 · (⇡/2) · (ldump + lsh + ldec)/rdet . EA0 to obtain

su�cient angular acceptance. However, the minimum energy of the dark photon is

EA0 ⇠ Emin = 1 GeV because of the threshold, and the signal events from the DM

with mass smaller than ⇠ 10�2 GeV are suppressed even if the angular acceptance

holds. For the DM with mass larger than 0.1 GeV, the angular acceptance becomes

worse, and the sensitivity rapidly decreases.

4.1.2 Large mass-splitting: � > 2me

The new feature in this case is the availability of the visible-decay signal. Here, we discuss

the sensitivity reach for this channel, highlighting each of the DM decay processes. The

results of the electron recoil searches are similar to the case of the small mass-splitting.

• Pair-annihilation (visible-decay) — For � = 0.1m�1 , the heavier DM with the mass

smaller than ' 10�2 GeV cannot decay, and the visible-decay signals do not arise.
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Figure 6: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with a large mass-splitting, � = 0.1m�1 . It is assumed that ↵D = 0.1 and

mA0 = 3m�1 . The notation is similar to Fig. 5; in addition, dot-dashed lines show the

sensitivity of the ILC-BDX decay-signal search (95% C.L. exclusion). Also shown are

expected sensitivities of the BDX visible-decay search (purple-dashed lines) [14, 30], the

LDMX (blue) [34], and Belle II (green) [35].

Since the expected decay angle of the dark photon is (⇡/2) · (mA0/EA0), the dark

photon energy has to satisfy mA0 · (⇡/2) · (ldump + lsh + ldec)/rdet . EA0 to obtain

su�cient angular acceptance. However, the minimum energy of the dark photon is

EA0 ⇠ Emin = 1 GeV because of the threshold, and the signal events from the DM

with mass smaller than ⇠ 10�2 GeV are suppressed even if the angular acceptance

holds. For the DM with mass larger than 0.1 GeV, the angular acceptance becomes

worse, and the sensitivity rapidly decreases.

4.1.2 Large mass-splitting: � > 2me

The new feature in this case is the availability of the visible-decay signal. Here, we discuss

the sensitivity reach for this channel, highlighting each of the DM decay processes. The

results of the electron recoil searches are similar to the case of the small mass-splitting.

• Pair-annihilation (visible-decay) — For � = 0.1m�1 , the heavier DM with the mass

smaller than ' 10�2 GeV cannot decay, and the visible-decay signals do not arise.
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Benchmark Model: ℒ ⊃ ϵ ⋅ eA′ μJμ
EM − gDA′ μ(iχ̄2γμχ1 + H . c.)

Dark photon Pseudo-Dirac DM

νμ

n n

νμGF
π0

Neutral pion 
production

Nsig = 103 ∼ NBG
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n, p p, n

e±GF

Quasi-elastic 
scattering

Nsig = 102 ∼ NBG

ν

e e

νGF

Neutrino-electron 
scattering

Nsig = 101 ∼ NBG

Benchmark choice (2):  αD ≡ g2
D/4π = 0.1, mA′ 

= 3mχ, Δ = mχ2
− mχ1

= 0.1mχ1



Sensitivity of ILC beam dump experiments (2)

Red curves: sensitivity of ILC-BDX
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Figure 6: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with a large mass-splitting, � = 0.1m�1 . It is assumed that ↵D = 0.1 and

mA0 = 3m�1 . The notation is similar to Fig. 5; in addition, dot-dashed lines show the

sensitivity of the ILC-BDX decay-signal search (95% C.L. exclusion). Also shown are

expected sensitivities of the BDX visible-decay search (purple-dashed lines) [14, 30], the

LDMX (blue) [34], and Belle II (green) [35].

Since the expected decay angle of the dark photon is (⇡/2) · (mA0/EA0), the dark

photon energy has to satisfy mA0 · (⇡/2) · (ldump + lsh + ldec)/rdet . EA0 to obtain

su�cient angular acceptance. However, the minimum energy of the dark photon is

EA0 ⇠ Emin = 1 GeV because of the threshold, and the signal events from the DM

with mass smaller than ⇠ 10�2 GeV are suppressed even if the angular acceptance

holds. For the DM with mass larger than 0.1 GeV, the angular acceptance becomes

worse, and the sensitivity rapidly decreases.

4.1.2 Large mass-splitting: � > 2me

The new feature in this case is the availability of the visible-decay signal. Here, we discuss

the sensitivity reach for this channel, highlighting each of the DM decay processes. The

results of the electron recoil searches are similar to the case of the small mass-splitting.

• Pair-annihilation (visible-decay) — For � = 0.1m�1 , the heavier DM with the mass

smaller than ' 10�2 GeV cannot decay, and the visible-decay signals do not arise.
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= 0.1mχ1
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Figure 6: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with a large mass-splitting, � = 0.1m�1 . It is assumed that ↵D = 0.1 and

mA0 = 3m�1 . The notation is similar to Fig. 5; in addition, dot-dashed lines show the

sensitivity of the ILC-BDX decay-signal search (95% C.L. exclusion). Also shown are

expected sensitivities of the BDX visible-decay search (purple-dashed lines) [14, 30], the

LDMX (blue) [34], and Belle II (green) [35].

Since the expected decay angle of the dark photon is (⇡/2) · (mA0/EA0), the dark

photon energy has to satisfy mA0 · (⇡/2) · (ldump + lsh + ldec)/rdet . EA0 to obtain

su�cient angular acceptance. However, the minimum energy of the dark photon is

EA0 ⇠ Emin = 1 GeV because of the threshold, and the signal events from the DM

with mass smaller than ⇠ 10�2 GeV are suppressed even if the angular acceptance

holds. For the DM with mass larger than 0.1 GeV, the angular acceptance becomes

worse, and the sensitivity rapidly decreases.

4.1.2 Large mass-splitting: � > 2me

The new feature in this case is the availability of the visible-decay signal. Here, we discuss

the sensitivity reach for this channel, highlighting each of the DM decay processes. The

results of the electron recoil searches are similar to the case of the small mass-splitting.

• Pair-annihilation (visible-decay) — For � = 0.1m�1 , the heavier DM with the mass

smaller than ' 10�2 GeV cannot decay, and the visible-decay signals do not arise.
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Figure 6: Projected sensitivity reach of a 10-year ILC-250 run in the pseudo-Dirac DM

model with a large mass-splitting, � = 0.1m�1 . It is assumed that ↵D = 0.1 and

mA0 = 3m�1 . The notation is similar to Fig. 5; in addition, dot-dashed lines show the

sensitivity of the ILC-BDX decay-signal search (95% C.L. exclusion). Also shown are

expected sensitivities of the BDX visible-decay search (purple-dashed lines) [14, 30], the

LDMX (blue) [34], and Belle II (green) [35].

Since the expected decay angle of the dark photon is (⇡/2) · (mA0/EA0), the dark

photon energy has to satisfy mA0 · (⇡/2) · (ldump + lsh + ldec)/rdet . EA0 to obtain

su�cient angular acceptance. However, the minimum energy of the dark photon is

EA0 ⇠ Emin = 1 GeV because of the threshold, and the signal events from the DM

with mass smaller than ⇠ 10�2 GeV are suppressed even if the angular acceptance

holds. For the DM with mass larger than 0.1 GeV, the angular acceptance becomes

worse, and the sensitivity rapidly decreases.

4.1.2 Large mass-splitting: � > 2me

The new feature in this case is the availability of the visible-decay signal. Here, we discuss

the sensitivity reach for this channel, highlighting each of the DM decay processes. The

results of the electron recoil searches are similar to the case of the small mass-splitting.

• Pair-annihilation (visible-decay) — For � = 0.1m�1 , the heavier DM with the mass

smaller than ' 10�2 GeV cannot decay, and the visible-decay signals do not arise.
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Comparison of electron and positron beam dump experiments (2)

Future fixed-target experiments

・Positron beam dump experiment has better sensitivity to  by 
two order of magnitude because of the primary positron beams 

y

・ILC can reach the relic target

・ILC visible decay search has higher sensitivity than the LDMX (missing momentum technique)



• Primary positron beams produce new particles by pair-annihilation process, and 
the positron beam dump experiment has better performance than the electron 
beam dump experiment 

• We performed a feasibility study of the ILC invisible decay search by using 
benchmark models: inelastic fermion DM, etc.

Summary

• For electron recoil searches, the ILC has better performance than the BDX 
experiment and can reach the relic target

• For visible decay searches, the ILC has better performance than the LDMX 
(missing momentum search)


