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Abstract: A beam dump experiment can be seamlessly added to the proposed Inter-
national Linear Collider (ILC) program because the high energy electron beam should be
dumped after the collision point. The ILC beam dump experiment will provide an excellent
opportunity to search for new long-lived particles. Since many of them can be produced by
a rare decay of standard model particles, we evaluate spectra of the mesons and τ lepton
at the decay based on the PHITS and PYTHIA8 simulations. As a motivated physics
case, we study the projected sensitivity of heavy neutral leptons at the ILC beam dump
experiment. The heavy neutral leptons can also be produced via deep inelastic scattering
and Z boson decay at the ILC main detector, which we include in the projection. With
the multi-track signal, the reach would be greatly extended in mass and coupling, even
compared with the other proposed searches.
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1 Introduction

The large hadron collider (LHC) has discovered the Higgs boson and measured its properties
consistent with the precision measurements of the Standard Model (SM). The discovery of
the last particle of the standard model strengthened the foundation of the SM. However,
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overwhelming evidence and hints require physics beyond the Standard Model (BSM). While
the intensive searches for new particles at the weak scale or heavier have been performed
experimentally, we have not found any convincing evidence of such new particles yet. In
these circumstances, there is growing attention to feebly interacting light particles from
both theoretical and experimental points of view.

New light particles with mass less than tens of GeV are compelling addition to the SM
as they can directly resolve the central issues of the SM, such as the strong CP problem and
the finite neutrino masses, explain many flavor physics anomalies, and be a portal to the
dark sector accommodating the dark matter and the baryon asymmetry of the universe. On
the experimental grounds, the light particles, if they exist, need to be feebly interacting
with the SM sector due to various experimental constraints. However, one should be
aware that the bounds are strongly model-dependent because the signature depends on
the nature of the light degrees of freedom. This situation is contrasted with heavy new
particle exploration with mass beyond the reach of current collider energies, which can
be probed through Effective Field Theories (EFT). Therefore, there is growing interest
in various scenarios based on the current experimental data and the potential for future
high-intensity experiments. The status of recent progress is well-summarized in the report
of Physics Beyond Collider [1].

In this paper, we study the physics potential of the dump facilities of the International
Linear Collider (ILC) to hunt new light particles. The ILC is a proposed future e+e− linear
collider with beam-energy of 125GeV, which can be upgraded to 500GeV. The main goal
of the ILC is to study events of e+e− collision to perform high precision measurements
of the Higgs bosons and search for new particles produced by the electroweak interaction.
In the linear collider, the beam has to go into the beam dump after the collision, and it
provides an excellent opportunity for a high-intensity experiment to produce feebly inter-
acting light particles. The number of electrons on the beam dump is enormous, NEOT =
4×1021/ per year, and the electromagnetic (EM) shower also leads to a high-intensity pho-
ton carrying O(10%) of the beam energy. The setup is equivalent to the other fixed target
experiments if a detector is placed downstream of the beam dump. Hereafter we refer to
such setup as the ILC beam dump experiment. One can search for light particles produced in
the dump, fly beyond the muon shield, then decay to the SM particles or scatter the detector
material. The potential of the ILC beam dump project has been investigated in refs. [2–7].

In the previous works of the electron beam dump experiments, the searches for light
particles dominantly interacting with electron or photon were mainly studied since they
are produced by the primary electron and positron or the secondary shower particles. In
the ILC beam dump experiment, the initial beam energy is much higher than those of
the past electron beam dump experiments. In addition to the EM showers, heavy mesons
and τ lepton can be produced by the shower photon hitting nuclei. The decay of the
produced SM particles is another promising source of light particles. This paper examines
the production yield and spectrum of the mesons and τ lepton at the ILC beam dump
setup for the first time.

As an application of this study, we investigate a projected sensitivity of heavy neutral
leptons (HNLs, called sterile neutrinos in some literature). The HNLs mix with the SM
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neutrinos with an angle of U` (` = e, µ, τ ), resulting in a suppressed weak interaction to the
SM. Therefore, it is very natural to consider the HNL production from the meson and τ

lepton decays where the weak interaction dominates. The current experimental constraints
are mostly for mixing with νe and νµ, and the high intensity of mesons would further reach
the under-explored parameter space. Also the sensitivity to the τ neutrino mixing angle
Uτ can be significantly improved because τ lepton is accessible.

The phenomenology of the HNLs is well-reviewed in refs. [8, 9], and see references
therein. We stress that feebly interacting HNLs in a GeV mass range are a motivated
and well-defined physics target. The seesaw mechanism can explain the neutrino masses
observed by the neutrino oscillations with at least two HNLs. If the two HNLs are almost
degenerate, the sum of the mixing angles have the lower bound, approximately U2 ≡∑
l |Ul|2 & matm/mN ∼ 10−11(mN/1 GeV)−1 [8, 10]. Furthermore, the degenerate HNLs in

the early universe can produce the baryon asymmetry via the HNL oscillations [11, 12]. The
feeble interactions are necessary for the departure of the thermal equilibrium which is one
of Sakharov’s conditions for generating the baryon asymmetry. Together with the neutrino
mass constraints, the interesting parameter space is in a range of 10−11 . U2 . 10−6.1

This paper is organized as follows. In section 2, we briefly review the ILC beam dump
experiment, and in the following section, we evaluate the spectra of mesons and τ lepton.
In section 4, we study the HNLs at the ILC beam dump experiment. In addition to the
HNL production from the SM particle decays, we consider an HNL production via deep
inelastic scattering and another production from Z decays at the interaction point. We
finish with the discussion in section 5.

2 ILC beam dump experiment

The ILC main beam dump has to absorb 2.6 MW (125 GeV × 21 µA) of the e± beam
energy for 125GeV in the initial stage and 13.6 MW (500 GeV × 27.3 µA) for 500GeV in
an upgrade stage. Following a water dump designed with the length of ldump = 11 m and
the diameter of 1.8 m, a muon shield of length lsh = 70 m would be placed as proposed
in [4, 5], to remove the secondary muon background. The cylindrical decay volume of length
ldec = 50 m and radius rdet = 3 m would lie between the muon shield and the downstream
detector. The schematic view is seen in figure 1, and the similar design of the setup can
be found in [4, 5]. Here, we additionally assume a multi-layer tracker in the decay volume.
We consider a time frame of 10-year run for both ILC-250 and ILC-1000 where the beam
energy is 125GeV and 500GeV, respectively.

The EM shower (photons, electrons, and positions) starts in the beam dump. The ILC
beam dump experiment is unique compared to the past electron beam dump experiments
with regards to the higher beam energy and the high intensity, i.e., the number of electrons
on the beam dump NEOT is about 4× 1021 per year.2 The energetic beam creates photons

1The benchmark values depend on the number of HNLs involved in the seesaw mechanism. Three or
more HNLs will allow a smaller value of |Ul|2. However, it is important to examine the parameter space of
the minimal scenarios.

2In ILC-1000, we assume to be NEOT = 4× 1021 per year in numerical calculations.
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Figure 1. A setup for ILC beam dump experiments. It consists of the main beam dump, a muon
shield, and a decay volume. We assume a multi-layer tracker is placed in the decay volume so that
the charged tracks are measured.

at O(1-10) GeV energy scale (figure 9 of [5]), and the secondary interaction between the
photon and the nucleus can produce light mesons (π and K), heavy mesons (D, B, and
even Bc) and τ lepton. They loose the energy in the beam dump and finally decay, and
some of them produce the HNLs. The yield and energy spectrum of the SM particles at the
decay is therefore important to study the sensitivity of the ILC beam dump experiment.
We show the evaluation in section 3.

The secondary muons are stopped in the muon shield at ILC-250, but their penetration
behind the shield cannot be neglected for Ebeam = 500GeV at ILC-1000. In this case, an
additional active muon shield behind the muon shield would be necessary, and we assume
that the muon shield consists of the lead shield (llead

sh = 10 m) and the active shield (lactive
sh =

70 m−llead
sh ). The HNL with a dominant mixing with the muon neutrino can be produced in-

side the muon shield by scattering of the shower muon, and we approximate that the HNLs
produced behind the lead shield do not contribute to the signal events. In appendix E, we
study how different depth of the muon shield affects the sensitivity for the HNL at ILC-1000.

3 Meson and τ lepton spectra

This section presents the meson and τ lepton spectrum obtained by Monte-Carlo simulation
at the ILC beam dump. We use PHITS 3.25 [13] for production and transport of particles
other than heavy mesons. PHITS (Particle and Heavy Ion Transport code System) is a
general-purpose Monte Carlo particle transport simulation code developed under collab-
oration between JAEA, RIST, KEK, and several other institutes. PHITS can transport
most particle species for a given geometry of the materials, and it is tested thoroughly by
benchmarks studies [14, 15]. For heavy mesons production, we implement their differential
production cross sections obtained by PYTHIA8.3 [16] into PHITS. More details are given
in the following.

3.1 Light mesons

The light mesons are mainly produced by the interaction of real photons in the electro-
magnetic shower with the nucleons in the beam dump. If the decay length of the produced
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Figure 2. The kinetic energy distribution of light mesons when they decay, where π± and K± indi-
cates the sum of charged pions and kaons. We consider two beam energies, Ebeam = 125, 500GeV
at ILC-250 and ILC-1000, respectively.

light mesons is in the same order of magnitude of or greater than the mean free path
in the material, the particles reduce their energy or change into different flavors by (in-
)elastic scattering or multiple scattering. We use the following codes and models which
are available in PHITS to simulate the electromagnetic shower and the production and
transport of the light mesons. For the electromagnetic shower, the simulation is performed
by EGS5 [17]. For the light meson production and transport, the JAM [18] and JQMD [19]
models modified for photoproduction (photonuclear interaction) are used. In addition to
these models, INCL4.6 [20] is also employed to calculate the interaction of the mesons with
nuclei during transport. The energy loss of the charged particles due to multiple scattering
is evaluated by ATIMA [21].

Figure 2 shows the kinetic energy distribution of light mesons when they decay. The
decay energy distribution is more important than the production energy distribution be-
cause the kinematics of new particles is determined by the parent particle distribution at the
decay. For reference, the production energy distribution of light mesons is shown in figure 3.

3.2 Heavy mesons

We use PYTHIA8 to calculate the differential cross sections of the γp(n) → B(D) + X

process for the heavy mesons.3 We have checked that the sum of the direct and non-
diffractve cross section of the D meson production agrees very well with the photoproduc-
tion data [22, 23], see appendix B. Therefore, we regard the sum of the two cross sections
as the total cross section, σtotal(γp(n)) = σnon-diff(γp(n)) +σdirect(γp(n)). The total cross
section of atomic neucleus is obtained by taking into account the shadowing effect [24, 25],

σtotal(γA) = Al
(
Z

A
σtotal(γp) + A− Z

A
σtotal(γn)

)
, (3.1)

where l = 0.92 [25].
3We thank the Pythia team, especially to Ilkka Helenius for helping us understand the latest photopro-

duction feature of PYTHIA 8.3.
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]
<latexit sha1_base64="/jp8Rs6jglqtxt0DFiOe4qh/YUg=">AAACA3icbZBNS8MwHMZTX+d8q3rTS3ATvGxr52TuNvDiSSa4F+jqSNNsC0vTkqTCGAMvfhUvHhTx6pfw5rcx64r49kDgx/N/SfJ4EaNSWdaHsbC4tLyymlnLrm9sbm2bO7stGcYCkyYOWSg6HpKEUU6aiipGOpEgKPAYaXuj81m9fUuEpCG/VuOIuAEacNqnGClt9cz9vH9Z8uM8dOwS5Zj6hKsCyd8U8m7PzFlFKxH8C3YKOZCq0TPfu36I40CvwAxJ6dhWpNwJEopiRqbZbixJhPAIDYijkaOASHeS/GEKj7Tjw34o9OEKJu73iQkKpBwHnu4MkBrK37WZ+V/NiVX/zJ1QHsWKcDy/qB8zqEI4CwT6VBCs2FgDwoLqt0I8RAJhpWPLJiHUEsE5VCsp1OyvEFrlon1SPL0q5+qVNI4MOACH4BjYoArq4AI0QBNgcAcewBN4Nu6NR+PFeJ23LhjpzB74IePtE+dSliM=</latexit>

⇡±
<latexit sha1_base64="bq7CjuFktpzJdXqPL3W9dmYKiRM=">AAAB8HicbVDLSgMxFM34rOOr6tJNsAiuSqa2tl2IBTcuK9iHdGrJpGkbmsyEJCOUoV/hxoUi4s4f8D/ciH/jdKaIigcuHM65l3vv8SRn2iD0aS0sLi2vrGbW7PWNza3t7M5uUwehIrRBAh6otoc15cynDcMMp22pKBYepy1vfD7zW7dUaRb4V2YiaVfgoc8GjGATS9euZDeRK8W0l82hfLVSKhaqEOVRghkplBE6gc5cyZ292afy5cOu97Lvbj8goaC+IRxr3XGQNN0IK8MIp1PbDTWVmIzxkHZi6mNBdTdKDp7Cw1jpw0Gg4vINTNSfExEWWk+EF3cKbEb6rzcT//M6oRlUuhHzZWioT9JFg5BDE8DZ97DPFCWGT2KCiWLxrZCMsMLExBnZaQgJYErKxTmpOt8hNAt55zhfukS5WgGkyIB9cACOgAPKoAYuQB00AAEC3IEH8Ggp6956sp7T1gVrPrMHfsF6/QLs/ZSA</latexit>

K<latexit sha1_base64="ePQBSEG9XgANhaKrUPzUxAPCtwI=">AAAB6HicbZDLSgMxFIYz9VbrrerSTbAIroaMvUy7suBGcNOCvUA7lEyaaWMzF5KMUEqfwI0LRerSt/A13Pk2ZjpdVPGHwMd/zuGc/G7EmVQIfRuZjc2t7Z3sbm5v/+DwKH980pZhLAhtkZCHoutiSTkLaEsxxWk3EhT7Lqcdd3KT1DuPVEgWBvdqGlHHx6OAeYxgpa3m3SBfQCYqVyu2DZFZKtYqdlUDQuVizYKWhkSF689FovfGIP/VH4Yk9mmgCMdS9iwUKWeGhWKE03muH0saYTLBI9rTGGCfSme2PHQOL7QzhF4o9AsUXLrrEzPsSzn1Xd3pYzWWf2uJ+V+tFyuv6sxYEMWKBiRd5MUcqhAmv4ZDJihRfKoBE8H0rZCMscBE6WxyyxBqS8EU7NIK1kJoX5lW0Sw3UaFeAqmy4Aycg0tgARvUwS1ogBYggIIn8AJejQfj2XgzFmlrxljNnIJfMj5+AH5lkjs=</latexit>

D
<latexit sha1_base64="+dAH0wAKlpuhiSe9wa4cQRqqL1A=">AAAB6HicbVDLSsNAFJ3UV42vqks3g0VwVZKqtFmIBV24bME+oA1lMp20YyeTMDMRSugXuHGhiFv9CP/Djfg3TpMiVTxw4XDOvdx7jxcxKpVlfRm5peWV1bX8urmxubW9U9jda8kwFpg0cchC0fGQJIxy0lRUMdKJBEGBx0jbG1/O/PYdEZKG/EZNIuIGaMipTzFSWmpc9QtFq2SlgAvEcap21YH2XClevJvn0dunWe8XPnqDEMcB4QozJGXXtiLlJkgoihmZmr1YkgjhMRqSrqYcBUS6SXroFB5pZQD9UOjiCqbq4kSCAikngac7A6RG8q83E//zurHyq25CeRQrwnG2yI8ZVCGcfQ0HVBCs2EQThAXVt0I8QgJhpbMx0xCcFDAjldM5ceyfEFrlkn1SOmtYxVoZZMiDA3AIjoENKqAGrkEdNAEGBNyDR/Bk3BoPxrPxkrXmjPnMPvgF4/UbWuCQqA==</latexit>

Ds
<latexit sha1_base64="g1+25JjIHzEtRDKu1ViQQS/6u6U=">AAAB6nicbVDLSsNAFJ1UrbW+qi7dDBbBVUhin7uCLly2aB/QhjKZTtqhkwczE6GEfoILXVTEreC/uHQn/ozTpIiKBy4czrmXe+9xQkaFNIwPLbO2vpHdzG3lt3d29/YLB4cdEUQckzYOWMB7DhKEUZ+0JZWM9EJOkOcw0nWmF0u/e0u4oIF/I2chsT009qlLMZJKur4cimGhaOiVWtm0LGjoRgJFKvWSWa5Bc6UUG9nW59vi/rU5LLwPRgGOPOJLzJAQfdMIpR0jLilmZJ4fRIKECE/RmPQV9ZFHhB0np87hqVJG0A24Kl/CRP05ESNPiJnnqE4PyYn46y3F/7x+JN2aHVM/jCTxcbrIjRiUAVz+DUeUEyzZTBGEOVW3QjxBHGGp0sknIdQTwJRUSytSN79D6Fi6ea6XWyoNC6TIgWNwAs6ACaqgAa5AE7QBBmNwBxbgUWPag/akPaetGW01cwR+QXv5AhmbknQ=</latexit>

B
<latexit sha1_base64="6BVS2aX3wRve6ax5sEfT9Hv1Jmw=">AAAB6HicbVDLSgMxFM3UVx1fVZdugkVwNSSt49iFWHTjsgXbCu1QMmmmjc08SDJCKf0CNy4Ucasf4X+4Ef/G6bSIigcuHM65l3vv8WLBlUbo08gtLC4tr+RXzbX1jc2twvZOU0WJpKxBIxHJa48oJnjIGpprwa5jyUjgCdbyhhdTv3XLpOJReKVHMXMD0g+5zynRqVQ/7xaKyLKdMsIYIgsjbFfsKSnZznEZYgtlKJ69mafx64dZ6xbeO72IJgELNRVEqTZGsXbHRGpOBZuYnUSxmNAh6bN2SkMSMOWOs0Mn8CBVetCPZFqhhpn6c2JMAqVGgZd2BkQP1F9vKv7ntRPtn7hjHsaJZiGdLfITAXUEp1/DHpeMajFKCaGSp7dCOiCSUJ1mY2YhVDLAGXGO5qSCv0Nolixctuw6KlZLYIY82AP74BBg4IAquAQ10AAUMHAHHsCjcWPcG0/G86w1Z8xndsEvGC9fcxyQuA==</latexit>

Bs
<latexit sha1_base64="bWjXYoiywomyxmXseKlbEJDtYI8=">AAAB6nicbVBNS8NAEN1UrbV+VT16WSyCp5C01dpb0YvHFu0HtKFstpt26WYTdjdCCf0JHvRQEa+C/8WjN/HPuE2KqPhg4PHeDDPz3JBRqSzrw8isrK5l13Mb+c2t7Z3dwt5+WwaRwKSFAxaIroskYZSTlqKKkW4oCPJdRjru5HLhd26JkDTgN2oaEsdHI049ipHS0vXFQA4KRcssl6tWrQwTYlfOUmJVK9A2rQTFerb5+Ta/f20MCu/9YYAjn3CFGZKyZ1uhcmIkFMWMzPL9SJIQ4QkakZ6mHPlEOnFy6gwea2UIvUDo4gom6s+JGPlSTn1Xd/pIjeVfbyH+5/Ui5Z07MeVhpAjH6SIvYlAFcPE3HFJBsGJTTRAWVN8K8RgJhJVOJ5+EUEsAU6J/Xyr2dwjtkmmXzdOmTqMEUuTAITgCJ8AGVVAHV6ABWgCDEbgDc/BoMOPBeDKe09aMsZw5AL9gvHwBLemSgg==</latexit>

Ebeam = 125GeV
<latexit sha1_base64="vN/e/z9tVS3ceiUN0OvShxig6lQ=">AAACBHicbVBLSwMxGMzWV62vWo+9hBbBg5Td2lJ7EAoqeqxgH9AuSzZN29Bkd0myQll68OJP0YsHRTzqL/DkzX9jui3iayAwmfmGLxk3YFQq0/wwEguLS8srydXU2vrG5lZ6O9OUfigwaWCf+aLtIkkY9UhDUcVIOxAEcZeRljs6nvqtKyIk9b1LNQ6IzdHAo32KkdKSk86eOlFXcOjqzOTIKpa7+/H9jDQnTjpvFswY8C+x5iRfS769ZE5uc3Un/d7t+TjkxFOYISk7lhkoO0JCUczIJNUNJQkQHqEB6WjqIU6kHcWfmMBdrfRg3xf6eArG6vdEhLiUY+7qSY7UUP72puJ/XidU/UM7ol4QKuLh2aJ+yKDy4bQR2KOCYMXGmiAsqH4rxEMkEFa6t1RcQjUGnJFKaU6q1lcJzWLBOiiUL3QbJTBDEmRBDuwBC1RADZyDOmgADK7BHXgAj8aNcW88Gc+z0YQxz+yAHzBePwEVYppr</latexit>

⌧
<latexit sha1_base64="5daJQzuCGMaBrj5rX5+zI2znkWM=">AAAB63icbVC7SgNBFJ2NrxhfUUubwSDEZpnNxmxSGbCxjGAekA1hdjJJhsw+mJkVwpJf0MJCEVv/wspPsPND7N1HEBUPXDiccy/33uMEnEmF0IeWW1ldW9/Ibxa2tnd294r7Bx3ph4LQNvG5L3oOlpQzj7YVU5z2AkGx63DadWYXid+9oUIy37tW84AOXDzx2JgRrBLJVjgcFktIb9QbDasCkV61kFEzYoLMSs00oaGjFKXz1/Ln25192hoW3+2RT0KXeopwLGXfQIEaRFgoRjhdFOxQ0gCTGZ7Qfkw97FI5iNJbF/AkVkZw7Iu4PAVT9edEhF0p564Td7pYTeVfLxH/8/qhGtcHEfOCUFGPZIvGIYfKh8njcMQEJYrPY4KJYPGtkEyxwETF8RSyEFLAjFjVJWkY3yF0Krph6mdXqNSsgQx5cASOQRkYwAJNcAlaoA0ImIJb8AAeNVe7156056w1py1nDsEvaC9fHDWTDQ==</latexit>

u (= Eproduction/Ebeam)
<latexit sha1_base64="3D0BC0APrIhUAMpzY63U3bWblGg="></latexit>
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]
<latexit sha1_base64="/jp8Rs6jglqtxt0DFiOe4qh/YUg=">AAACA3icbZBNS8MwHMZTX+d8q3rTS3ATvGxr52TuNvDiSSa4F+jqSNNsC0vTkqTCGAMvfhUvHhTx6pfw5rcx64r49kDgx/N/SfJ4EaNSWdaHsbC4tLyymlnLrm9sbm2bO7stGcYCkyYOWSg6HpKEUU6aiipGOpEgKPAYaXuj81m9fUuEpCG/VuOIuAEacNqnGClt9cz9vH9Z8uM8dOwS5Zj6hKsCyd8U8m7PzFlFKxH8C3YKOZCq0TPfu36I40CvwAxJ6dhWpNwJEopiRqbZbixJhPAIDYijkaOASHeS/GEKj7Tjw34o9OEKJu73iQkKpBwHnu4MkBrK37WZ+V/NiVX/zJ1QHsWKcDy/qB8zqEI4CwT6VBCs2FgDwoLqt0I8RAJhpWPLJiHUEsE5VCsp1OyvEFrlon1SPL0q5+qVNI4MOACH4BjYoArq4AI0QBNgcAcewBN4Nu6NR+PFeJ23LhjpzB74IePtE+dSliM=</latexit>

⇡±
<latexit sha1_base64="bq7CjuFktpzJdXqPL3W9dmYKiRM=">AAAB8HicbVDLSgMxFM34rOOr6tJNsAiuSqa2tl2IBTcuK9iHdGrJpGkbmsyEJCOUoV/hxoUi4s4f8D/ciH/jdKaIigcuHM65l3vv8SRn2iD0aS0sLi2vrGbW7PWNza3t7M5uUwehIrRBAh6otoc15cynDcMMp22pKBYepy1vfD7zW7dUaRb4V2YiaVfgoc8GjGATS9euZDeRK8W0l82hfLVSKhaqEOVRghkplBE6gc5cyZ292afy5cOu97Lvbj8goaC+IRxr3XGQNN0IK8MIp1PbDTWVmIzxkHZi6mNBdTdKDp7Cw1jpw0Gg4vINTNSfExEWWk+EF3cKbEb6rzcT//M6oRlUuhHzZWioT9JFg5BDE8DZ97DPFCWGT2KCiWLxrZCMsMLExBnZaQgJYErKxTmpOt8hNAt55zhfukS5WgGkyIB9cACOgAPKoAYuQB00AAEC3IEH8Ggp6956sp7T1gVrPrMHfsF6/QLs/ZSA</latexit>

K<latexit sha1_base64="ePQBSEG9XgANhaKrUPzUxAPCtwI=">AAAB6HicbZDLSgMxFIYz9VbrrerSTbAIroaMvUy7suBGcNOCvUA7lEyaaWMzF5KMUEqfwI0LRerSt/A13Pk2ZjpdVPGHwMd/zuGc/G7EmVQIfRuZjc2t7Z3sbm5v/+DwKH980pZhLAhtkZCHoutiSTkLaEsxxWk3EhT7Lqcdd3KT1DuPVEgWBvdqGlHHx6OAeYxgpa3m3SBfQCYqVyu2DZFZKtYqdlUDQuVizYKWhkSF689FovfGIP/VH4Yk9mmgCMdS9iwUKWeGhWKE03muH0saYTLBI9rTGGCfSme2PHQOL7QzhF4o9AsUXLrrEzPsSzn1Xd3pYzWWf2uJ+V+tFyuv6sxYEMWKBiRd5MUcqhAmv4ZDJihRfKoBE8H0rZCMscBE6WxyyxBqS8EU7NIK1kJoX5lW0Sw3UaFeAqmy4Aycg0tgARvUwS1ogBYggIIn8AJejQfj2XgzFmlrxljNnIJfMj5+AH5lkjs=</latexit>

D
<latexit sha1_base64="+dAH0wAKlpuhiSe9wa4cQRqqL1A=">AAAB6HicbVDLSsNAFJ3UV42vqks3g0VwVZKqtFmIBV24bME+oA1lMp20YyeTMDMRSugXuHGhiFv9CP/Djfg3TpMiVTxw4XDOvdx7jxcxKpVlfRm5peWV1bX8urmxubW9U9jda8kwFpg0cchC0fGQJIxy0lRUMdKJBEGBx0jbG1/O/PYdEZKG/EZNIuIGaMipTzFSWmpc9QtFq2SlgAvEcap21YH2XClevJvn0dunWe8XPnqDEMcB4QozJGXXtiLlJkgoihmZmr1YkgjhMRqSrqYcBUS6SXroFB5pZQD9UOjiCqbq4kSCAikngac7A6RG8q83E//zurHyq25CeRQrwnG2yI8ZVCGcfQ0HVBCs2EQThAXVt0I8QgJhpbMx0xCcFDAjldM5ceyfEFrlkn1SOmtYxVoZZMiDA3AIjoENKqAGrkEdNAEGBNyDR/Bk3BoPxrPxkrXmjPnMPvgF4/UbWuCQqA==</latexit>

Ds
<latexit sha1_base64="g1+25JjIHzEtRDKu1ViQQS/6u6U=">AAAB6nicbVDLSsNAFJ1UrbW+qi7dDBbBVUhin7uCLly2aB/QhjKZTtqhkwczE6GEfoILXVTEreC/uHQn/ozTpIiKBy4czrmXe+9xQkaFNIwPLbO2vpHdzG3lt3d29/YLB4cdEUQckzYOWMB7DhKEUZ+0JZWM9EJOkOcw0nWmF0u/e0u4oIF/I2chsT009qlLMZJKur4cimGhaOiVWtm0LGjoRgJFKvWSWa5Bc6UUG9nW59vi/rU5LLwPRgGOPOJLzJAQfdMIpR0jLilmZJ4fRIKECE/RmPQV9ZFHhB0np87hqVJG0A24Kl/CRP05ESNPiJnnqE4PyYn46y3F/7x+JN2aHVM/jCTxcbrIjRiUAVz+DUeUEyzZTBGEOVW3QjxBHGGp0sknIdQTwJRUSytSN79D6Fi6ea6XWyoNC6TIgWNwAs6ACaqgAa5AE7QBBmNwBxbgUWPag/akPaetGW01cwR+QXv5AhmbknQ=</latexit>

B
<latexit sha1_base64="6BVS2aX3wRve6ax5sEfT9Hv1Jmw=">AAAB6HicbVDLSgMxFM3UVx1fVZdugkVwNSSt49iFWHTjsgXbCu1QMmmmjc08SDJCKf0CNy4Ucasf4X+4Ef/G6bSIigcuHM65l3vv8WLBlUbo08gtLC4tr+RXzbX1jc2twvZOU0WJpKxBIxHJa48oJnjIGpprwa5jyUjgCdbyhhdTv3XLpOJReKVHMXMD0g+5zynRqVQ/7xaKyLKdMsIYIgsjbFfsKSnZznEZYgtlKJ69mafx64dZ6xbeO72IJgELNRVEqTZGsXbHRGpOBZuYnUSxmNAh6bN2SkMSMOWOs0Mn8CBVetCPZFqhhpn6c2JMAqVGgZd2BkQP1F9vKv7ntRPtn7hjHsaJZiGdLfITAXUEp1/DHpeMajFKCaGSp7dCOiCSUJ1mY2YhVDLAGXGO5qSCv0Nolixctuw6KlZLYIY82AP74BBg4IAquAQ10AAUMHAHHsCjcWPcG0/G86w1Z8xndsEvGC9fcxyQuA==</latexit>

Bs
<latexit sha1_base64="bWjXYoiywomyxmXseKlbEJDtYI8=">AAAB6nicbVBNS8NAEN1UrbV+VT16WSyCp5C01dpb0YvHFu0HtKFstpt26WYTdjdCCf0JHvRQEa+C/8WjN/HPuE2KqPhg4PHeDDPz3JBRqSzrw8isrK5l13Mb+c2t7Z3dwt5+WwaRwKSFAxaIroskYZSTlqKKkW4oCPJdRjru5HLhd26JkDTgN2oaEsdHI049ipHS0vXFQA4KRcssl6tWrQwTYlfOUmJVK9A2rQTFerb5+Ta/f20MCu/9YYAjn3CFGZKyZ1uhcmIkFMWMzPL9SJIQ4QkakZ6mHPlEOnFy6gwea2UIvUDo4gom6s+JGPlSTn1Xd/pIjeVfbyH+5/Ui5Z07MeVhpAjH6SIvYlAFcPE3HFJBsGJTTRAWVN8K8RgJhJVOJ5+EUEsAU6J/Xyr2dwjtkmmXzdOmTqMEUuTAITgCJ8AGVVAHV6ABWgCDEbgDc/BoMOPBeDKe09aMsZw5AL9gvHwBLemSgg==</latexit>

Bc
<latexit sha1_base64="r8tzfeccyReK7HP9yoC2IwZBO6c=">AAAB6nicbVDLSgMxFM3UV62vqks3wSK4GjLT5+yKbly2aB/QlpJJ0zY08yDJCKX0E1zooiJuBf/FpTvxZ0xniqh44MLhnHu59x435EwqhD6M1Nr6xuZWejuzs7u3f5A9PGrKIBKENkjAA9F2saSc+bShmOK0HQqKPZfTlju5XPqtWyokC/wbNQ1pz8Mjnw0ZwUpL1xd90s/mkIkcq5CvQGSWkV1EtiYlp2gXS9AyUYxcdbP++ba4f631s+/dQUAij/qKcCxlx0Kh6s2wUIxwOs90I0lDTCZ4RDua+tijsjeLT53DM60M4DAQunwFY/XnxAx7Uk49V3d6WI3lX28p/ud1IjWs9GbMDyNFfZIsGkYcqgAu/4YDJihRfKoJJoLpWyEZY4GJ0ulk4hCcGDAh5cKKONZ3CE3btPJmsa7TsEGCNDgBp+AcWKAMquAK1EADEDACd2ABHg1uPBhPxnPSmjJWM8fgF4yXLxbhknM=</latexit>

Ebeam = 500GeV
<latexit sha1_base64="7nvETJCgDpcgp7ULijSnPGnoiYg=">AAACBHicbVBLSwMxGMz6rPW11mMvoUXwIGVXW2oPQkFFjxXsA7rLkk3TNjT7IMkKZdmDF3+KXjwo4lF/gSdv/hvTbRFfA4HJzDd8ybgho0Iaxoc2N7+wuLScWcmurq1vbOpbuZYIIo5JEwcs4B0XCcKoT5qSSkY6ISfIcxlpu6Pjid++IlzQwL+U45DYHhr4tE8xkkpy9PypE1vcg67KJEcVw7D20vsZaSWOXjRKRgr4l5gzUqxn3l5yJ7eFhqO/W70ARx7xJWZIiK5phNKOEZcUM5JkrUiQEOERGpCuoj7yiLDj9BMJ3FFKD/YDro4vYap+T8TIE2LsuWrSQ3IofnsT8T+vG8n+oR1TP4wk8fF0UT9iUAZw0gjsUU6wZGNFEOZUvRXiIeIIS9VbNi2hlgJOSbU8IzXzq4TWfsk8KFUuVBtlMEUG5EEB7AITVEEdnIMGaAIMrsEdeACP2o12rz1pz9PROW2W2QY/oL1+AhC7mmg=</latexit>

⌧
<latexit sha1_base64="5daJQzuCGMaBrj5rX5+zI2znkWM=">AAAB63icbVC7SgNBFJ2NrxhfUUubwSDEZpnNxmxSGbCxjGAekA1hdjJJhsw+mJkVwpJf0MJCEVv/wspPsPND7N1HEBUPXDiccy/33uMEnEmF0IeWW1ldW9/Ibxa2tnd294r7Bx3ph4LQNvG5L3oOlpQzj7YVU5z2AkGx63DadWYXid+9oUIy37tW84AOXDzx2JgRrBLJVjgcFktIb9QbDasCkV61kFEzYoLMSs00oaGjFKXz1/Ln25192hoW3+2RT0KXeopwLGXfQIEaRFgoRjhdFOxQ0gCTGZ7Qfkw97FI5iNJbF/AkVkZw7Iu4PAVT9edEhF0p564Td7pYTeVfLxH/8/qhGtcHEfOCUFGPZIvGIYfKh8njcMQEJYrPY4KJYPGtkEyxwETF8RSyEFLAjFjVJWkY3yF0Krph6mdXqNSsgQx5cASOQRkYwAJNcAlaoA0ImIJb8AAeNVe7156056w1py1nDsEvaC9fHDWTDQ==</latexit>

u (= Eproduction/Ebeam)
<latexit sha1_base64="3D0BC0APrIhUAMpzY63U3bWblGg="></latexit>

Figure 3. The production rate per electron injection in the beam dump for mesons and τ

lepton with respect to the kinetic energy at production, where the energy is normalized by the
beam energy. The results for π±(π+, π−), K(K+,K−,K0

S ,K
0
L), D(D+, D−, D0, D

0), Ds(D+
s , D

−
s ),

B(B+, B−, B0, B
0), Bs(B0

s , B
0
s), Bc(B+

c , B
−
c ), and τ(τ+, τ−) produced in the beam dump are

shown, which represent the sum of the particles in the parenthesis. We consider two beam en-
ergies, Ebeam = 125, 500GeV at ILC-250 and ILC-1000, respectively.

The differential production cross sections for heavy meson photoproduction are ob-
tained by PYTHIA8 [16] and implemented in PHITS. Since the decay lengths of the heavy
mesons are much shorter than the mean free path in the material, the spectra at their
production and decay are similar. In figure 3, we show the production rate per elec-
tron injection in the beam dump for mesons and τ lepton with respect to the kinetic
energy at production, where the energy is normalized by the beam energy. The results for
π±(π+, π−), K(K+,K−,K0

S ,K
0
L), D(D+, D−, D0, D

0), Ds(D+
s , D

−
s ), B(B+, B−, B0, B

0),
Bs(B0

s , B
0
s), Bc(B+

c , B
−
c ), and τ(τ+, τ−) produced in the beam dump are shown, which rep-

resent the sum of the particles in the parenthesis. We consider two beam energies, Ebeam =
125, 500GeV at ILC-250 and ILC-1000, respectively. The overall yield of the heavy me-
son production increases as the beam energy gets higher, and Bc becomes accessible at
ILC-1000. For the sake of comparison, we also include π, K distributions at production.

3.3 τ lepton

As discussed in the previous literature [26], the primary source of τ lepton is the Ds decay
with approximately 5% branching ratio. PHITS simulates Ds meson propagation and
decay, which accounts for the τ lepton production. The sub-dominant source of τ lepton
is the τ lepton pair production, γ + nucleus/nucleon → τ+ + τ− + X. We implement a
complete differential cross section calculated with the Born approximation in QED in the
PHITS code and generate events for the process [27, 28]. The form factors for coherent
(nucleus elastic), quasi-elastic and inelastic interactions are included. The spectrum of τ
lepton is shown in figure 3.
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We find that the number of τ leptons from the pair production is about 20 times
smaller than those from the decay of Ds. However, the pair production process becomes
dominant in the high-energy region where the kinetic energy of τ lepton is above 65% of
the beam energy. So the pair production process will be necessary when considering the
physics of high-energy τ leptons or τ neutrinos at the ILC beam dump.

4 Heavy neutral leptons

If gauge singlet fermions N exist in the BSM sector, a renormalizable interaction with the
SM sector is possible

L = −λ`I(L̄`H̃)NI −
1
2MIN̄

c
INI + h.c., (4.1)

where L` is the SM lepton doublet of flavor ` = e, µ, τ , and I is the index of N . If
MI � λiIv, the standard seesaw mechanism make the SM neutrino mass light, mν,``′ ∼∑
I(λ`Iλ`′I)v2/MI . For O(1) Yukawa coupling, the singlet fermion N has to be extremely

heavy to satisfy the bounds on the neutrino mass, mν & 0.05 eV [29]. On the other hand,
if the size of Yukawa coupling λ is small, M can be in MeV-GeV mass scale to satisfy
the same condition. Such particles can be searched directly in laboratories, and they are
often called heavy neutral leptons (HNLs) or sterile neutrinos. The active neutrinos ν from
L doublet and the HNLs N are almost in the mass eigenstates up to a small admixture
between νi and NI characterized by the mixing angle

U`I = vλ`I
MI

. (4.2)

Since the mixing and mass determine the HNL interactions with the SM particles, we use
the mixing parameter U`I instead of the Yukawa couplings to discuss the HNL phenomenol-
ogy.

The HNLs in the GeV mass range have another exciting aspect other than explaining
the mass of active neutrinos and testability. They can be responsible for the baryon asym-
metry by leptogenesis via HNL oscillation [11, 12]. The effective leptogenesis occurs for
fast NI oscillation, and therefore, two degenerate HNLs are an excellent benchmark model
to investigate.

In the minimalistic scenario with two quasi-degenerate HNLs, the target parameter
space is well-defined by the baryon asymmetry and the neutrino mass. We schematically
show it in figure 4. Note that the vertical axis is the sum of the mixing angles over both
the active neutrinos and the HNLs,

U2 ≡
∑

i=e,µ,τ I=1,2
|U`I |2 (4.3)

We also include a bound on U2 from Big Bang Nucleosynthesis (BBN). The small mixing
angle is disfavored as the HNLs are sufficiently long-lived to decay during or slightly before
BBN and affect the ratio of the neutron and proton number densities [30].
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Figure 4. The target parameter space in a scenario of two degenerate HNLs with respect to the
HNL mass and the sum of the mixing squared defined in eq. (4.3). The region between dashed
(dotted) green lines is favored as the HNL can generate the baryon asymmetry of the universe [11,
12], and the lines are adopted from figure 4.17 of [8]. The bottom shaded region cannot explain
the neutrino oscillation data in Type-I seesaw mechanism with the two degenerate HNLs. Another
shaded region with the BBN label is excluded by that the long-lived HNLs affect the successful big
bang nucleosynthesis. The bound is obtained with respect to Ue, Uµ, or Uτ in [30], and we take
U2 < min`=e,µ,τ [|U (BBN)

` |2] for this plot.

It is essential to probe all flavor mixings to cover the target parameter space for baryon
asymmetry characterized by U2. The sensitivity to UeI and UµI of the current and proposed
experiments is high, but the τ neutrino mixing is poorly constrained. In the ILC beam
dump experiment, the relevant region of UτI can be probed because τ leptons can be
copiously produced from Ds meson decay thanks to the higher beam energy.

In many phenomenological studies of HNLs, one assumes a single HNL (say N1) in the
low energy because having two HNLs will have little impact on the search sensitivity as long
as the two HNLs are degenerate. In the following, we deal with one HNL for simplicity, and
thus the index I is omitted. Furthermore, we turn on only one U`, a mixing with one of the
active neutrinos in the flavor eigenstate (νe, νµ, ντ ), at a time, which helps us to understand
which underlying process matters. Under these assumptions, the phenomenology is well-
described by the HNL mass and the single mixing in each benchmark model. Also, these
benchmarks are commonly used in the literature, which allows us to compare our results
with the previous works.
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4.1 Sensitivities at ILC beam dump

In this subsection, we evaluate the sensitivity of the ILC beam dump experiment to the
HNLs. We consider the following two production mechanisms of HNL:

(i) Productions from meson and τ lepton decays;

(ii) Direct productions from electrons and muons in EM shower interacting with nucleons.

In both cases, we consider the HNLs decaying inside the decay volume as the signal.
We adopt the decay widths of HNL to the SM particles based on ref. [26], and most
decay patterns of the HNL would leave multiple tracks, which is distinguishable from the
background. We then require that the HNL decays inside the decay volume with two or
more charged tracks, i.e., the decay modes of HNL→ ννν̄, and π0ν are excluded.

We estimate that the background events are limited. One of the possible backgrounds
is hardons produced by high-energy neutrinos, such as KS,L decaying to the charged pions.
This type of background was estimated with GIANT 4 in the SHiP setup [31, 32]. They
found that the relevant hadrons are always produced at the edge of the muon shield and
can be significantly reduced by requiring the charged tracks consistent with the HNL kine-
matics. Comparing the number of produced neutrinos between SHiP and the ILC beam
dump experiment, we can infer from the number of expected background events. The SHiP
experiment expects 7× 1017 neutrinos per 2× 1020 protons on target, which leads to ∼ 107

neutrino interactions and ∼ 104 events with two tracks of opposite charge. 99.4% of the
two-track events can be discarded by the simple topology cuts, which leads to 50 remaining
events. Furthermore, the veto system of SHiP can reduce the background events by 10−4 to
the level of 0.07 events. At the ILC 250 (1000), we estimate 8×1016 (3×1017) neutrinos for
the 10-year run, and, assuming the similar reduction factors as in SHiP, we expect about 5
(20) background events after the two-track requirement and the simple topology cuts. Al-
though the veto system could further reduce the background, the reduction factor strongly
depends on the detector setup. Therefore, we conservatively take a pessimistic scenario
such that 5 and 20 background events are expected at ILC-250 and 1000 for 10-year statis-
tics. The corresponding upper bounds on the signal events are respectively 5.5 and 9.1.

As another source of background, cosmic muons may produce beam-unrelated events.
However, the deep underground location of the detector (100 m from the ground surface),
direction of tracks, and coincidence time window based on the pulsed electron beam signif-
icantly reduce the backgrounds. The detector setup and event selections to suppress the
background further are beyond the scope of this paper.

In the HNL production process (i), evaluating the position and 4-momentum of the
HNL is not straightforward because it involves various intermediate particles with possible
higher multiplicity. Therefore, it is suitable to estimate the sensitivity using Monte-Carlo
simulation. We include the SM particle decays to an HNL which are calculated in refs. [26,
33–37] and summarized in appendix F and ref. [26].

For the other production (ii), associated physical processes are tractable without sim-
ulation. Therefore, we evaluate its sensitivity by the numerical integration and provide
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relevant formulae for it. To help the quantitative understanding, we also provide an ap-
proximate formula of the signal rate of the process (i) that can be integrated numerically.
The signal rate of the numerical integration will be compared with the one obtained by the
Monte-Carlo simulation.

In the following, we describe the detail of each method.

4.1.1 Monte-Carlo method

We simulate particle production and transport by PHITS with the help of PYTHIA8 for
electron injection as described in section 3. We also modify the decay tables of mesons and
τ lepton of PHITS to include decay modes to an HNL as discussed in appendix F. It is
essential to perform the Monte-Carlo simulation to track how the system evolves from the
incident electron since the intermediate steps are very involved in the production (i). The
result of the Monte-Carlo simulation also becomes the guiding post for the coarse-grained
integration method which is described in section 4.1.2.

However, a naive Monte-Carlo simulation of the long-lived particle would suffer from
technical challenges in obtaining sufficient statistics, in particular in the following cases:

(a) Small cross section of new physics process or photoproduction of mesons.

(b) Small decay branching ratio from a SM particle to the new particle.

(c) The decay length of the new particle much shorter than the shield length.

(d) The decay length of the new particle much longer than the length of the experimental
setup.

In cases (a) and (b), the processes resulting in the signal process are so rare that it is
difficult to obtain a sufficient number of events. The issue can be solved in PHITS-based
simulation using the biasing technique. In this technique, PHITS provides a biasing pa-
rameter for photoproduction. In this technique, the biased process occurs more frequently
according to the biasing parameter, and an appropriate weight of the produced particle
lower than that of the incident particle is assigned. We obtain the correct expected value of
physical quantities by adding up the weights rather than adding up the number of particles
produced.

In case (c), the new particles generated by the simulation predominantly decay inside
the shield, so sufficient signal statistics are not easily obtained. This issue can be avoided
by using the importance sampling technique which PHITS supports. This technique allows
us to assign an importance to different regions of the simulation geometry. When a particle
passes through the boundary between different regions with increasing importance, several
copies of the particle are created in an event, and their weights are reduced depending
on the importance ratio between the regions. We divide the region of the shield in the
direction of the beam axis and increase their importance value exponentially so that a
short lifetime particle passes through the shield more efficiently without exponential loss.

The importance technique is also useful in the opposite case (d) as we can set a large
importance value in the decay volume to increase the event sampling in the relevant region.
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In addition, forced-decay technique is more useful when the decay length of the long-lived
particle X is extremely longer than the length of the shield and decay volume. In this
technique, we introduce a maximum decay length, lmax. When the decay length of X, lX ,
is sufficiently longer than the typical length of experiment, lexp(∼ ldump + lsh + ldec), the
differential decay rate of X with respect to the flight distance z is

dP

dz

∣∣∣∣
lX

= 1
lX

e−
z

lX ' 1
lX
, (z < lexp). (4.4)

This is a very small value, so it’s hard to get enough Monte-Carlo statistics for the decay
of X in the decay volume. To deal with this problem, we multiply the decay probability
by b = lX/lmax(> 1) and the weight of X by 1/b. The rescaled probability is

b
dP

dz

∣∣∣∣
lX

' b

lX
' dP

dz

∣∣∣∣
lmax

. (4.5)

This corresponds to the decay rate when the lifetime of X is multiplied by 1/b. In summary,
when lmax < lX , multiplying the lifetime and weight of X by 1/b forces a higher probability
of decay within the decay volume and reduces the computational cost by a factor b. This
approach is an approximation, and the higher order correction to weight is O(l2X/l2max). We
typically use lmax ∼ 103 m, so that we can safely ignore the error. We count the number
of the HNL decays to the visible SM particles in the decay region taking into account all
the weight factors appropriately.

4.1.2 Coarse-grained integration method

In this subsection, we describe the approximate estimation for the HNL productions (i)
and (ii). Here, we apply suitable approximations to obtain simplified expressions involving
multiple integrals for the signal yield, and then perform the integrals numerically. We
refer this calculation scheme to as the coarse-grained integration (CGI) method. The same
scheme was used in refs. [4, 5] in which the ALPs and dark photon productions by the EM
shower were studied.

For the production mechanism (i), we consider processes where a photon from the EM
shower interacts with a nucleus in the beam dump and produces the SM particle k. The
number of signal events is schematically given by

N
(i)
signal = NEOT ×

∑
k=π,K,D,B,τ

(lγ × nnucleus × σγ nucleus→kX)

× Br(k → HNL X)× Brvis ×Acc(i)(HNL), (4.6)

where lγ is the photon track length in the beam dump, nnucleus is the number den-
sity of beam dump nucleus and the production cross section of particle k is denoted by
σγ nucleus→kX . The branching ratio Br(k → HNL X) and Brvis = Br(HNL → visible SM),
where the visible SM denotes the decay modes except for HNL→ ννν̄, and π0ν, are sum-
marized in ref. [26] and also appendix F. Acc(i,ii)(HNL) denotes the detector acceptance
depending on the production process. The distribution of photon track length lγ in the
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beam dump can be obtained by the Monte-Carlo simulation, and the result is given in
ref. [5] and also appendix A.

In the production mechanism (ii), an incoming lepton ` = e, µ from the EM shower
interacts with a nucleon and would produce an HNL. The number of signal events is
schematically expressed as

N
(ii)
signal = NEOT × l`± × n

dump/shield
N × σ`± nucleon→HNL X × Brvis ×Acc(ii)(HNL), (4.7)

where the track length l`± of the lepton in the beam dump is provided in ref. [5] and
appendix A, and ndump/shield

N is the number density of nucleon in the beam dump or muon
shield. For the incoming muon, we ignore the HNL production in the beam dump. The
production cross section of HNL is denoted by σ`± nucleon→HNL X , which is summarized in
appendix C.

We elaborate the schematic formulae eqs. (4.6) and (4.7) in the following. Given that
the differential distribution of mesons and τ lepton were obtained by PHITS and PYTHIA8,
as the results are shown in section 3, we fit the differential distribution of the number of
SM particle Nk as the function of Ek. This quantity is expressed by the more fundamental
quantity as follows,

dNk

dEk
=
∫
dEγ

dlγ
dEγ

× nnucleus ×
∫
dΠX

dσγ nucleus→kX
dEkdΠX

. (4.8)

This corresponds to the schematical terms in the parentheses of eq. (4.6). Note that
dlγ/dEγ and σγ nucleus→kX is absorbed in dNk/dEk.

By using dNk/dEk the production rate approximately expressed as follows,

N
(i)
signal ∼ NEOT

∑
k=π,K,D,B,τ

∫
dEk

dNk

dEk
· Br(k → HNL X) · Brvis ·Acc(i)

dump(HNL), (4.9)

where we assume momentum of the SM particle k is aligned to the electron beam direction.
The HNL production via the SM particle decay is the leading production channel at the
ILC beam dump experiment for the most accessible parameter space of mass and mixing
angle. As we will see later, this production mode even contributes to the sensitivity of Uτ .

Additionally, the direct production initiated by the charged leptons of the EM shower
takes an essential role to explore the higher mass region of the HNL in the presence of Ue
or Uµ. The direct production from the electron and positron occurs inside the beam dump,
while the one from the muon occurs dominantly in the muon shield. Several direct pro-
duction processes contribute to the HNL productions [38], such as quasi-elastic scattering,
resonance production, and deep inelastic scattering (DIS). Among those, DIS would be a
significant contribution to the HNL productions around Ee±,µ± ≥ 10 GeV which is favored
by the acceptance of the HNL production angle. Therefore, we focus on the DIS process,
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and the formulae of the number of signal events are expressed as follows,

N
(ii),e±
signal = NEOT

∑
i=e−,e+

∫
dEi

1
2
dli
dEi

∑
N=n,p

ndump
N

∫
dx

∫
dy
d2σ(iN → HNL X)

dxdy

× Brvis ·Acc(ii),e±
dump (HNL), (4.10)

N
(ii),µ±
signal = NEOT

∑
i=µ−,µ+

∫
dEi0

1
2
dYi0
dEi0

∫
dEi

1
2
dli
dEi

∫
dθMCS

dPMCS
dθMCS

×
∑

N=n,p
nshield
N

∫
dx

∫
dy
d2σ(iN → HNL X)

dxdy
· Brvis ·Acc(ii),µ±

shield (HNL). (4.11)

The energy spectrum of the muon yield per incident electron behind the beam dump
dYµ0/dEµ0 where Eµ±0 ≥ Eµ± is evaluated in ref. [28], also see eq. (A.3) of ref. [4] and ap-
pendix A, and the track length of muons lµ± in the muon shield is provided in ref. [4] and ap-
pendix A. The angular distribution stemming from the multiple Coulomb scattering (MCS)
of the muon dPMCS/dθMCS is given in refs. [29, 39]. The integral variable x ≡Q2/[2MN (Ei−
EHNL)] denotes the Bjorken scaling, where Ei is the incoming lepton energy at the HNL
production, and EHNL is the HNL energy in the nucleon rest frame. The other integral
variable y ≡ (Ei − EHNL)/Ei is the fraction of the lepton energy loss in the rest frame.

Finally, we give the formula we used to estimate the acceptance Acc(i,ii)
dump,shield(HNL)

as follows,

Acc(i)
dump(HNL)=

∫ ldec

0
dz
dP dump

dec
dz

·
∫ rdet/(ldump+lsh)

0
dθdec

HNL
dPang
dθdec

HNL
·Θ
(
rdet−r

(i)
⊥,dump

)
, (4.12)

Acc(ii),e±
shield (HNL)=

∫ ldec

0
dz
dP shield

dec
dz

·Θ
(
rdet−r

(ii),e±
⊥,shield

)
, (4.13)

Acc(ii),µ±
shield (HNL)=

∫ ldec

0
dz
dP shield

dec
dz

·Θ
(
rdet−r

(ii),µ±
⊥,shield

)
×

Θ(lsh−δµ) for ILC-250
Θ(10 m−δµ) for ILC-1000

, (4.14)

where, as in the Monte-Carlo simulation, all the HNL decays inside the decay volume are
assumed to be the visible signal except for the decay modes of HNL→ ννν̄, and π0ν. Here
z is the decay position of HNL in the decay volume, and Pdec denotes the decay probability
of HNL given by

dP dump
dec
dz

= 1
l
(lab)
HNL

exp
(
− ldump + lsh + z

l
(lab)
HNL

)
, (4.15)

dP shield
dec
dz

= 1
l
(lab)
HNL

exp
(
− lsh − δµ + z

l
(lab)
HNL

)
, (4.16)

where l(lab)
HNL denotes the lab-frame decay length of HNL given by

l
(lab)
HNL = pHNL

mHNL

1
ΓHNL

(4.17)
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with pHNL being the momentum, mHNL the mass, and ΓHNL the total decay width of HNL
evaluated in [26]. The angular distribution of the HNLs is denoted as dPang/dθ

dec
HNL, where

θdec
HNL is the decay angle of HNL from the particle k with respect to the direction of k, and
we use an approximated formula as follows,

dPang
dθdec

HNL
= sin θdec

HNL
1
2

(
mk

(Ek +mk)− pk cos θdec
HNL

)2

, (4.18)

where mk is the mass of the SM particle k, and pk denotes the momentum of k in the
lab-frame. Then, the energy of the HNL is approximately given by

EHNL = 1
2

m2
k

(Ek +mk)− pk cos θdec
HNL

. (4.19)

The distance that a muon passes through the muon shield before emitting the HNL is the
function of Eµ0 and Eµ [4],

δµ = Eµ0 − Eµ
〈dE/dx〉Lead

, (4.20)

with the energy independent stopping power: 〈dE/dx〉Lead = 0.02 GeV/cm. For Ebeam =
500GeV, the additional active shield behind the muon shield may be necessary due to their
strong penetrating power, and the muon’s trajectory becomes non-trivial after the active
shield. Then we account for only the HNLs produced before the active shield, which leads
to the Heaviside step function in eq. (4.14). Regarding the impact of varying the active
shield length, we study how different depth of the muon shield affects the sensitivity for
the HNL at ILC-1000 in appendix E. The angular acceptance is expressed by the Heaviside
step function associated with the transverse radius r⊥(z) in eqs. (4.12), (4.13), and (4.14).
The typical deviation of the visible SM particles emitted from HNL from the beam axis is
estimated as

r
(i)
⊥,dump = |θdec

HNL| · (ldump + lsh + z), (4.21)

r
(ii),e±
⊥,dump =

√
(θshower
e )2 · (ldump + lsh + z)2 + (θprod

HNL)2 · (ldump + lsh + z)2, (4.22)

r
(ii),µ±
⊥,dump =

√
(θshower
µ )2 · (lsh − δµ + z)2 + (θprod

HNL)2 · (lsh − δµ + z)2, (4.23)

where θshower
e (θshower

µ ) is the angle of shower electrons and positrons (muons) with respect
to the beam axis, and θprod

HNL is the production angle of HNL. For the DIS process, the
production angle is expressed as

cos θprod
HNL = 1

|pe,µ| · |pHNL|

(
Ee,µEHNL −

1
2
(
Q2 +m2

e,µ +m2
HNL

))
, (4.24)

where pe,µ is the momentum of incoming electron and muon, and Q2 = 2MNEe,µxy with
the mass of nucleus. As provided in refs. [4] and [5], θshower

e is estimated by the Monte-Carlo
simulation, and we use the mean value θshower

e = 16 mrad · GeV/Ee± . For the incoming
muons, we use θshower

µ = θMCS. Although for the production mechanism (i), the angle of
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Figure 5. Sensitivity reach of ILC beam dump experiment to HNLs mixing with the electron
neutrino in the mass and mixing plane, assuming 10 year run at ILC-250 (black solid) and ILC-
1000 (red solid). The number signal events more than 5.5 (9.1) is required at ILC-250(1000), which
corresponds to the 95% C.L. sensitivity. The discussion about the background is in section 4.1.
The current exclusion bounds are shown in the gray region, see section 4.3. The darker grey region
is from the laboratory bounds, and the lighter gray region is the BBN bound for the HNL, which
is roughly τHNL > 0.02 s [30]. Sensitivity reach through 109 Z-decays at ILC is shown as a blue
solid line. See section 4.2. For a comparison, dashed lines show a sensitivity reach of the DUNE
experiment [40] (brown), the FASER2 experiment [41] (purple), the NA62 experiment [1] (orange),
and the SHiP experiment [8] (magenta), the MATHUSLA experiment [42] (green), and 1012 Z-
decays that could be realized at the FCC-ee experiment (cyan).

shower photon and the production angle of the particle k are precisely calculated in the
Monte-Carlo simulation, we omit them in the coarse-grained integration method. This is
because the heavy mesons are produced by high-energy photons and the mean value of the
angle of shower photons θshower

γ = 8 mrad ·GeV/Eγ [4, 5] is suppressed.

4.1.3 Projected sensitivities

We give the prospects of the ILC beam dump experiment in ILC-1000 and ILC-250 for 10
year run. We assume the parameter region with more than 5.5 (9.1) events can be probed
at ILC-250 (1000), corresponding to the expected 95% C.L. exclusion sensitivity. After
independently evaluating the signal events by the productions (i) and (ii), we combine the
plots of the sensitivity of ILC.

Ue dominance. Figure 5 shows the sensitivity of ILC for the HNL whose mixing to
active neutrinos is dominated by the Ue mixing. The region above the red (black) curves is
the region expected 95% C.L. exclusion sensitivity that can be searched by ILC-1000 (ILC-
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Figure 6. The normalized kinetic energy distribution of HNLs when they decay inside the decay
volume. The mixing angle squared is 10−8, and the mass is 1GeV. The red (black) lines are for
ILC-1000(250).

250) with 10-year statistics. The gray-shaded regions are constrained from past experiments
which is discussed in section 4.3. Also, for a single benchmark point, we show the kinetic
energy distribution of the decayed HNLs inside the decay volume in figure 6.

Let us explore the results in figure 5, highlighting each of the HNL production pro-
cesses.

(a) Meson and τ lepton decays.
In the small |Ue|2 regions where the lifetime of HNL becomes longer, the decay prob-
ability in eq. (4.15) is approximately dP dump

dec /dz ' 1/l(lab)
X . Depending on the mass of

HNL, the HNLs are produced by the decay of mesons and τ lepton, see figures 13, 14, 15,
and 21 in appendix F. Below the kaon mass mK ' 0.5 GeV, the HNLs are mainly pro-
duced by the kaon decay. For mHNL ≤ mD,τ −me ∼ 2 GeV, the D(Ds) meson decay
dominates the HNL productions. In the region of 1 GeV . mHNL . 2 GeV there are
many thresholds of production mode, such as D → K + e+ HNL, Ds → η + e+ HNL,
D → π + e+ HNL and τ → ντ + e+ HNL, see figure 14.
The limit obtained by the Monte-Carlo simulation can be checked using the approxi-
mate formula eq. (4.9). As explained in appendix D, the approximate formula agrees
well with the results of the Monte-Carlo simulation. For the electron beam energy
Ebeam = 500 GeV, the number of events by the leptonic D meson decays D± →
e± + HNL is given by

N
(i)
signal ∼

(
NEOT

4× 1022

)(
ldec

50 m

)(
rdet
3 m

)2
(

81 m
ldump + lsh

)2( |Ue|2
10−10

)2 (
mHNL
1 GeV

)4
, (4.25)

where we used follwing approximations:

Br(D± → e± + HNL) ∝ |Ue|2, Brvis ' 1, (llab
X )−1 ∝ |Ue|2m4

HNL/E
lab
HNL . (4.26)
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Near the kinematic threshold, the number of events is rapidly decreased by a suppres-
sion of the branching ratio Br(D± → e±+HNL). FormD−me . mHNL . mB−me, the
D meson decay channels are closed, and the B meson decay channels become dominant
in the HNL productions up to around mHNL ∼ 3GeV.

(b) Direct production.

Above mHNL ∼ 3GeV, the direct production channel with the incoming electrons and
positrons become significant. In particular, the production with the high-energy pri-
mary electron is essential to extend the mass reach of the Ue dominant scenario. In the
small |Ue|2 regions, the decay probability in eq. (4.15) is approximately dP dump

dec /dz '
1/l(lab)

X , and the energy of the produced HNL is approximately Elab
HNL ' Ee± . Then,

the number of events for Ebeam = 500 GeV is given by

N
(ii),e±
signal ∼

(
NEOT

4× 1022

)(
ldec

50 m

)(
rdet
3 m

)2
(

81 m
ldump + lsh

)2( |Ue|2
10−10

)2 (
mHNL

10 GeV

)6
,

(4.27)
where we use,

dle±/dEe± ' (dle±/dEe±)primary ∝ 1/Ee± , d2σ(e±N → HNL)/dxdy ∝ |Ue|2Ee± ,

(l(lab)
X )−1 ∝ |Ue|2m6

HNL/E
lab
HNL, Brvis ' 1, y . x−1Ee±r

2
det(ldump + lsh)−2. (4.28)

In the larger |Ue|2 regions, where l(lab)
HNL � ldump + lsh, the shape of the upper contour

lines in figure 5 is determined by the probability to decay inside the decay volume given
in eq. (4.15). The contour is characterized by the exponent of the decay probability

mHNLΓHNL
Elab

HNL
(ldump + lsh) ∼ const. (4.29)

Combining Elab
HNL ' Ebeam and ΓHNL ∝ |Ue|2 ·m5

HNL, eq. (4.29) becomes |Ue|2 ∝ m−6
HNL,

which is consistent with the parameter dependence of figure 5.

Uµ dominance. Figure 7 summarizes the prospects of the ILC beam dump experiment
in ILC-1000 and ILC-250 for the HNL mixing dominantly with νµ. The red (black) curves
show the expected sensitivity for 95% C.L. exclusion of ILC-1000 (ILC-250) with 10-year
statistics given by the meson and τ lepton decays, and the DIS process for incoming muons
from the EM shower. We provide approximated formulae of the number of signal events
for each HNL production mode for ease of understanding.

(a) Meson and τ lepton decays.

The production process from meson and τ lepton decays of the HNL that mix domi-
nantly with νµ can be calculated in parallel with Ue dominant case except for minor
threshold difference. The mass dependence of the dominant HNL production process
is the same as that of Ue dominant case with e replaced with µ.
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Figure 7. Sensitivity reach of ILC beam dump experiment to HNLs mixing with the mu-neutrino
in the mass and mixing plane. For the description of this plot, see the caption of figure 5.
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Figure 8. Sensitivity reach of ILC beam dump experiment to HNLs mixing with the tau-neutrino
in the mass and mixing plane. For the description of this plot, see the caption of figure 5.
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As shown in figures 17 and 18, for mD −mµ . mHNL . mB −mµ, the B meson decay
gives a significant contribution to the HNL production. The zigzag curves near mHNL ∼
3 GeV correspond to the threshold of B → D + µ+ HNL. Above mHNL ' 3 GeV, the
leptonic B meson decay such as B± → µ± + HNL dominates the HNL productions.

(b) Direct production.

As shown in figure 1, incident real photons produce muon pairs in the beam dump
through the electromagnetic interaction with the nucleus or nucleon [28], and the HNL
can be generated by the DIS process in the muon shield. The muon pair production
cross section is about (mµ/me)2 ' 105 times smaller than that of the electron pair
production.

In the small |Uµ|2 regions, the projected sensitivity scales with the ratio of numbers
of muon and electron in the shower, and the projected sensitivity via the DIS process
is less significant than the Ue dominant case. On the other hand in the large |Uµ|2
regions, the number of signal events is mostly determined by the muon shield length
and less sensitive to the number of muon pairs because the lifetime is shorter. The
shape of the upper side of contours in figure 7 is determined by the exponential factor
in eq. (4.15), which is characterized by

mHNLΓHNL
Elab

HNL
(lsh − δµ) ∼ const. (4.30)

Combining Elab
HNL ' Ebeam and ΓHNL ∝ |Uµ|2 ·m5

HNL, eq. (4.30) becomes |Uµ|2 ∝ m−6
HNL.

Since the DIS process with a muon happens in the muon shield, the shorter distance
from the HNL production point to the decay volume enhances the acceptance compared
the DIS process in the beam dump.

Uτ dominance. The projected sensitivities in the Uτ dominant scenario are shown in
figure 8 with a similar notation as in the Ue,µ dominance. The red (black) curves show the
expected 95% C.L. exclusion sensitivity with 10-year statistics in ILC-1000 (ILC-250) by
B and Ds mesons and τ lepton decay production. The direct (DIS) production is absent
in this case due to very limited flux of τ leptons.

As shown in figures 3, 19, 20, and 23, below the threshold of mDs−mτ ' 0.2 GeV, the
main HNL production channel is the Ds → τ + HNL decay. For 0.2 GeV . mHNL ≤ mτ −
me ' 1.8 GeV, the production of HNL is dominated by τ lepton decay. Most of the τ leptons
are produced byDs meson decays, and the τ pair production in the electromagnetic showers
are subdominant, which is therefore dropped in the HNL study. The branching ration of
Ds → τ +ντ is 5.48%, and an energy dependence of τ lepton spectra is determined by that
of Ds meson spectra in figure 3. The main decay channels of τ are τ → ρ+ HNL, τ → µ+
ν+HNL, τ → e+ν+HNL, τ → π+HNL, τ → K∗+HNL, and τ → K+HNL, see figure 23.

In the small |Uτ | regions with the longer lifetime of HNL, the decay probability in
eq. (4.15) is approximated by dP dump

dec /dz ' 1/l(lab)
X . For the electron beam energy Ebeam =
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500 GeV, the number of events by the τ± → ρ± + HNL is approximately given by

N
(i)
signal ∼

(
NEOT

4× 1022

)(
ldec
50

)(
rdet
3 m

)2
(

81 m
ldump + lsh

)2( |Uτ |2

5× 10−8

)2 (
mHNL

0.5 GeV

)4
, (4.31)

where we use

Br(τ± → ρ± + HNL) ∝ |Uτ |2, Brvis ' 0.01, (llab
X )−1 ∝ |Uτ |2 ·m4

HNL/E
lab
HNL. (4.32)

For 1.8 GeV . mHNL, the B meson decays dominate the HNL productions, see fig-
ures 19, 20, and 23.

4.2 Sensitivities from Z decays at ILC and FCC-ee

The future e+e− colliders can be seen as a Z boson factory, such as Giga-Z program of the
ILC and Tera-Z program of the CERN Future e+e− Circular Collider, dubbed FCC-ee.
The HNLs can leave a clear signal with displaced tracks at e+e− colliders once they are
produced via Z → Nν̄, N̄ν. This type of signal was examined at DELPHI detector of the
Large Electron-Positron collider (LEP) [43]. We briefly study the future sensitivities of the
HNL search using the displaced tracks from the Z decay, which is complementary to the
sensitivities of the ILC beam dump experiment.

The proposed ILC detector [44] has three layers of vertex detector (VTX) starting from
1.5 cm to 19.5 cm surrounding the beam, Time Projection Chambers (TPC) as the main
tracking detector spreading from 33 cm to 170 cm, and two layers of silicon strip detectors
(SIT) arranged between TPC and VTX. We assume the ILC detector is sensitive to the
HNL signal with negligible background if the HNL decays between 3 cm and 170 cm from
the collision point. We adopt the radius-dependent track-detection efficiency εtrk linearly
decreasing from r = 3 cm (εtrk = 100%) to r = 170 cm (εtrk = 0%) [45]. Then, we assume
109 Z decays and zero background after requiring the displaced tracks and consider all the
HNL decays except for the fully invisible mode, N → ννν̄. The 95% C.L. future sensitivity
corresponds to three HNL decays with the multi-displaced tracks in the fiducial volume,
and the result is included in figures 5, 7, and 8.

Similarly, we study the future projection at the FCC-ee. For the simplicity, we take
the same detector setup of the ILC and rescale the statistics assuming 1012 Z decays. This
is also shown in figures 5, 7, and 8. Ref. [46] studied also the projected sensitivities at the
FCC-ee, but our estimate is different with respect to the detector coverage and the signal
efficiency.

4.3 Existing constraints on HNL and projected sensitivities at other experi-
ments

The presence of HNL can have drastic consequences on early-universe observables and
has been explored extensively in the literature. The HNL is thermally produced in the
early universe, and its late decay can disrupt the standard Big Bang Nucleosynthesis. The
typical constraint is for τHNL . 1s, see [47] and references therein. In addition, ref. [30]
studies that the pions from the HNL hadronic decay alter the decoupling of neutrons from
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the prediction of the standard BBN, which affects the ratio of neutrons to protons. The
upper limit on the HNL lifetime is obtained from the 4He abundance as τHNL . 0.02 s (see
also other recent studies [48, 49]).

The long-lived HNLs are also extensively searched in the accelerator-based experi-
ments. The HNLs may be produced directly in the beam-target collisions, or in the decays
of secondary particles such as B, D mesons and τ leptons. The searches are carried out
either by detecting the displaced decay of the HLN or the significant missing momentum of
the events. In the following, we briefly list the existing constraints included in figure 5, 7,
and 8.

• CHARM proton beam dump experiment — Searches for HNLs produced at a proton
beam dump operating at the 400GeV CERN SPS are sensitive to all the scenarios we
consider [50, 51]. Recently, the result of the Uτ dominant scenario was reanalyzed,
and the bound was improved for 0.3 GeV . mHNL . 1.5 GeV [52].

• Other beam damp/neutrino beam experiments — In addition to the CHARM exper-
iment, the HNL searches were conducted at a variety of fixed target and neutrino
experiments, such as NuTeV [53], BEBC [54], and PS191 [55]. They are mostly sen-
sitive to the Uµ mixing, while PS191 placed a strong bound on the Ue dominant
scenario as well.

• Long-baseline neutrino experiment — At the T2K experiment, the near detector
ND280 was utilized to search for the HNL [56]. The detection principle is similar to
the one at PS191. We include the bounds of “single-channel” analysis where only
one of U` is non-zero at a time. In the future, this type of search can be performed
at the near detector of the DUNE experiment [40].

• Super-Kamiokande — The HNLs can be copiously produced from kaon and pion
decays in atmospheric showers and decay in the Super-Kamiokande detector. In [57],
the authors analyzed the Super-Kamiokande data [58], and obtained bounds on the
HNL in all the scenarios. The bound on Uτ is as strong as the T2K one.

• Pion decay — Precision measurements of charge pions can test π+ → `+ +HNL with
no subsequent HNL decay which is sensitive to the Ue and Uµ mixings [59, 60]. It gives
a unique bound in the low mass region mHNL ∼ 0.1 GeV of the Ue dominant scenario.

• Kaon decay — Similar to the search with the charged pion, the HNL searches
have been conducted by K+ → `+ + HNL(invisible) at NA62 [61, 62], E949 [63],
and KEK [64]. Typically they give the best limit near the threshold of mHNL .
mK+ −m`+ .

• B meson and τ lepton decay — The heavier HNL can be looked for from the B
meson decays. The HNL production by B → X`+ HNL (` = e, µ) with a subsequent
displaced decay of HNL → `π was examined using the Belle data in [65]. The B-
factories also produce τ leptons copiously, and the search of long-lived HNL from τ

lepton decays at Belle and Babar placed a bound on Uτ . [66]
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• Z boson decay — The search of Z boson decaying into HNL using the DELPHI data
at the LEP collider constraints all the scenarios. It sets strongest limit in mass range
around mHNL ∼ O(10) GeV [43]. See section 4.2 for more detail and the projection
at the future e+e− colliders.

• Large Hadron Collider — At the ATLAS and CMS detectors of LHC, the W boson
mediated process efficiently produces the HNL. Depending on the final states and
decay length, different analyses were performed at ATLAS [67, 68] and CMS [69–71].
In particular, the search for the displaced decays of HNL [68, 71] excludes the large
parameter space.

Among studies of the future HNL searches, we include projected sensitivities at
FASER2 [72], NA62 [1], DUNE [40], SHiP [8], and MATHUSLA [42] in figures 5, 7, and 8
to compare to the sensitivities at the ILC beam dump experiment. Other experiments
including LHCb [73, 74], Codex-b [75], Belle II [66], Dark-Quest [76], IceCube [77], ATLAS
and CMS at HL-LHC [68, 71, 78], and FCC-hh [79] can also search for the HNLs beyond
the current experimental constrains.

In figures 5, 7, and 8, the estimated sensitivity contours of ILC is better than the other
proposed searches. The ILC sensitivity is very close to the one of SHiP in the low mass
region (mHNL < 2GeV). Above 2GeV, the sensitivity of the ILC beam dump experiment is
better than SHiP because the initial electron energy is high enough to produce B mesons at
a higher rate. Thanks to the higher HNL mass, the HNL decay products are more clearly
separated from the background so that the neutrino background would be less critical in
the region.

5 Discussions

The ILC beam dump experiment is a seamless extension of the ILC program, which pro-
vides a unique opportunity to test feebly interacting light particles. The electron beam
energy of ILC is much higher than the ones at the current and past electron beam dump
experiments, and therefore, not only the light mesons but also the heavier SM particles,
such as heavy flavor mesons and τ lepton, can be produced in the beam dump. More-
over, a large number of electrons on target are expected thanks to the high-intensity beam.
In many BSM scenarios, new particles can be efficiently produced by decays of the SM
particles. Therefore, it is essential to estimate the production rate of the SM particles at
the ILC beam dump experiment. In this paper, we evaluate the light and heavy mesons
and τ lepton spectra at the decay for the first time using PHITS and PYTHIA8. PHITS
is responsible for producing and transporting light SM particles, and we incorporate the
heavy meson productions calculated by PYTHIA8 into PHITS. The main results are in
figure 2 for the light mesons and in figure 3 for the heavy mesons and τ lepton.

The spectra of SM particles can be used to estimate the yield of BSM particles from
SM particle decay. As a demonstration, we studied the projected sensitivity of the heavy
neutral leptons at the ILC beam dump experiment. Figures 5, 7, and 8 show that ILC
would explore the HNLs with the heavier mass and small mixing and cover the large
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parameter space motivated by the baryon asymmetry of the Universe. For the reader’s
convenience, we show the sensitivities after one year of operation in appendix G. We use
the Monte-Carlo simulation to evaluate the HNL signal from the SM particle decay, and
the results are well reproduced by the coarse-grained integration method convolving the
SM particle spectra given in figures 2 and 3.

Apart from the SM particle decays, the HNLs can be produced through various pro-
cesses at ILC. The EM shower can directly create an HNL via DIS, and we account for
this production by the coarse-grained integration method. Moreover, copious Z decays
expected in the primary detector of ILC would realize a different search method for the
mildly long-lived HNLs.

Other than the HNLs, many motivated long-lived particles can be predominantly pro-
duced by the SM particle decay. For example, dark scalars such as the QCD axion and the
Higgs portal scalar can be efficiently produced via flavor-changing decays of meson (espe-
cially B → KX and K → πX where X denotes a long-lived particle). The heavy mesons
produced from the high energy electron beam allow us to probe long-lived particles heavier
than several GeV. Another advantage of the abundant heavy mesons is that the experiment
is sensitive to a new particle that preferably couples to the third generation fermions (b
quark or τ lepton). One can estimate the sensitivity of these particles at the ILC beam
dump experiment based on our results in figures 2, 3 and the approximate formula like
eqs. (4.6).

Note added. While completing this work, we became aware of [80], which considers
related topics. A main difference is that ref. [80] does not include meson production through
the EM shower photons, which is the dominant channel of meson production in our work.
Also, our setup of the experiment is slightly different from theirs. We added projections
for one year operation as assumed in ref. [80].
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A Track lengths of electromagnetic showers and muon spectra behind
beam dump

For convenience, we summarize the track lengths of electromagnetic showers and the muon
spectra behind the beam dump we used to estimate the number of signal events. The details
of the calculations are explained in refs. [4, 5, 28]. The track lengths of electromagnetic
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showers in a thick beam dump (& 10X0) filled with water are expressed as follows [5],

u
dl̂γ
du = 0.572

u
+ 0.067 ln(1−

√
u) (photon from e± beam), (A.1)

u
dl̂e
du =

(
u

dl̂e
du

)
primary

+
(
u

dl̂e
du

)
shower

(e± from e± beam), (A.2)

u
dl̂e
du =

(
u

dl̂e
du

)
shower

(e∓ from e± beam), (A.3)

with (
u

dl̂e
du

)
primary

= 0.581 + 0.131
(

u

1− u

)0.7
, (A.4)

(
u

dl̂e
du

)
shower

= 1− u
u

(0.199− 0.155u2), (A.5)

where u = Ei/Ebeam with Ebeam being the energy of the injected beam. Here, l̂i denotes a
dimensionless normalized track lengths of a particle i and is defined by

l̂i = ρ

X0
li, (A.6)

where X0 = 36.08 g/cm2 and ρ = 1.00 g/cm3 are the radiation length of water and the
density of water, respectively.

The energy distribution of the muon yield per incident electron behind the beam dump
is given by [4, 28]

dYµ0
dEµ0

= 0.572Ebeam
ln(183Z−1/3)

(
me

mµ

)2( 1
E2
µ0
− 1
E2

beam

)
, (A.7)

with the atomic number of water Z = 7.5. The track length of muons in lead is given by

dlµ
dEµ

= 1
〈dE/dx〉lead

, (A.8)

with the stopping power for lead 〈dE/dx〉lead = 0.02 GeV/cm.

B Evaluation of D meson production

PHITS ignores charm and bottom quark production because the production cross section
is minor relative to the one of the light meson. However, they are important sources of
the heavy neutral leptons. Therefore, we estimate the probability of the D and B meson
productions from γp and γn interactions by PYTHIA8. We ignore energy loss of the heavy
mesons in the material because they decay immediately after the production.

The photoproduction cross section used in this paper consists of the non-diffractive
and direct production cross sections of PYTHIA8.4 The non-diffractive cross section is

4The diffractive cross section is small and therefore ignored.
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Figure 9. The photoproduction cross section of D mesons (D±, D0 and D0), and the PYTHIA8
prediction. The dotted and long dashed lines correspond to non-diffractive and direct production
cross section of charm quark. The solid line is the total charm meson production cross section.
They are consistent with the measured cross section of Tagged Photon Spectrometer (circle) [23]
and SLAC (triangle) [22].

empirically estimated by the MPI (multi-parton interaction) model of PYTHIA8. We found
that the photons of energy at Eγ ∼ 30 GeV contribute to the production of HNL through
the D meson decay. For Eγ � 30GeV, the D meson flux is suppressed mildly because of
the reduction of average track length dl`/dEi of photons at the high energy. See figure 9
of [5]. The photon differential track length for a thick beam dump (> X0) simulated by
PHITS is summarized in appendix A. At low Eγ , the D meson flux is suppressed kinetically,
while the l̂γ increases in proportion to 1/u2. The charmed meson photoproduction cross
section is measured by the Tagged Photon Spectrometer Collaboration [23] and the SLAC
Hybrid Facility Photon Collaboration [22].

In figure 9, we show the measured cross section(the dots and the triangle ) and the
non-diffractive and direct production cross sections of PYTHIA8 as a function of

√
s. The

sum of the two cross sections (the solid line) is consistent with the measured cross sections.5

C Production cross sections of the HNLs by deep inelastic scattering

We consider the production of the HNLs through deep inelastic scatterings (DIS) in ad-
dition to the SM particle decays. For convenience, we summarize the production cross
sections used in our numerical evaluations; using eqs. (4.10) and (4.11), one can estimate
the number of signal events.

5The prediction of the non-diffractive cross section shows a minor discontinuity around 7GeV, but the
effect in our numerical calculation is negligible.

– 25 –



J
H
E
P
1
2
(
2
0
2
2
)
1
4
5

The cross sections for the DIS on the unpolarized nucleon are given by five structure
functions [29, 38, 81–85]

d2σ(`−p→ HNL X)
dxdy
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where |U`| is the mixing angle, E`∓ is the initial lepton energy in the nucleon rest frame,
MN is the mass of nucleus, MW is the W mass, GF is the Fermi coupling constant, and
m` is the incoming charged lepton mass. The squared four-momentum transfer is given by
Q2 = −(k−kHNL)2 where k and kHNL are the four-momenta of the incoming and outgoing
leptons, respectively. In this work, for simplicity, we impose the Callan-Gross relations [86],
and the Albright-Jarlskog relations [81] as follows:

FW
−

2,p (x,Q2) = 2xFW−1,p (x,Q2), (C.5)

FW
−

4,p (x,Q2) = 0, (C.6)

xFW
−
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2,p (x,Q2), (C.7)
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+
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+
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Here, the nucleon structure functions in the quark-parton model are given by [29, 83]

FW
−

2,p (x,Q2) = 2

 ∑
q=u,c,t

xq(x,Q2) +
∑

q=d,s,b
xq̄(x,Q2)

 , (C.17)
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xFW
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− ∑
q=d,c,t

xq̄(x,Q2) +
∑

q=u,s,b
xq(x,Q2)

 , (C.24)

where x denotes the Bjorken scaling defined as x = Q2/2MN (E`∓ −EHNL) with the lepton
energy loss in the rest frame, and y = (E`∓ − EHNL)/E`∓ is the fraction of the lepton
energy loss in the rest frame. The squared four-momentum transfer can be expressed as
Q2 = 2MNE`∓xy. Combining 0 ≤ x ≤ 1, 0 ≤ y ≤ 1, and

cos2 θprod
HNL =

(
m2
` +m2

HNL + 2E2
`MNxy

)2
4(E2

` −m2
` )
(
E2
` (y − 1)2 −m2

HNL
) ≤ 1, (C.25)

the x and y kinematic limits are obtained. In the numerical analysis, we adopt the MSTW
parton distribution functions [87].

D Comparison between Monte-Carlo method and coarse-grained inte-
gration method

In our analyses in section 4, we evaluated the number of signal events by the Monte-Carlo
simulation based on the PHITS framework. To explain how to use the meson and τ lepton
spectra, and perform easy consistency checks, we also evaluate the number of signal events
by the coarse-grained integration method using the meson spectra in section 3. The formu-
lae of coarse-grained integration for the number of signal events are summarized in section 2.
In this section, we assume zero background and require three signal events that the HNL
decays inside the decay volume as signal except for the invisible decay mode, HNL→ ννν̄.
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Figure 10. The left (right) panel shows the curves corresponding to three signal events with 10-
year statistics for the Ue (Uτ ) dominant scenario at ILC-1000. For simplicity, we assume the signal
events are the HNL decays inside the decay volume except for HNL → ννν̄. The solid (dashed)
lines correspond to the limit based on the Monte-Carlo simulation (the coarse-grained integration
method). Note that the curves of the coarse-grained integration method almost reproduce that of
the Monte-Carlo simulation.

Figure 11. A setup for the ILC-1000 beam dump experiment. It consists of the main beam dump,
a muon lead shield, an active muon shield, a decay volume, and a detector. The HNLs can be
produced by the DIS process for incoming muons in the muon lead shield with the length of llead

sh .

In figure 10, we show the sensitivity of ILC-1000 with 10-year statistics for the Ue
and Uτ dominant scenarios. The red solid (dotted) curves show the sensitivities based on
the Monte-Carlo simulation (coarse-grained integration method). For the Ue dominance,
the D and B meson decays dominate the HNL productions in 0.5 GeV . mHNL . 2 GeV
and 2 GeV . mHNL . 3 GeV, respectively. In 3 GeV . mHNL, the DIS process becomes
significant. For the Uτ dominance, D and B mesons dominate the HNL productions in
mHNL . 0.2 GeV and 0.2 GeV . mHNL, respectively. In a wide range of the param-
eter space, the coarse-grained integration method almost reproduces the results of the
Monte-Carlo simulation. Note here that the coarse-grained integration method does not
overestimate the number of signal events.
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Figure 12. The colored dotted curves correspond to three signal events with 10-year statistics for
the DIS process. We assume the signal events are the HNL decays inside the decay volume except
for HNL → ννν̄ We assume the signal events are the HNL decays inside the decay volume except
for HNL → ννν̄. The results for the different lengths of the muon lead shield, 10, 20, 40, 60 m are
compared. The red curve shows the expected 95% C.L. exclusion sensitivity with 10-year statistics
for the HNL productions from the SM particle decays. The blue curve corresponds to the sensitivity
of the Giga-Z program at ILC.

E DIS process and muon shield configuration at ILC-1000

For ILC-1000, high energy muons are produced in the beam dump and penetrate the muon
lead shield. One can reduce background events by placing an active muon shield behind
the muon lead shield as shown in figure 11. In our analyses in section 4, we assumed that
the HNLs produced in the muon lead shield with the length of llead

sh = 10 m contribute to
the signal events. Since, however, the length of the muon lead shield highly depend on the
details of the detector concepts, we study the sensitivity of ILC-1000 depending on llead

sh .
In this appendix, we assume zero background and account for all the HNL decays inside
the decay volume except for HNL → ννν̄ as signals.

In figure 12, the sensitivities of the DIS process for incoming muons are shown for
llead
sh = 10, 20, 40, 60 m. The constraint to the large |Uμ|2 region enlarges by shortening

active muon shield, because more HNLs decay in the decay volume.

F Branching ratios of meson and τ lepton decays to an HNL

For convenience, we summarize the branching ratios of the meson and τ lepton decays
to produce an HNL. The details of the branching ratio calculation are found in ref. [26].
The branching ratios for the light unflavored and strange mesons are shown in figure 13
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Figure 13. Dominant branching ratios of HNL production from light mesons. In this figure, we
take Ue = 1, Uµ = Uτ = 0. The decay width to HNLs are normalized by experimental values of
the total decay width of mesons. Below the kaon mass, the HNL productions are dominated by the
leptonic decays of pions and kaons.
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Figure 14. The same plot as figure 13 but for charmed mesons.

and 16. The relevant mesons for the HNLs productions can be: π+(ud̄, 139.6), K+(us̄, 494),
K0
S(ds̄, 498), and K0

L(ds̄, 498). For 0.5 GeV . mHNL . 2 GeV, the HNL production is
dominated by the charmed mesons: D0(cū, 1865), D+(cd̄, 1870), and Ds(cs̄, 1968). The
branching ratios for the charmed mesons are shown in figure 14, 17, and 19. For 2 GeV .
mHNL, the decay of charmed mesons to the HNLs is forbidden, and the HNL production is
dominated by the beauty mesons: B−(bū, 5279), B0(bd̄, 5280), Bs(bs̄, 5367), Bc(bc̄, 6276).
The branching ratios for the beauty mesons are shown in figure 15, 18, and 20.

In addition to the mesons, τ lepton can be produced by Ds meson decays and τ pair
productions in the electromagnetic showers. For 0.5 GeV . mHNL . 2 GeV, the HNL
production from the τ decays is significant effect. The branching ratios for the τ lepton
are shown in figure 21, 22, and 23.
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Figure 15. The same plot as figure 13 but for beauty mesons.
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Figure 16. The same plot as figure 13 but for Uµ = 1, Ue = Uτ = 0.
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Figure 17. The same plot as figure 14 but for Uµ = 1, Ue = Uτ = 0.

– 32 –



J
H
E
P
1
2
(
2
0
2
2
)
1
4
5

0 1 2 3 4 5 6 7
10-6

10-5

10-4

10-3

10-2

10-1

mHNL [GeV]

B
R

Uμ=1, Ue=Uτ=0

B+→μ+HNL

B+→D0+μ+HNL

B+→D0*+μ+HNL

B+→π0+μ+HNL

B+→ρ0+μ+HNL

B0→D++μ+HNL

B0→D+*+μ+HNL

B0→π++μ+HNL

B0→ρ++μ+HNL

Bs→Ds+μ+HNL

Bs→Ds
*+μ+HNL

Bs→K++μ+HNL

Bs→K+*+μ+HNL

Bc→μ+HNL

Figure 18. The same plot as figure 15 but for Uµ = 1, Ue = Uτ = 0.
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Figure 19. The same plot as figure 14 but for Uτ = 1, Ue = Uµ = 0.
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Figure 20. The same plot as figure 15 but for Uτ = 1, Ue = Uµ = 0.
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Figure 21. The same plot as figure 13 but for τ lepton.
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Figure 22. The same plot as figure 21 but for Uµ = 1, Ue = Uτ = 0.
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Figure 23. The same plot as figure 21 but for Uτ = 1, Ue = Uµ = 0.
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mHNL [GeV]
<latexit sha1_base64="jl2cuhZwjbBFj+9fWN5nomHsEpw=">AAAB/HicbZBLS8NAFIUn9VXrK9qlm8FWcFWSqtTuCi7sQqSCrYU0hMl02g6dmYSZiRBC/StuXCji1h/izn9jmgbxdWDg45x7mcvxQ0aVtqwPo7C0vLK6VlwvbWxube+Yu3s9FUQSky4OWCD7PlKEUUG6mmpG+qEkiPuM3PrT83l+e0ekooG40XFIXI7Ggo4oRjq1PLNc5V4ykBy2ry5nVehckJ7rmRWrZmWCf8HOoQJydTzzfTAMcMSJ0JghpRzbCrWbIKkpZmRWGkSKhAhP0Zg4KQrEiXKT7PgZPEydIRwFMn1Cw8z9vpEgrlTM/XSSIz1Rv7O5+V/mRHp05iZUhJEmAi8+GkUM6gDOm4BDKgnWLE4BYUnTWyGeIImwTvsqZSU0M8EFNE5yaNpfJfTqNfu4dnpdr7TqeR1FsA8OwBGwQQO0QBt0QBdgEIMH8ASejXvj0XgxXhejBSPfKYMfMt4+AQLHlBE=</latexit>

|Ue|2
<latexit sha1_base64="qUyx8WHbCCejokvhFqQjMDjjNU0=">AAAB7nicbZDLSsNAFIZPvNZ6q3XpZrAIXZWkKrW7ghuXFUxbaGqZTCft0MmFmYlQ0j6DuHGhiFufw0dw54O4d5oU8fbDwMd/zuGc+d2IM6lM891YWl5ZXVvPbeQ3t7Z3dgt7xZYMY0GoTUIeio6LJeUsoLZiitNOJCj2XU7b7vh8Xm/fUCFZGFypSUR7Ph4GzGMEK221p3afTq+r/ULJrJip0F+wFlBqFJ3yx+ut0+wX3pxBSGKfBopwLGXXMiPVS7BQjHA6yzuxpBEmYzykXY0B9qnsJem5M3SknQHyQqFfoFDqfp9IsC/lxHd1p4/VSP6uzc3/at1YeWe9hAVRrGhAskVezJEK0fzvaMAEJYpPNGAimL4VkREWmCidUD4NoZ4KZVA7WUDd+gqhVa1Yx5XTS51GFTLl4AAOoQwW1KABF9AEGwiM4Q4e4NGIjHvjyXjOWpeMxcw+/JDx8gn1eJNc</latexit>

ILC-1000
<latexit sha1_base64="UMJaQ/nf8VYBTviTAjSSQ/V2Cko="></latexit>

ILC-250
<latexit sha1_base64="KSrkn/eUSuID4EzL4i16gMsTm2o=">AAAB+3icbZBLS8NAFIUnPmt9xboUZLAIbixJa6l1Y6EbBRcV7APaUibTSTt08mDmRlpC/oobF0px6x9x5w9xb5oW8XVg4OOce5nLsXzBFRjGu7a0vLK6tp7aSG9ube/s6nuZhvICSVmdesKTLYsoJrjL6sBBsJYvGXEswZrWqDrLm/dMKu65dzDxWdchA5fbnBKIrZ6e6QAbQ9ixbHx9Uz3NF42op2eNnJEI/wVzAdnLj8LhRTSt1Xr6W6fv0cBhLlBBlGqbhg/dkEjgVLAo3QkU8wkdkQFrx+gSh6lumNwe4ePY6WPbk/FzASfu942QOEpNHCuedAgM1e9sZv6XtQOwz7shd/0AmEvnH9mBwODhWRG4zyWjICYxECp5fCumQyIJhbiudFJCORGeQ+lsAWXzq4RGPmcWcsVbI1vJoblS6AAdoRNkohKqoCtUQ3VE0Rg9oCf0rEXaozbVXuajS9piZx/9kPb6Ce7ulw0=</latexit>

(Dashed: 1 year)
<latexit sha1_base64="Z+10J5yWh+9r5LcVCUFZilyYq1U=">AAAB+nicbZBLS8NAFIUnPmt9pbp0M1iEChKSqtS6KujCZQX7gDaUyeS2HTp5MDNRQuxPceNCEbf+Enf+G9M0iK8DAx/n3MtcjhNyJpVpfmgLi0vLK6uFteL6xubWtl7aacsgEhRaNOCB6DpEAmc+tBRTHLqhAOI5HDrO5GKWd25BSBb4NyoOwfbIyGdDRolKrYFeqlwSOQb3HFv9oxiIOBzoZdMwM+G/YOVQRrmaA/297wY08sBXlBMpe5YZKjshQjHKYVrsRxJCQidkBL0UfeKBtJPs9Ck+SB0XDwORPl/hzP2+kRBPythz0kmPqLH8nc3M/7JepIZndsL8MFLg0/lHw4hjFeBZD9hlAqjicQqECpbeiumYCEJV2lYxK6GeCc+hdpJD3foqoV01rGPj9Lpabhh5HQW0h/ZRBVmohhroCjVRC1F0hx7QE3rW7rVH7UV7nY8uaPnOLvoh7e0TfpuTNA==</latexit>
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ILC-1000
<latexit sha1_base64="UMJaQ/nf8VYBTviTAjSSQ/V2Cko="></latexit>

mHNL [GeV]
<latexit sha1_base64="jl2cuhZwjbBFj+9fWN5nomHsEpw=">AAAB/HicbZBLS8NAFIUn9VXrK9qlm8FWcFWSqtTuCi7sQqSCrYU0hMl02g6dmYSZiRBC/StuXCji1h/izn9jmgbxdWDg45x7mcvxQ0aVtqwPo7C0vLK6VlwvbWxube+Yu3s9FUQSky4OWCD7PlKEUUG6mmpG+qEkiPuM3PrT83l+e0ekooG40XFIXI7Ggo4oRjq1PLNc5V4ykBy2ry5nVehckJ7rmRWrZmWCf8HOoQJydTzzfTAMcMSJ0JghpRzbCrWbIKkpZmRWGkSKhAhP0Zg4KQrEiXKT7PgZPEydIRwFMn1Cw8z9vpEgrlTM/XSSIz1Rv7O5+V/mRHp05iZUhJEmAi8+GkUM6gDOm4BDKgnWLE4BYUnTWyGeIImwTvsqZSU0M8EFNE5yaNpfJfTqNfu4dnpdr7TqeR1FsA8OwBGwQQO0QBt0QBdgEIMH8ASejXvj0XgxXhejBSPfKYMfMt4+AQLHlBE=</latexit>

|Uµ|2
<latexit sha1_base64="F3zQ0ZATU29PoTmkAY0wbPnVSoY=">AAAB8nicbZDLSgMxFIYzXmu91cvOTbAIrspMVWp3BTcuKzhtYTqWTJppQ5PMkGSEMu1juHGhiFt34ou48xXcuzedFvH2Q+DjP+dwTv4gZlRp236z5uYXFpeWcyv51bX1jc3C1nZDRYnExMURi2QrQIowKoirqWakFUuCeMBIMxicTerNayIVjcSlHsbE56gnaEgx0sbyRm4nbfNkPLoqdwpFu2Rngn/BmUGxtvvxot6f+/VO4bXdjXDCidCYIaU8x461nyKpKWZknG8nisQID1CPeAYF4kT5aXbyGB4YpwvDSJonNMzc7xMp4koNeWA6OdJ99bs2Mf+reYkOT/2UijjRRODpojBhUEdw8n/YpZJgzYYGEJbU3ApxH0mEtUkpn4VQzQSnUDmeQdX5CqFRLjlHpZMLk0YZTJUDe2AfHAIHVEANnIM6cAEGEbgBd+De0tat9WA9TlvnrNnMDvgh6+kTr1aWUw==</latexit>

ILC-250
<latexit sha1_base64="KSrkn/eUSuID4EzL4i16gMsTm2o=">AAAB+3icbZBLS8NAFIUnPmt9xboUZLAIbixJa6l1Y6EbBRcV7APaUibTSTt08mDmRlpC/oobF0px6x9x5w9xb5oW8XVg4OOce5nLsXzBFRjGu7a0vLK6tp7aSG9ube/s6nuZhvICSVmdesKTLYsoJrjL6sBBsJYvGXEswZrWqDrLm/dMKu65dzDxWdchA5fbnBKIrZ6e6QAbQ9ixbHx9Uz3NF42op2eNnJEI/wVzAdnLj8LhRTSt1Xr6W6fv0cBhLlBBlGqbhg/dkEjgVLAo3QkU8wkdkQFrx+gSh6lumNwe4ePY6WPbk/FzASfu942QOEpNHCuedAgM1e9sZv6XtQOwz7shd/0AmEvnH9mBwODhWRG4zyWjICYxECp5fCumQyIJhbiudFJCORGeQ+lsAWXzq4RGPmcWcsVbI1vJoblS6AAdoRNkohKqoCtUQ3VE0Rg9oCf0rEXaozbVXuajS9piZx/9kPb6Ce7ulw0=</latexit>

(Dashed: 1 year)
<latexit sha1_base64="Z+10J5yWh+9r5LcVCUFZilyYq1U=">AAAB+nicbZBLS8NAFIUnPmt9pbp0M1iEChKSqtS6KujCZQX7gDaUyeS2HTp5MDNRQuxPceNCEbf+Enf+G9M0iK8DAx/n3MtcjhNyJpVpfmgLi0vLK6uFteL6xubWtl7aacsgEhRaNOCB6DpEAmc+tBRTHLqhAOI5HDrO5GKWd25BSBb4NyoOwfbIyGdDRolKrYFeqlwSOQb3HFv9oxiIOBzoZdMwM+G/YOVQRrmaA/297wY08sBXlBMpe5YZKjshQjHKYVrsRxJCQidkBL0UfeKBtJPs9Ck+SB0XDwORPl/hzP2+kRBPythz0kmPqLH8nc3M/7JepIZndsL8MFLg0/lHw4hjFeBZD9hlAqjicQqECpbeiumYCEJV2lYxK6GeCc+hdpJD3foqoV01rGPj9Lpabhh5HQW0h/ZRBVmohhroCjVRC1F0hx7QE3rW7rVH7UV7nY8uaPnOLvoh7e0TfpuTNA==</latexit>

|U⌧ |2
<latexit sha1_base64="etNEa8Kpa8ww1GMz0kmi1QglpEE=">AAAB83icbZDLSsNAGIUnXmu91bp0M1iErkpSldpdwY3LCqYtNLVMppN26GQS5iKUtM/gzo0LRdz6Ej6COx/EvdOkiLcDAx/n/D/zc/yYUals+91aWl5ZXVvPbeQ3t7Z3dgt7xZaMtMDExRGLRMdHkjDKiauoYqQTC4JCn5G2Pz6f5+0bIiSN+JWaxKQXoiGnAcVIGcubuv3EU0jPptfVfqFkV+xU8C84Cyg1il754/XWa/YLb94gwjokXGGGpOw6dqx6CRKKYkZmeU9LEiM8RkPSNchRSGQvSW+ewSPjDGAQCfO4gqn7fSNBoZST0DeTIVIj+Tubm/9lXa2Cs15CeawV4Tj7KNAMqgjOC4ADKghWbGIAYUHNrRCPkEBYmZryaQn1VDCD2skC6s5XCa1qxTmunF6aNqogUw4cgENQBg6ogQa4AE3gAgxicAcewKOlrXvryXrORpesxc4++CHr5RMf8JXH</latexit>

mHNL [GeV]
<latexit sha1_base64="jl2cuhZwjbBFj+9fWN5nomHsEpw=">AAAB/HicbZBLS8NAFIUn9VXrK9qlm8FWcFWSqtTuCi7sQqSCrYU0hMl02g6dmYSZiRBC/StuXCji1h/izn9jmgbxdWDg45x7mcvxQ0aVtqwPo7C0vLK6VlwvbWxube+Yu3s9FUQSky4OWCD7PlKEUUG6mmpG+qEkiPuM3PrT83l+e0ekooG40XFIXI7Ggo4oRjq1PLNc5V4ykBy2ry5nVehckJ7rmRWrZmWCf8HOoQJydTzzfTAMcMSJ0JghpRzbCrWbIKkpZmRWGkSKhAhP0Zg4KQrEiXKT7PgZPEydIRwFMn1Cw8z9vpEgrlTM/XSSIz1Rv7O5+V/mRHp05iZUhJEmAi8+GkUM6gDOm4BDKgnWLE4BYUnTWyGeIImwTvsqZSU0M8EFNE5yaNpfJfTqNfu4dnpdr7TqeR1FsA8OwBGwQQO0QBt0QBdgEIMH8ASejXvj0XgxXhejBSPfKYMfMt4+AQLHlBE=</latexit>
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ILC-1000
<latexit sha1_base64="UMJaQ/nf8VYBTviTAjSSQ/V2Cko="></latexit>

ILC-250
<latexit sha1_base64="KSrkn/eUSuID4EzL4i16gMsTm2o=">AAAB+3icbZBLS8NAFIUnPmt9xboUZLAIbixJa6l1Y6EbBRcV7APaUibTSTt08mDmRlpC/oobF0px6x9x5w9xb5oW8XVg4OOce5nLsXzBFRjGu7a0vLK6tp7aSG9ube/s6nuZhvICSVmdesKTLYsoJrjL6sBBsJYvGXEswZrWqDrLm/dMKu65dzDxWdchA5fbnBKIrZ6e6QAbQ9ixbHx9Uz3NF42op2eNnJEI/wVzAdnLj8LhRTSt1Xr6W6fv0cBhLlBBlGqbhg/dkEjgVLAo3QkU8wkdkQFrx+gSh6lumNwe4ePY6WPbk/FzASfu942QOEpNHCuedAgM1e9sZv6XtQOwz7shd/0AmEvnH9mBwODhWRG4zyWjICYxECp5fCumQyIJhbiudFJCORGeQ+lsAWXzq4RGPmcWcsVbI1vJoblS6AAdoRNkohKqoCtUQ3VE0Rg9oCf0rEXaozbVXuajS9piZx/9kPb6Ce7ulw0=</latexit>

(Dashed: 1 year)
<latexit sha1_base64="Z+10J5yWh+9r5LcVCUFZilyYq1U=">AAAB+nicbZBLS8NAFIUnPmt9pbp0M1iEChKSqtS6KujCZQX7gDaUyeS2HTp5MDNRQuxPceNCEbf+Enf+G9M0iK8DAx/n3MtcjhNyJpVpfmgLi0vLK6uFteL6xubWtl7aacsgEhRaNOCB6DpEAmc+tBRTHLqhAOI5HDrO5GKWd25BSBb4NyoOwfbIyGdDRolKrYFeqlwSOQb3HFv9oxiIOBzoZdMwM+G/YOVQRrmaA/297wY08sBXlBMpe5YZKjshQjHKYVrsRxJCQidkBL0UfeKBtJPs9Ck+SB0XDwORPl/hzP2+kRBPythz0kmPqLH8nc3M/7JepIZndsL8MFLg0/lHw4hjFeBZD9hlAqjicQqECpbeiumYCEJV2lYxK6GeCc+hdpJD3foqoV01rGPj9Lpabhh5HQW0h/ZRBVmohhroCjVRC1F0hx7QE3rW7rVH7UV7nY8uaPnOLvoh7e0TfpuTNA==</latexit>

Figure 24. Sensitivity plots for 1-year (dashed) and 10-year (solid) operations when Ue, Uµ, and
Uτ are dominant.

G Projected sensitivities for one year operation

We assumed 10-year operation in the main results. Here, for the reader’s convenience, we
add the projected sensitivities after one year of operation. The estimated background is
expected to be a factor of 10 smaller than in the 10-year case. Therefore background of 0.5
and 2 events are assumed at ILC-250 and ILC-1000, respectively. The 95%CL sensitivities
are shown as dashed lines, while the solid lines are for the 10-year operation for comparison.
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