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トークの流れ

• Heavy Neutral Lepton (Right Hand Neutrino) について 相互作用の
特徴 

• ILC  collider at  GeV →beam dump 実験 

• beam dump の中でのビームの発展　イベント数を計算する上で必要
な要素 

• 他の実験計画との比較 

• もう少しやらないといけないこと（反省点）

e+e− s = 250



HEAVY NEUTRAL LEPTON について

•相互作用 

• neutrino mass matrix  

•ニュートリノと  HNL 混合 

  :   ニュートリノが生成されるところにはどこでもHNL が生成されうる。  

( cross section, Br はニュートリノ→N に置き換えて　 をかけたもの) 

• Motivation: (νMSSM） 

ダークマター 

 バリオン数生成 ( N の振動→レプトン数生成→バリオン数） 

Akhmedev, Rubakov and Smirnov 
 T. Asaka and M. Shaposhnikov, The νMSM, dark matter and baryon asymmetry of the 
universe, Phys.  Lett. B 620 (2005) 17–26　 
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UℓI =
υλℓI

MI

U2

4 Heavy Neutral Leptons

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

L = ��`I(L̄`H̃)NI �
1

2
MIN̄

c
INI + h.c., (4.1)

where L` is the SM lepton doublet of flavor ` = e, µ, ⌧ , and I is the index of N . If MI � �iIv,
the standard seesaw mechanism make the SM neutrino mass light, m⌫,``0 ⇠

P
I(�`I�`0I)v

2
/MI . For

O(1) Yukawa coupling, the singlet fermion N has to be extremely heavy to satisfy the bounds on the
neutrino mass, m⌫ & 0.05 eV [29]. On the other hand, if the size of Yukawa coupling � 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 ⌫ from L doublet and the HNLs N are almost in the mass eigenstates up to a
small admixture between ⌫i and NI characterized by the mixing angle

U`I =
v�`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 phenomenology.

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 asymmetry 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 Fig. 4. Note
that the vertical axis is the sum of the mixing angles over both the active neutrinos and the HNLs,

U
2

⌘

X

i=e,µ,⌧ I=1,2

|U`I |
2 (4.3)

We also include a bound on U
2 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].

It is essential to probe all flavor mixings to cover the target parameter space for baryon asymmetry
characterized by U

2. The sensitivity to UeI and UµI of the current and proposed experiments is high,
but the ⌧ neutrino mixing is poorly constrained. In the ILC beam dump experiment, the relevant
region of U⌧I can be probed because ⌧ 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
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興味のあるパラメータ
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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 Fig. 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 U⌧ in [30],
and we take U

2
< min`=e,µ,⌧ [|U

(BBN)

`
|
2
] for this plot.

the flavor eigenstate (⌫e, ⌫µ, ⌫⌧ ), 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 used commonly in the literature,
which allows us to compare our results with the previous works.

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 ⌧ 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. Then, we assume
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(多少アドホックなパラメータチョイスだが) 

宇宙のバリオン数は「縮退しているHeavy lepton」 があると 

説明することができる    
plot from Dark Matter, Baryogenesis and Neutrino Oscillations  
from Right Handed Neutrinos PRD  Phys.Rev.D 87 (2013) 093006 

MN2
∼ MN3

Life time に対する制限： 
元素生成後に崩壊

宇宙論からの制限(mixing の下限）
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2 obtained for each assumed HNL mass compared

to the limits established by earlier HNL production searches in K+
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e della Ricerca), Italy; CONACyT (Consejo Nacional de Ciencia y Tecnoloǵıa), Mexico; IFA (In-
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Figure 2: (a) The observed and expected 95% CL limits on |*U |2 vs. <N in the Majorana-limit case, with green and
yellow bands showing the one and two standard deviation (f) spreads for the expected limits. (b,c) The observed
limits in the 2QDH scenario with inverted (IH) and normal (NH) mass hierarchy, and in 1SFH scenarios where the
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加速器実験での LLPの探索

 

 
 

Table.4 ILCビームダンプの種類と使用目的 
使用目的 粒子 仕様 吸収体 備考 

ビーム調整用 電子 
陽電子 

60kW×9ケ所 アルミ合金 低強度ビームによる加速器調整 
比較的短時間・短期での利用 

400kW×2ケ所 
(E+4, E-4) 

黒鉛 MainLinacのビーム調整 
異常時のビームアボートにも利用 

陽電子生成 
光子用 光子 300kW×1ケ所 

(E+7) 
黒鉛 or水 Undulator陽電子源の場合に必要 

5+5Hz運転 電子 8MW×1ケ所 
(E-8) 

水 Undulator陽電子源の場合に必要 
主ビームダンプと同等のビーム強度を想定 

主ビーム 電子 
陽電子 

17MW×2ケ所 
含 20%マージン 

(E+5, E-5) 
水 世界最高強度のビームダンプ 

年間 5000時間程度の運転を想定 

 
 
 

  
Fig.10 60kWビームダンプの設計案 Fig.11 400kWビームダンプの設計案 

 
  

 

Fig.9 ILCレイアウトとビームダンプの配置 
(E+5, E-5がメインビームダンプであり、17MWは将来の Upgradeを考慮した値である。) 

加速器の構成 
* Injection  
* 加速 
* 衝突点（高いエネルギー衝突） 
* beam dump 　(proton or electron)　 

baam dump (ビームのゴミ箱) 

円形加速器:ビームが広がったり、 

それたりした時に、 
放棄する場所 

線形加速器:毎回捨てる　 



ILC BEAM DUMP 
 

 
 
 

 
 

Fig.16 Inlet Pipeの構造 Fig.17 メインビームダンプの断面構造 
 
 
 
  

 
Fig.15 メインビームダンプの外形 

冷却水の入り口

水の出口
チタンの窓

LHCのfix target 実験　(SHiP）で は  を仮定 

ILC はどんどん捨てているので、粒子数はすごく多い
NPOT = 2 × 1020/(5years)

2.6MW  
(14MW FOR 500GEV） 

NEOT = 4 × 1021/year



 HEAVY NEUTRAL LEPTONの探索実験の概略
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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.

shield behind the muon shield would be necessary, and we assume that the muon shield consists of the
lead shield (lleadsh = 10 m) and the active shield (lactivesh = 70 m � l

lead
sh ). The HNL with a dominant

mixing with the muon neutrino can be produced inside 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 ⌧ lepton Spectra

This section presents the meson and ⌧ 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 collaboration between JAEA, RIST, KEK, and
several other institutes. PHITS can transport most particle species for a given geometry of the ma-
terials, 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 electromagnetic shower
with the nucleons in the beam dump. If the decay length of the produced 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,
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ビームダンプ 11m  

HNL の生成

バックグラウンドとなる粒子を 
できるだけ除く

崩壊領域  50m 

ミューオンシールド 70m 
測定器　直径3m 



[PARTICLE FLOW] 

• 知りたい量　N の生成数と運動量(N の飛ぶ長さの決定に重要） 

• 電子ビームがbeam dump のなかでどのように発展するか 

• EM shower     → e, μ, τ , γ 

• 特徴　electron のエネルギーが高いので、photon等 のエネル
ギーもそれなりに大きい。 

• (e, γ)-N interaction →　hadrons→ weak decay するハドロン   

• 粒子のエネルギー減衰(物質と粒子の相互作用) 



ビームダンプ中での電子、光子の「有効トラック長」
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Figure 9: Normalized di↵erential track lengths for particle i (= e
�
, e

+
, �) in a thick target

(& 10X0) induced by e
� or e+ beam.

A Track length in electromagnetic showers

To describe electromagnetic showers in material, it is useful to utilize the track length li

of a particle i, which is defined by the total flight length of the particles i produced in the

shower, including the primary track itself if i is the incident particle. In Eq. (2.1), the track

lengths in electromagnetic showers in water induced by 125GeV e
± beams are used.

A normalized track length is defined by

l̂i =
⇢

X0

li, (A.1)

which is dimensionless; X0 and ⇢ are the radiation length and the density of the correspond-

ing thick target material; for water beam dumps, X0 = 36.08 g/cm2 and ⇢ = 1.00 g/cm3.

We estimate the track lengths by Monte Carlo simulations with EGS5 [39] code embedded

in PHITS 3.23 [40] for an electron beam of 100GeV and an oxygen target of 30X0. The

result is shown in Fig. 9 together with the fitting functions. The results are double-checked

by Geant4 [41] simulation for a water target of 11m length and 125GeV e
± beams.

Our fitting functions are given by

dli
dEi

=
X0

⇢Ebeam

dl̂i
du

, (A.2)

where u = Ei/Ebeam with Ebeam being the energy of the incident particle, and

u
dl̂�
du

=
0.572

u
+ 0.067 ln(1�

p
u) (photon from e

± beam), (A.3)
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入射電子の寄与

 : differential track length 入射粒子から生成された粒子が、 

Energy E をもって、物質中をとおる長さ(どれだけのターゲット粒子を見るかを表す寮 

electron だけではなく　    の混合物

dℓ
dE

e±, γ, μ±

入射粒子の反粒子は、 
PHOTON を経由してくるので、 

エネルギーが低い

 低いエネルギーで 

はPHOTON が多い

エネルギーが低い粒子は 
たくさんいる

25GeV

e, γ 
はほぼ吸収

11m (100rad  length )
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 HEAVY NEUTRAL LEPTONの生成
生成 
1. レプトン→ Heavy neutral lepton (direct production by charged current)  

2. 重い粒子（Meson tau などの崩壊）

ldec

Beam dump
Muon shield

lshldump

rdet
Decay volume (Multi-layer tracker)

z

Lead
Concrete

Watere±

e±

Nucleus

Meson, �
�

HNL

�±

Nucleus/Nucleon

�*
� �+

�� HNL

e±

W±

Nucleon

HNL �±

W±

Nucleon

HNL

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.

shield behind the muon shield would be necessary, and we assume that the muon shield consists of the
lead shield (lleadsh = 10 m) and the active shield (lactivesh = 70 m � l

lead
sh ). The HNL with a dominant

mixing with the muon neutrino can be produced inside 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 ⌧ lepton Spectra

This section presents the meson and ⌧ 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 collaboration between JAEA, RIST, KEK, and
several other institutes. PHITS can transport most particle species for a given geometry of the ma-
terials, 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 electromagnetic shower
with the nucleons in the beam dump. If the decay length of the produced 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,
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直接生成
ハドロン 

SEMI-LEPTONIC 崩壊
LEPTON の 
崩壊から



DIRECT PRODUCTION SIGNAL 

• Nsignal = NEOT ∑
i=e±,μ±..

∫ dEi
dℓi

dEi
nnucl ∑

f=n,p
∫ dΠ

dσ(if → NX)
dΠ

× BrvisAccdump(N)

Life time はUに依存 

decay volume への届きかた 
をコントロール

生成断面積はUによる

どういうfinal 粒子がでるかは 

Uによる(今は  のどれかに混ざっている 

とする）
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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 ⌧ lepton with re-
spect to the kinetic energy at production, where the energy is normalized by the beam energy. The results for
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shown, which represent the sum of the particles in the parenthesis. We consider two beam ener-
gies, Ebeam = 125, 500 GeV at ILC-250 and ILC-1000, respectively. The overall yield of the heavy
meson production increases as the beam energy gets higher, and Bc becomes accessible at ILC-1000.
For the sake of comparison, we also include ⇡, K distributions at production.

3.3 ⌧ lepton

As discussed in the previous literature [26], the primary source of ⌧ lepton is the Ds decay with ap-
proximately 5% branching ratio. PHITS simulates Ds meson propagation and decay, which accounts
for the ⌧ lepton production. The sub-dominant source of ⌧ lepton is the ⌧ lepton pair production,
�+nucleus/nucleon ! ⌧

+
+⌧

�
+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 ⌧ lepton is shown in Fig. 3.

We find that the number of ⌧ 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 ⌧ lepton is above 65% of the beam energy. So the pair production
process will be necessary when considering the physics of high-energy ⌧ leptons or ⌧ neutrinos at the
ILC beam dump.
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 σ(γN→ hadron) (PHITS PYTHIA など）   

+hadron と物質相互作用(PHITS）

PHITS:  KEKで開発　医療用　適宜GEANT と比較　 

(K meson くらいまで
pythia:  D　B の生成を評価するのに利用 

 *decay からN　が生成される可能性がある。  

*  ( 　混合）を測定するためには 　の
生成が必要 　Ds(cs)→τ (分岐比　5%)  　 

 は PHITS を拡張 

U3N ντ − N τ

γN → ττX

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 ⇥

X

k=⇡,K,D,B,⌧

(l� ⇥ nnucleus ⇥ �� nucleus!kX)

⇥ Br(k ! HNL X) ⇥ Brvis ⇥ Acc
(i)

(HNL), (4.6)

where l� is the photon track length in the beam dump, nnucleus is the number density of beam dump
nucleus and the production cross section of particle k is denoted by �� nucleus!kX . The branching
ratio Br(k ! HNL X) and Brvis = Br(HNL ! visible SM) are summarized 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 l� in the 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 ⇥ �`± 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 n

dump/shield
N is the number density of nucleon in the beam dump or muon shild. For the incoming

muon, we ignore the HNL production in the beam dump. The production cross section of HNL is
denoted by �`± 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 differ-
ential distribution of mesons and ⌧ lepton were obtained by PHITS and PYTHIA8, as the results are
showed in Sec. 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
=

Z
dE�

dl�

dE�
⇥ nnucleus ⇥

Z
d⇧X

d�� nucleus!kX

dEkd⇧X
. (4.8)

This corresponds to the schematical terms in the parentheses of Eq. (4.6). Note that dl�/dE� and
�� nucleus!kX is absorbed in dNk/dEk.

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

N
(i)
signal ⇠ NEOT

X

k=⇡,K,D,B,⌧

Z
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 U⌧ .
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←hadronic shower 

2.6MW  
(14MW FOR 500GEV） 

NEOT = 4 × 1021/year

解析的に計算できない
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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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⇡
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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 ⌧ lepton with re-
spect to the kinetic energy at production, where the energy is normalized by the beam energy. The results for
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in the parenthesis. We consider two beam energies, Ebeam = 125, 500 GeV at ILC-250 and ILC-1000, respec-
tively.
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0
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0
s), Bc(B

+
c , B

�
c ), and ⌧(⌧
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, ⌧
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) produced in the beam dump are

shown, which represent the sum of the particles in the parenthesis. We consider two beam ener-
gies, Ebeam = 125, 500 GeV at ILC-250 and ILC-1000, respectively. The overall yield of the heavy
meson production increases as the beam energy gets higher, and Bc becomes accessible at ILC-1000.
For the sake of comparison, we also include ⇡, K distributions at production.

3.3 ⌧ lepton

As discussed in the previous literature [26], the primary source of ⌧ lepton is the Ds decay with ap-
proximately 5% branching ratio. PHITS simulates Ds meson propagation and decay, which accounts
for the ⌧ lepton production. The sub-dominant source of ⌧ lepton is the ⌧ lepton pair production,
�+nucleus/nucleon ! ⌧

+
+⌧

�
+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 ⌧ lepton is shown in Fig. 3.

We find that the number of ⌧ 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 ⌧ lepton is above 65% of the beam energy. So the pair production
process will be necessary when considering the physics of high-energy ⌧ leptons or ⌧ neutrinos at the
ILC beam dump.
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普通の粒子 
(CHARM 実験 とかNA62)  

10億回 に一回しか 
出てこない

B 粒子についてはシミュレーションでの生成の頻度を実際よりも上げ、 

その事象に低い存在確率 w << 1 を割り当てる



PYTHIA でのD, B 生成の評価

• PYTHIA 非常に古くからある、事象生成プログラム　 

• 様々な素粒子実験（初期状態）に対応 

• 重心系のcross section のデータテーブルを作り、そ
れをローレンツブーストして原子核の静止系での断
面積を求めて、PYITS に組み込む 

• PYTHIA はγ N の原子核の実験データ（重心系エネ
ルギーで20GeV くらいまで）のデータを再現 

• 低エネルギー: non-diffractive 相互作用(非摂動的
な相互作用→実験データが必要） 

• 高いエネルギー:  parton-photon の相互作用

Figure 8. The photoproduction cross section of D mesons (D±, D
0 and D

0

), 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].

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

dlµ

dEµ
=

1

hdE/dxilead

, (A.8)

with the stopping power for lead hdE/dxilead = 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 �p and �n

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 empirically estimated
by the MPI (multi-parton interaction) model of PYTHIA8. We found the photons of energy at E� ⇠

30 GeV contribute to the production of HNL through the D meson decay. For E� � 30 GeV, the D

meson flux is suppressed mildly because of the reduction of average track length dl`/dEi of photons at
the high energy. See Fig. 9 of [5]. The photon differential track length for a thick beam dump (> X0)
simulated by PHITS is summarized in Appendix A. At low E� , the D meson flux is suppressed

4The diffractive cross section is small and therefore ignored.

– 23 –

non-diffractive(空間的に均等に分布） 

direct production 



ハドロンの物質中での減速

⇡
±

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

K
±

<latexit sha1_base64="5Mgyy2dOEnQlKhI173RwFRFF4Cc=">AAAB7nicbZDLSgMxFIYz9VbrrerSTbAIroaMvUy7suBGcFPBXqAdSyZNa2jmQpIRytCHcCNYEbe+gq/hzrcxM9NFFX8IfPznHM7J74acSYXQt5FbW9/Y3MpvF3Z29/YPiodHHRlEgtA2CXggei6WlDOfthVTnPZCQbHnctp1p1dJvftIhWSBf6dmIXU8PPHZmBGstNW9uY8HoTcfFkvIRNV6zbYhMivlRs2ua0CoWm5Y0NKQqHT5+ZJo0RoWvwajgEQe9RXhWMq+hULlxFgoRjidFwaRpCEmUzyhfY0+9qh04vTcOTzTzgiOA6Gfr2Dqrk7E2JNy5rm608PqQf6tJeZ/tX6kxnUnZn4YKeqTbNE44lAFMPk7HDFBieIzDZgIpm+F5AELTJROqJCG0EgFM7ArS1gJoXNhWmWzeotKzQrIlAcn4BScAwvYoAmuQQu0AQFT8AQW4NUIjWfjzXjPWnPGcuYY/JLx8QNEx5UG</latexit>

K
0

L
<latexit sha1_base64="+BHuITQrGvTALCMmrr6EOtnxF8w=">AAAB7HicbVDLSsNAFJ34aq2v+ti5GSyCG0uilTa7ghtBFxVMW2xjmUwn7dDJJMxMlBL6DW5cKKJLP8idf+M0KVLFAxcO59zLvfd4EaNSmeaXsbC4tLySy68W1tY3NreK2ztNGcYCEweHLBRtD0nCKCeOooqRdiQICjxGWt7ofOq37omQNOQ3ahwRN0ADTn2KkdKSc3ln9q56xZJZNlPAOWLbNatmQ2umlOp7x4OH3Ptto1f87PZDHAeEK8yQlB3LjJSbIKEoZmRS6MaSRAiP0IB0NOUoINJN0mMn8FArfeiHQhdXMFXnJxIUSDkOPN0ZIDWUf72p+J/XiZVfcxPKo1gRjrNFfsygCuH0c9ingmDFxpogLKi+FeIhEggrnU8hDcFOATNSrcyIbf2E0DwpW6fls2udRgVkyIN9cACOgAWqoA4uQAM4AAMKHsEzeDG48WS8Gm9Z64Ixm9kFv2B8fAO6S5E/</latexit>

K
0

S
<latexit sha1_base64="ldgSq7piZOknAw5duMPawriSV40=">AAAB7HicbVDLSsNAFJ3UR2t91cfOzWAR3FiS2ueu4EZwU9G0xTaWyXTaDp1MwsxEKaHf4MaFIrr0g9z5N06TIioeuHA4517uvccNGJXKND+N1NLyymo6s5Zd39jc2s7t7LakHwpMbOwzX3RcJAmjnNiKKkY6gSDIcxlpu5Ozud++I0JSn1+raUAcD404HVKMlJbsi1uzf9XP5c1CpVa2ikVoFswYmlTqJatcg9ZCyTf2T0b36bebZj/30Rv4OPQIV5ghKbuWGSgnQkJRzMgs2wslCRCeoBHpasqRR6QTxcfO4JFWBnDoC11cwVj9OREhT8qp5+pOD6mx/OvNxf+8bqiGNSeiPAgV4ThZNAwZVD6cfw4HVBCs2FQThAXVt0I8RgJhpfPJxiHUY8CEVEsLUre+Q2gVC9ZpoXyp0yiBBBlwAA7BMbBAFTTAOWgCG2BAwQN4As8GNx6NF+M1aU0Zi5k98AvG+xfZBZFT</latexit>
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<latexit sha1_base64="rUxonWRG5dTtezQ8WyABmqJ8G9M="></latexit>

E: Kinetic energy at decay [GeV]
<latexit sha1_base64="pA/CFZEU118+5BHEJIlyCIJmoS8="></latexit>

⇡
±

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

K
±

<latexit sha1_base64="5Mgyy2dOEnQlKhI173RwFRFF4Cc=">AAAB7nicbZDLSgMxFIYz9VbrrerSTbAIroaMvUy7suBGcFPBXqAdSyZNa2jmQpIRytCHcCNYEbe+gq/hzrcxM9NFFX8IfPznHM7J74acSYXQt5FbW9/Y3MpvF3Z29/YPiodHHRlEgtA2CXggei6WlDOfthVTnPZCQbHnctp1p1dJvftIhWSBf6dmIXU8PPHZmBGstNW9uY8HoTcfFkvIRNV6zbYhMivlRs2ua0CoWm5Y0NKQqHT5+ZJo0RoWvwajgEQe9RXhWMq+hULlxFgoRjidFwaRpCEmUzyhfY0+9qh04vTcOTzTzgiOA6Gfr2Dqrk7E2JNy5rm608PqQf6tJeZ/tX6kxnUnZn4YKeqTbNE44lAFMPk7HDFBieIzDZgIpm+F5AELTJROqJCG0EgFM7ArS1gJoXNhWmWzeotKzQrIlAcn4BScAwvYoAmuQQu0AQFT8AQW4NUIjWfjzXjPWnPGcuYY/JLx8QNEx5UG</latexit>

K
0

S
<latexit sha1_base64="ldgSq7piZOknAw5duMPawriSV40=">AAAB7HicbVDLSsNAFJ3UR2t91cfOzWAR3FiS2ueu4EZwU9G0xTaWyXTaDp1MwsxEKaHf4MaFIrr0g9z5N06TIioeuHA4517uvccNGJXKND+N1NLyymo6s5Zd39jc2s7t7LakHwpMbOwzX3RcJAmjnNiKKkY6gSDIcxlpu5Ozud++I0JSn1+raUAcD404HVKMlJbsi1uzf9XP5c1CpVa2ikVoFswYmlTqJatcg9ZCyTf2T0b36bebZj/30Rv4OPQIV5ghKbuWGSgnQkJRzMgs2wslCRCeoBHpasqRR6QTxcfO4JFWBnDoC11cwVj9OREhT8qp5+pOD6mx/OvNxf+8bqiGNSeiPAgV4ThZNAwZVD6cfw4HVBCs2FQThAXVt0I8RgJhpfPJxiHUY8CEVEsLUre+Q2gVC9ZpoXyp0yiBBBlwAA7BMbBAFTTAOWgCG2BAwQN4As8GNx6NF+M1aU0Zi5k98AvG+xfZBZFT</latexit>
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Figure 2. The kinetic energy distribution of light mesons when they decay, where ⇡
± and K

± indicates the
sum of charged pions and kaons. We consider two beam energies, Ebeam = 125, 500 GeV at ILC-250 and
ILC-1000, respectively.

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].

Fig. 2 shows the kinetic energy distribution of light mesons when they decay. The decay energy
distribution is more important than the production energy distribution because 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 Fig. 3.

3.2 Heavy Mesons

We use PYTHIA8 to calculate the differential cross sections of the �p(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 photoproduction data [22, 23], see Appendix B. Therefore
we regard the sum of the two cross sections as the total cross section, �total(�p(n)) = �non-diff(�p(n))

+�direct(�p(n)). The total cross section of atomic neucleus is obtained by taking into account the
shadowing effect [24, 25],

�total(�A) = A
l

✓
Z

A
�total(�p) +

A � Z

A
�total(�n)

◆
, (3.1)

where l = 0.92 [25].
The differential production cross sections for heavy meson photoproduction are obtained by

PYTHIA8 [16] and implemented in PHITS. Since the decay length 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 Fig. 3, we show the production rate per electron injection in the beam dump for mesons and ⌧

lepton with respect to the kinetic energy at production, where the energy is normalized by the beam
energy. The results for ⇡

±
(⇡

+
, ⇡

�
), K(K

+
, K

�
, K

0
S , K

0
L), D(D

+
, D

�
, D

0
, D

0
), Ds(D

+
s , D

�
s ),

3We thank the Pythia team, especially to Ilkka Helenius for helping us understand the latest photoproduction feature of
PYTHIA 8.3.
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Ks=8.95 x10^-11s 
KL= 5.12 x 10^-8s

K+ = 1.24 × 10−8s

メソンはさらにhadronic 相互作用をする。 

寿命が長いほど、Nの運動量に関係する崩壊時のエネルギーが低くなる(acceptance に影響）

D life time は　 

10^-12~ 10^-13 s なので 
さらに減速効果は少ない

KS はすぐに崩壊 

→物質の影響による減速の影響がない。
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Figure 13. The same plot as Fig. 12 but for charmed mesons.

Figure 14. The same plot as Fig. 12 but for beauty mesons.

Figure 15. The same plot as Fig. 12 but for Uµ = 1, Ue = U⌧ = 0.
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Figure 13. The same plot as Fig. 12 but for charmed mesons.
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信号の効率とバックグラウンド

ldec

Beam dump
Muon shield

lshldump

rdet
Decay volume (Multi-layer tracker)

z

Lead
Concrete

Watere±

e±

Nucleus

Meson, �
�

HNL

�±

Nucleus/Nucleon

�*
� �+

�� HNL

e±

W±

Nucleon

HNL �±

W±

Nucleon

HNL

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.

shield behind the muon shield would be necessary, and we assume that the muon shield consists of the
lead shield (lleadsh = 10 m) and the active shield (lactivesh = 70 m � l

lead
sh ). The HNL with a dominant

mixing with the muon neutrino can be produced inside 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 ⌧ lepton Spectra

This section presents the meson and ⌧ 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 collaboration between JAEA, RIST, KEK, and
several other institutes. PHITS can transport most particle species for a given geometry of the ma-
terials, 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 electromagnetic shower
with the nucleons in the beam dump. If the decay length of the produced 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,
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Decay volume で崩壊し、その粒子が複数測定器に入ることが必要. 適切なライフタ
イム(O(10~100m)とブーストが必要  

Background は？　beam dump からの大量の ν  -> 原子核との相互作用が、　
muon シールドの終端でおこるー>π, K とかがフラフラ現れ崩壊する。 

(SHiP などのstudy から)

複数トラックとN の運動量が　beam dump から来たことと整合していること
を要求すると相当バックグラウンドは落ちる。どこまで測定器を頑張るかだが 
荷電粒子の測定は安い。中性粒子（γ）の測定は高く効率が悪い。



HNL のDECAYパターン 

0.1 1 10

mN [GeV]

10�2

0.05

0.1

0.5

1.0

BR

e±��

�0�e ���

ee�e

eµ�µ

µµ�e

�e��

� 2 charged

e - aligned

0.1 1 10

mN [GeV]

10�2

0.05

0.1

0.5

1.0

BR

µ±��
�0�µ

���

µµ�µ

eµ�e

ee�µ

�µ��

� 2 charged

µ - aligned

0.1 1 10

mN [GeV]

10�2

0.05

0.1

0.5

1.0

BR

�0��

���

ee��

µµ��

e��e

����

� 2 charged

� - aligned

Figure 3. Branching ratios of an electron-mixed (left upper panel), muon-mixed (right upper panel),
and · -mixed (lower panel) HNL into di�erent final states as a function of the HNL mass, mN . The
thick black curve represents the sum of the branching ratios into two or more charged particles in
the final state, while the solid green curve labeled ¸¸‹ is the sum of the branching ratios into charged
lepton final states.

after the HNL has decayed anywhere in the decay volume (see figure 1). For a given decay
position, z, there will be a requirement on the direction of the visible final states with respect
to the beam axis. For each position z there is a maximum angle, ◊max given by:

tan ◊ < tan ◊max = rdet
zmax ≠ z

, (3.6)

where rdet is the radius of the detector and zmax = ¸dump + ¸sh + ¸decay = 131m is the
location of the detector. In fact, visible decay products with an angle ◊ > ◊max will not
reach the detector. Signal events are chosen to be those in which the HNL decays to two
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との混合νe との混合νμ

との混合ντ

では個別のハドロンモードを計算. そ

れ以上では に崩壊すると思って計算

mN < 1GeV

qq̄′ ν

1st and 2nd genration ではほぼ　  . 

 3rd gen と混合し、τより軽い場合は苦戦

nch ≥ 2

1%

10%

Giffin, Gori, Tsai, Tuckler  
2206.113745
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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). It re-
quires more than three signal events in the detector assuming no background, corresponding to 95% C.L.
sensitivity. The current exclusion bounds are shown in the gray region, see Sec. 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
⌧HNL > 0.02 s [30]. Sensitivity reach through 10

9
Z-decays at ILC is shown as a blue solid line. See Sec. 4.2.

For a comparison, dashed lines show a sensitivity reach of the DUNE experiment [34] (brown), the FASER2 ex-
periment [35] (purple), the NA62 experiment [1] (orange), and the SHiP experiment [8] (magenta), the MATH-
USLA experiment[36] (green), and 10

12
Z-decays that could be realized at the FCC-ee experiment (cyan).

where ✓
shower
e (✓showerµ ) is the angle of shower electrons and positrons (muons) with respect to the

beam axis, and ✓
prod
HNL is the production angle of HNL. For the DIS process, the production angle is

expressed as

cos ✓
prod
HNL =

1

|pe,µ| · |pHNL|

✓
Ee,µEHNL �

1

2

�
Q

2
+ m

2
e,µ + m

2
HNL

�◆
, (4.24)

where pe,µ is the momentum of incoming electron and muon, and Q
2

= 2MNEe,µxy with the mass of
nucleus. As provided in Refs. [4] and [5], ✓

shower
e is estimated by the Monte-Carlo simulation, and we

use the mean value ✓
shower
e = 16 mrad ·GeV/Ee± . For the incoming muons, we use ✓

shower
µ = ✓MCS.

Although for the production mechanism (i), the angle of 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 ✓

shower
� = 8 mrad · GeV/E� [4, 5] is suppressed.

– 14 –
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BBN
<latexit sha1_base64="bKzhbp7T8Pz8tY+PlQOSw2Exmns=">AAAB8XicbZDLSgMxFIYz9VbrrerSTbAodVMy9dJ2pejGlVSwWmxLyaRpG8xkhuSMWIY+gxs3LhRxq0/hI7jzQdw7nSmi4g+Bj/+cwzn5HV8KA4R8WKmJyanpmfRsZm5+YXEpu7xybrxAM15jnvR03aGGS6F4DQRIXvc1p64j+YVzdTSqX1xzbYSnzmDg85ZLe0p0BaMQWZdN4DcQHh6eDNvZHCnsElIkJZxAeS8Bu1TGdoHEyu2/5j/fbptb1Xb2vdnxWOByBUxSYxo28aEVUg2CST7MNAPDfcquaI83IlTU5aYVxhcP8UbkdHDX09FTgGP350RIXWMGrhN1uhT65m9tZP5XawTQLbdCofwAuGLJom4gMXh49H3cEZozkIMIKNMiuhWzPtWUQRRSJg6hEgsnUNoZQ8X+DuG8WLC3C7unJHewiRKl0RpaR3lkoxI6QMeoimqIIYXu0AN6tIx1bz1Zz0lryhrPrKJfsl6+ADvRlVY=</latexit>

1
0
1
2

Z
<latexit sha1_base64="9AZs5PtYBi24nVpsYJrJ9+G+B7s=">AAAB/HicbZBLTwIxFIU7+EJ8oSzdNILGhSEzAwKzI3HjEhNBIyDplAINnUfaO0Yywb/ixoXGuPWHuPPfWAZi1HiSJifn3JvefG4ouALT/DRSS8srq2vp9czG5tb2TnZ3r6WCSFLWpIEI5LVLFBPcZ03gINh1KBnxXMGu3PHZrL+6Y1LxwL+ESci6Hhn6fMApAR31srkOsHuILbNwG1v2tHNyU5j2snmzaJVs0y5js+hUa45TmZlKrWaXsFU0E+XRQo1e9qPTD2jkMR+oIEq1LTOEbkwkcCrYNNOJFAsJHZMha2vrE4+pbpwcP8WHOunjQSD18wEn6c+NmHhKTTxXT3oERupvNwv/69oRDGrdmPthBMyn848GkcAQ4BkJ3OeSURATbQiVXN+K6YhIQkHzyiQQnER4bqrlhXGsbwgtW4Mqnl7Y+frRAkca7aMDdIwsVEV1dI4aqIkomqBH9IxejAfjyXg13uajKWOxk0O/ZLx/AeWalJ8=</latexit>

ILC Giga-Z
<latexit sha1_base64="7T+2YA3Yj4HDkP7ViJVVWI3RQG4="></latexit>

ILC
-250

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

ILC
-1000

<latexit sha1_base64="UMJaQ/nf8VYBTviTAjSSQ/V2Cko="></latexit>

S
H
iP

<latexit sha1_base64="Ikku6bBFDVneJ3ES08B1j/0Wm0g=">AAAB8nicbVDLTgJBEJz1ifhCPXqZSDR42eyKCJwk8cIRozwS2JDZYYAJs4/M9BrJhm/w5MWDxnjlK/wEb36Id5ddYpRYSSeVqu50d9m+4AoM41NbWl5ZXVtPbaQ3t7Z3djN7+w3lBZKyOvWEJ1s2UUxwl9WBg2AtXzLi2II17dHVzG/eMam4597C2GeWQwYu73NKIJLaHWD3EN5UeW3SzWQNvVwq5MsX2NCNGNhcJNnLae7r/aFzWutmPjo9jwYOc4EKolTbNHywQiKBU8Em6U6gmE/oiAxYO6IucZiywvjkCT6OlB7uezIqF3Cs/p4IiaPU2LGjTofAUC16M/E/rx1Av2SF3PUDYC5NFvUDgcHDs/9xj0tGQYwjQqjk0a2YDokkFKKU0kkIMXBCiudzUjZ/Qmic6WZeL1wb2coJSpBCh+gI5ZCJiqiCqqiG6ogiDz2iZ/SigfakvWpvSeuSNp85QH+gTb8BFkSV0w==</latexit>

F
A
S
E
R
2

<latexit sha1_base64="CujQGLYV0X6n0/bf3RwBZSndPLQ="></latexit>

N
A
62

<latexit sha1_base64="XdG8Mkbs5bsihhqzEwCntC8fZOo=">AAAB8nicbVDJSgNBEO1xjXGLevTSGJR4GWYm+8mIF08SwSyQhNDT6SRNeha6a8Qw5Bs8efGgiNd8hZ/gzQ/x7iQTRMUHBY/3qqiqZ/uCKzCMD21peWV1bT2xkdzc2t7ZTe3t15UXSMpq1BOebNpEMcFdVgMOgjV9yYhjC9awRxczv3HLpOKeewNjn3UcMnB5n1MCkdRqA7uD8Oq8YE26qbShl0ulbDaHDT1n5AtWeUasfL5oYVM35kifTTOfb/ft02o39d7ueTRwmAtUEKVapuFDJyQSOBVskmwHivmEjsiAtSLqEoepTjg/eYKPI6WH+56MygU8V39OhMRRauzYUadDYKj+ejPxP68VQL/UCbnrB8BcGi/qBwKDh2f/4x6XjIIYR4RQyaNbMR0SSShEKSXjEObAMSnmFqRsfodQt3Qzq+evjXTlBMVIoEN0hDLIREVUQZeoimqIIg89oCf0rIH2qL1or3HrkraYOUC/oE2/AMiolaM=</latexit>

M
A
T
H
U
SLA

<latexit sha1_base64="MH+tD4nX2CjHcXLz62jlxFCrGCg="></latexit>

D
U
N
E

<latexit sha1_base64="LhZC0aUlw6hIFVD6xctwc5vMUcg="></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>

Figure 6. 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 Fig. 5.
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BBN
<latexit sha1_base64="bKzhbp7T8Pz8tY+PlQOSw2Exmns=">AAAB8XicbZDLSgMxFIYz9VbrrerSTbAodVMy9dJ2pejGlVSwWmxLyaRpG8xkhuSMWIY+gxs3LhRxq0/hI7jzQdw7nSmi4g+Bj/+cwzn5HV8KA4R8WKmJyanpmfRsZm5+YXEpu7xybrxAM15jnvR03aGGS6F4DQRIXvc1p64j+YVzdTSqX1xzbYSnzmDg85ZLe0p0BaMQWZdN4DcQHh6eDNvZHCnsElIkJZxAeS8Bu1TGdoHEyu2/5j/fbptb1Xb2vdnxWOByBUxSYxo28aEVUg2CST7MNAPDfcquaI83IlTU5aYVxhcP8UbkdHDX09FTgGP350RIXWMGrhN1uhT65m9tZP5XawTQLbdCofwAuGLJom4gMXh49H3cEZozkIMIKNMiuhWzPtWUQRRSJg6hEgsnUNoZQ8X+DuG8WLC3C7unJHewiRKl0RpaR3lkoxI6QMeoimqIIYXu0AN6tIx1bz1Zz0lryhrPrKJfsl6+ADvRlVY=</latexit>

1
0
1
2

Z
<latexit sha1_base64="9AZs5PtYBi24nVpsYJrJ9+G+B7s=">AAAB/HicbZBLTwIxFIU7+EJ8oSzdNILGhSEzAwKzI3HjEhNBIyDplAINnUfaO0Yywb/ixoXGuPWHuPPfWAZi1HiSJifn3JvefG4ouALT/DRSS8srq2vp9czG5tb2TnZ3r6WCSFLWpIEI5LVLFBPcZ03gINh1KBnxXMGu3PHZrL+6Y1LxwL+ESci6Hhn6fMApAR31srkOsHuILbNwG1v2tHNyU5j2snmzaJVs0y5js+hUa45TmZlKrWaXsFU0E+XRQo1e9qPTD2jkMR+oIEq1LTOEbkwkcCrYNNOJFAsJHZMha2vrE4+pbpwcP8WHOunjQSD18wEn6c+NmHhKTTxXT3oERupvNwv/69oRDGrdmPthBMyn848GkcAQ4BkJ3OeSURATbQiVXN+K6YhIQkHzyiQQnER4bqrlhXGsbwgtW4Mqnl7Y+frRAkca7aMDdIwsVEV1dI4aqIkomqBH9IxejAfjyXg13uajKWOxk0O/ZLx/AeWalJ8=</latexit>

ILC Giga-Z
<latexit sha1_base64="7T+2YA3Yj4HDkP7ViJVVWI3RQG4="></latexit>

ILC-250

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

ILC-1000

<latexit sha1_base64="UMJaQ/nf8VYBTviTAjSSQ/V2Cko="></latexit>

S
H
iP

<latexit sha1_base64="Ikku6bBFDVneJ3ES08B1j/0Wm0g=">AAAB8nicbVDLTgJBEJz1ifhCPXqZSDR42eyKCJwk8cIRozwS2JDZYYAJs4/M9BrJhm/w5MWDxnjlK/wEb36Id5ddYpRYSSeVqu50d9m+4AoM41NbWl5ZXVtPbaQ3t7Z3djN7+w3lBZKyOvWEJ1s2UUxwl9WBg2AtXzLi2II17dHVzG/eMam4597C2GeWQwYu73NKIJLaHWD3EN5UeW3SzWQNvVwq5MsX2NCNGNhcJNnLae7r/aFzWutmPjo9jwYOc4EKolTbNHywQiKBU8Em6U6gmE/oiAxYO6IucZiywvjkCT6OlB7uezIqF3Cs/p4IiaPU2LGjTofAUC16M/E/rx1Av2SF3PUDYC5NFvUDgcHDs/9xj0tGQYwjQqjk0a2YDokkFKKU0kkIMXBCiudzUjZ/Qmic6WZeL1wb2coJSpBCh+gI5ZCJiqiCqqiG6ogiDz2iZ/SigfakvWpvSeuSNp85QH+gTb8BFkSV0w==</latexit>

FA
S
E
R
2

<latexit sha1_base64="CujQGLYV0X6n0/bf3RwBZSndPLQ="></latexit>

N
A
6
2

<latexit sha1_base64="VqhnrSPYKAsEuBnVc1yMlyD7Dgg=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0XRTUjS1jQrK25ciYJVIS0ymU7boZMHMzdiCf0GV25cKOLWr/AT3Pkh7k0awQceuHA4517uvceLBFdgGO9aYWp6ZnauOF9aWFxaXimvrp2rMJaUtWgoQnnpEcUED1gLOAh2GUlGfE+wC294mPkX10wqHgZnMIpYxyf9gPc4JZBKbhvYDSTHB3vW+KpcMXSnYTuWgw29ZhrVei0jlmPbJjZ1Y4LK/svOx+tte/fkqvzW7oY09lkAVBClXNOIoJMQCZwKNi61Y8UiQoekz9yUBsRnqpNMTh7jrVTp4l4o0woAT9SfEwnxlRr5XtrpExiov14m/ue5MfQanYQHUQwsoPmiXiwwhDj7H3e5ZBTEKCWESp7eiumASEIhTamUhzABzold+yLOdwjnlm5W9fqpUWluoxxFtIE20Q4ykY2a6AidoBaiKER36AE9aqDda0/ac95a0L5m1tEvaC+f0AaVqA==</latexit>

M
A
T
H
U
SL

A

<latexit sha1_base64="MH+tD4nX2CjHcXLz62jlxFCrGCg="></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>

Figure 7. 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 Fig. 5.
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実線: 実線は10年の運転で 3 visible イベント (3νは除いたが　π0モード等が入っている） 

muon shield からでてくるbackground も考慮して、 

で10.9 イベントをsensitivity のある領域と変更する予定。 

図の変化はe,μに関しては微少 
競合する論文2206.13745 は1年で10 event で評価.  charm のthreshold でみると  

Faser 2 より少し悪い(detector set up dependent ) 　そのほか　生成断面積の評価 

EM shower 、粒子減速の効果の評価、多段プロセスのハドロン生成などの取り込みが我々と比べると不十分

nch ≥ 2

B の寄与

D の寄与

decay volume  
に届くか

direct  
production K の寄与K の寄与 D の寄与



BEAM DUMP 以外の制限と他の将来計画 
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ILC-250

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

ILC-1000

<latexit sha1_base64="UMJaQ/nf8VYBTviTAjSSQ/V2Cko="></latexit>

ILC Giga-Z
<latexit sha1_base64="7T+2YA3Yj4HDkP7ViJVVWI3RQG4="></latexit>

S
H

iP
<latexit sha1_base64="Ikku6bBFDVneJ3ES08B1j/0Wm0g=">AAAB8nicbVDLTgJBEJz1ifhCPXqZSDR42eyKCJwk8cIRozwS2JDZYYAJs4/M9BrJhm/w5MWDxnjlK/wEb36Id5ddYpRYSSeVqu50d9m+4AoM41NbWl5ZXVtPbaQ3t7Z3djN7+w3lBZKyOvWEJ1s2UUxwl9WBg2AtXzLi2II17dHVzG/eMam4597C2GeWQwYu73NKIJLaHWD3EN5UeW3SzWQNvVwq5MsX2NCNGNhcJNnLae7r/aFzWutmPjo9jwYOc4EKolTbNHywQiKBU8Em6U6gmE/oiAxYO6IucZiywvjkCT6OlB7uezIqF3Cs/p4IiaPU2LGjTofAUC16M/E/rx1Av2SF3PUDYC5NFvUDgcHDs/9xj0tGQYwjQqjk0a2YDokkFKKU0kkIMXBCiudzUjZ/Qmic6WZeL1wb2coJSpBCh+gI5ZCJiqiCqqiG6ogiDz2iZ/SigfakvWpvSeuSNp85QH+gTb8BFkSV0w==</latexit>

F
A
S
E
R
2

<latexit sha1_base64="CujQGLYV0X6n0/bf3RwBZSndPLQ="></latexit>

D
U
N
E

<latexit sha1_base64="LhZC0aUlw6hIFVD6xctwc5vMUcg="></latexit>

N
A
62

<latexit sha1_base64="VqhnrSPYKAsEuBnVc1yMlyD7Dgg=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0XRTUjS1jQrK25ciYJVIS0ymU7boZMHMzdiCf0GV25cKOLWr/AT3Pkh7k0awQceuHA4517uvceLBFdgGO9aYWp6ZnauOF9aWFxaXimvrp2rMJaUtWgoQnnpEcUED1gLOAh2GUlGfE+wC294mPkX10wqHgZnMIpYxyf9gPc4JZBKbhvYDSTHB3vW+KpcMXSnYTuWgw29ZhrVei0jlmPbJjZ1Y4LK/svOx+tte/fkqvzW7oY09lkAVBClXNOIoJMQCZwKNi61Y8UiQoekz9yUBsRnqpNMTh7jrVTp4l4o0woAT9SfEwnxlRr5XtrpExiov14m/ue5MfQanYQHUQwsoPmiXiwwhDj7H3e5ZBTEKCWESp7eiumASEIhTamUhzABzold+yLOdwjnlm5W9fqpUWluoxxFtIE20Q4ykY2a6AidoBaiKER36AE9aqDda0/ac95a0L5m1tEvaC+f0AaVqA==</latexit>

M
A
T
H
U
SLA

<latexit sha1_base64="MH+tD4nX2CjHcXLz62jlxFCrGCg="></latexit>

BBN
<latexit sha1_base64="bKzhbp7T8Pz8tY+PlQOSw2Exmns=">AAAB8XicbZDLSgMxFIYz9VbrrerSTbAodVMy9dJ2pejGlVSwWmxLyaRpG8xkhuSMWIY+gxs3LhRxq0/hI7jzQdw7nSmi4g+Bj/+cwzn5HV8KA4R8WKmJyanpmfRsZm5+YXEpu7xybrxAM15jnvR03aGGS6F4DQRIXvc1p64j+YVzdTSqX1xzbYSnzmDg85ZLe0p0BaMQWZdN4DcQHh6eDNvZHCnsElIkJZxAeS8Bu1TGdoHEyu2/5j/fbptb1Xb2vdnxWOByBUxSYxo28aEVUg2CST7MNAPDfcquaI83IlTU5aYVxhcP8UbkdHDX09FTgGP350RIXWMGrhN1uhT65m9tZP5XawTQLbdCofwAuGLJom4gMXh49H3cEZozkIMIKNMiuhWzPtWUQRRSJg6hEgsnUNoZQ8X+DuG8WLC3C7unJHewiRKl0RpaR3lkoxI6QMeoimqIIYXu0AN6tIx1bz1Zz0lryhrPrKJfsl6+ADvRlVY=</latexit>

1
0
1
2

Z
<latexit sha1_base64="9AZs5PtYBi24nVpsYJrJ9+G+B7s=">AAAB/HicbZBLTwIxFIU7+EJ8oSzdNILGhSEzAwKzI3HjEhNBIyDplAINnUfaO0Yywb/ixoXGuPWHuPPfWAZi1HiSJifn3JvefG4ouALT/DRSS8srq2vp9czG5tb2TnZ3r6WCSFLWpIEI5LVLFBPcZ03gINh1KBnxXMGu3PHZrL+6Y1LxwL+ESci6Hhn6fMApAR31srkOsHuILbNwG1v2tHNyU5j2snmzaJVs0y5js+hUa45TmZlKrWaXsFU0E+XRQo1e9qPTD2jkMR+oIEq1LTOEbkwkcCrYNNOJFAsJHZMha2vrE4+pbpwcP8WHOunjQSD18wEn6c+NmHhKTTxXT3oERupvNwv/69oRDGrdmPthBMyn848GkcAQ4BkJ3OeSURATbQiVXN+K6YhIQkHzyiQQnER4bqrlhXGsbwgtW4Mqnl7Y+frRAkca7aMDdIwsVEV1dI4aqIkomqBH9IxejAfjyXg13uajKWOxk0O/ZLx/AeWalJ8=</latexit>

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>

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). It re-
quires more than three signal events in the detector assuming no background, corresponding to 95% C.L.
sensitivity. The current exclusion bounds are shown in the gray region, see Sec. 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
⌧HNL > 0.02 s [30]. Sensitivity reach through 10

9
Z-decays at ILC is shown as a blue solid line. See Sec. 4.2.

For a comparison, dashed lines show a sensitivity reach of the DUNE experiment [34] (brown), the FASER2 ex-
periment [35] (purple), the NA62 experiment [1] (orange), and the SHiP experiment [8] (magenta), the MATH-
USLA experiment[36] (green), and 10

12
Z-decays that could be realized at the FCC-ee experiment (cyan).

where ✓
shower
e (✓showerµ ) is the angle of shower electrons and positrons (muons) with respect to the

beam axis, and ✓
prod
HNL is the production angle of HNL. For the DIS process, the production angle is

expressed as

cos ✓
prod
HNL =

1

|pe,µ| · |pHNL|

✓
Ee,µEHNL �

1

2

�
Q

2
+ m

2
e,µ + m

2
HNL

�◆
, (4.24)

where pe,µ is the momentum of incoming electron and muon, and Q
2

= 2MNEe,µxy with the mass of
nucleus. As provided in Refs. [4] and [5], ✓

shower
e is estimated by the Monte-Carlo simulation, and we

use the mean value ✓
shower
e = 16 mrad ·GeV/Ee± . For the incoming muons, we use ✓

shower
µ = ✓MCS.

Although for the production mechanism (i), the angle of 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 ✓

shower
� = 8 mrad · GeV/E� [4, 5] is suppressed.
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Main の測定器での、Z 崩壊からの 

N の生成 

FASER 2  
NA62 
DUNE 

MATHUSLA (unlikely)  
SHiP(unlikely) 
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BBN
<latexit sha1_base64="bKzhbp7T8Pz8tY+PlQOSw2Exmns=">AAAB8XicbZDLSgMxFIYz9VbrrerSTbAodVMy9dJ2pejGlVSwWmxLyaRpG8xkhuSMWIY+gxs3LhRxq0/hI7jzQdw7nSmi4g+Bj/+cwzn5HV8KA4R8WKmJyanpmfRsZm5+YXEpu7xybrxAM15jnvR03aGGS6F4DQRIXvc1p64j+YVzdTSqX1xzbYSnzmDg85ZLe0p0BaMQWZdN4DcQHh6eDNvZHCnsElIkJZxAeS8Bu1TGdoHEyu2/5j/fbptb1Xb2vdnxWOByBUxSYxo28aEVUg2CST7MNAPDfcquaI83IlTU5aYVxhcP8UbkdHDX09FTgGP350RIXWMGrhN1uhT65m9tZP5XawTQLbdCofwAuGLJom4gMXh49H3cEZozkIMIKNMiuhWzPtWUQRRSJg6hEgsnUNoZQ8X+DuG8WLC3C7unJHewiRKl0RpaR3lkoxI6QMeoimqIIYXu0AN6tIx1bz1Zz0lryhrPrKJfsl6+ADvRlVY=</latexit>

1
0
1
2

Z
<latexit sha1_base64="9AZs5PtYBi24nVpsYJrJ9+G+B7s=">AAAB/HicbZBLTwIxFIU7+EJ8oSzdNILGhSEzAwKzI3HjEhNBIyDplAINnUfaO0Yywb/ixoXGuPWHuPPfWAZi1HiSJifn3JvefG4ouALT/DRSS8srq2vp9czG5tb2TnZ3r6WCSFLWpIEI5LVLFBPcZ03gINh1KBnxXMGu3PHZrL+6Y1LxwL+ESci6Hhn6fMApAR31srkOsHuILbNwG1v2tHNyU5j2snmzaJVs0y5js+hUa45TmZlKrWaXsFU0E+XRQo1e9qPTD2jkMR+oIEq1LTOEbkwkcCrYNNOJFAsJHZMha2vrE4+pbpwcP8WHOunjQSD18wEn6c+NmHhKTTxXT3oERupvNwv/69oRDGrdmPthBMyn848GkcAQ4BkJ3OeSURATbQiVXN+K6YhIQkHzyiQQnER4bqrlhXGsbwgtW4Mqnl7Y+frRAkca7aMDdIwsVEV1dI4aqIkomqBH9IxejAfjyXg13uajKWOxk0O/ZLx/AeWalJ8=</latexit>

ILC Giga-Z
<latexit sha1_base64="7T+2YA3Yj4HDkP7ViJVVWI3RQG4="></latexit>

ILC
-250

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

ILC
-1000

<latexit sha1_base64="UMJaQ/nf8VYBTviTAjSSQ/V2Cko="></latexit>

S
H
iP

<latexit sha1_base64="Ikku6bBFDVneJ3ES08B1j/0Wm0g=">AAAB8nicbVDLTgJBEJz1ifhCPXqZSDR42eyKCJwk8cIRozwS2JDZYYAJs4/M9BrJhm/w5MWDxnjlK/wEb36Id5ddYpRYSSeVqu50d9m+4AoM41NbWl5ZXVtPbaQ3t7Z3djN7+w3lBZKyOvWEJ1s2UUxwl9WBg2AtXzLi2II17dHVzG/eMam4597C2GeWQwYu73NKIJLaHWD3EN5UeW3SzWQNvVwq5MsX2NCNGNhcJNnLae7r/aFzWutmPjo9jwYOc4EKolTbNHywQiKBU8Em6U6gmE/oiAxYO6IucZiywvjkCT6OlB7uezIqF3Cs/p4IiaPU2LGjTofAUC16M/E/rx1Av2SF3PUDYC5NFvUDgcHDs/9xj0tGQYwjQqjk0a2YDokkFKKU0kkIMXBCiudzUjZ/Qmic6WZeL1wb2coJSpBCh+gI5ZCJiqiCqqiG6ogiDz2iZ/SigfakvWpvSeuSNp85QH+gTb8BFkSV0w==</latexit>

F
A
S
E
R
2

<latexit sha1_base64="CujQGLYV0X6n0/bf3RwBZSndPLQ="></latexit>

N
A
62

<latexit sha1_base64="XdG8Mkbs5bsihhqzEwCntC8fZOo=">AAAB8nicbVDJSgNBEO1xjXGLevTSGJR4GWYm+8mIF08SwSyQhNDT6SRNeha6a8Qw5Bs8efGgiNd8hZ/gzQ/x7iQTRMUHBY/3qqiqZ/uCKzCMD21peWV1bT2xkdzc2t7ZTe3t15UXSMpq1BOebNpEMcFdVgMOgjV9yYhjC9awRxczv3HLpOKeewNjn3UcMnB5n1MCkdRqA7uD8Oq8YE26qbShl0ulbDaHDT1n5AtWeUasfL5oYVM35kifTTOfb/ft02o39d7ueTRwmAtUEKVapuFDJyQSOBVskmwHivmEjsiAtSLqEoepTjg/eYKPI6WH+56MygU8V39OhMRRauzYUadDYKj+ejPxP68VQL/UCbnrB8BcGi/qBwKDh2f/4x6XjIIYR4RQyaNbMR0SSShEKSXjEObAMSnmFqRsfodQt3Qzq+evjXTlBMVIoEN0hDLIREVUQZeoimqIIg89oCf0rIH2qL1or3HrkraYOUC/oE2/AMiolaM=</latexit>

M
A
T
H
U
SLA

<latexit sha1_base64="MH+tD4nX2CjHcXLz62jlxFCrGCg="></latexit>

D
U
N
E

<latexit sha1_base64="LhZC0aUlw6hIFVD6xctwc5vMUcg="></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>

Figure 6. 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 Fig. 5.
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BBN
<latexit sha1_base64="bKzhbp7T8Pz8tY+PlQOSw2Exmns=">AAAB8XicbZDLSgMxFIYz9VbrrerSTbAodVMy9dJ2pejGlVSwWmxLyaRpG8xkhuSMWIY+gxs3LhRxq0/hI7jzQdw7nSmi4g+Bj/+cwzn5HV8KA4R8WKmJyanpmfRsZm5+YXEpu7xybrxAM15jnvR03aGGS6F4DQRIXvc1p64j+YVzdTSqX1xzbYSnzmDg85ZLe0p0BaMQWZdN4DcQHh6eDNvZHCnsElIkJZxAeS8Bu1TGdoHEyu2/5j/fbptb1Xb2vdnxWOByBUxSYxo28aEVUg2CST7MNAPDfcquaI83IlTU5aYVxhcP8UbkdHDX09FTgGP350RIXWMGrhN1uhT65m9tZP5XawTQLbdCofwAuGLJom4gMXh49H3cEZozkIMIKNMiuhWzPtWUQRRSJg6hEgsnUNoZQ8X+DuG8WLC3C7unJHewiRKl0RpaR3lkoxI6QMeoimqIIYXu0AN6tIx1bz1Zz0lryhrPrKJfsl6+ADvRlVY=</latexit>

1
0
1
2

Z
<latexit sha1_base64="9AZs5PtYBi24nVpsYJrJ9+G+B7s=">AAAB/HicbZBLTwIxFIU7+EJ8oSzdNILGhSEzAwKzI3HjEhNBIyDplAINnUfaO0Yywb/ixoXGuPWHuPPfWAZi1HiSJifn3JvefG4ouALT/DRSS8srq2vp9czG5tb2TnZ3r6WCSFLWpIEI5LVLFBPcZ03gINh1KBnxXMGu3PHZrL+6Y1LxwL+ESci6Hhn6fMApAR31srkOsHuILbNwG1v2tHNyU5j2snmzaJVs0y5js+hUa45TmZlKrWaXsFU0E+XRQo1e9qPTD2jkMR+oIEq1LTOEbkwkcCrYNNOJFAsJHZMha2vrE4+pbpwcP8WHOunjQSD18wEn6c+NmHhKTTxXT3oERupvNwv/69oRDGrdmPthBMyn848GkcAQ4BkJ3OeSURATbQiVXN+K6YhIQkHzyiQQnER4bqrlhXGsbwgtW4Mqnl7Y+frRAkca7aMDdIwsVEV1dI4aqIkomqBH9IxejAfjyXg13uajKWOxk0O/ZLx/AeWalJ8=</latexit>

ILC Giga-Z
<latexit sha1_base64="7T+2YA3Yj4HDkP7ViJVVWI3RQG4="></latexit>

ILC-250

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

ILC-1000

<latexit sha1_base64="UMJaQ/nf8VYBTviTAjSSQ/V2Cko="></latexit>

S
H
iP

<latexit sha1_base64="Ikku6bBFDVneJ3ES08B1j/0Wm0g=">AAAB8nicbVDLTgJBEJz1ifhCPXqZSDR42eyKCJwk8cIRozwS2JDZYYAJs4/M9BrJhm/w5MWDxnjlK/wEb36Id5ddYpRYSSeVqu50d9m+4AoM41NbWl5ZXVtPbaQ3t7Z3djN7+w3lBZKyOvWEJ1s2UUxwl9WBg2AtXzLi2II17dHVzG/eMam4597C2GeWQwYu73NKIJLaHWD3EN5UeW3SzWQNvVwq5MsX2NCNGNhcJNnLae7r/aFzWutmPjo9jwYOc4EKolTbNHywQiKBU8Em6U6gmE/oiAxYO6IucZiywvjkCT6OlB7uezIqF3Cs/p4IiaPU2LGjTofAUC16M/E/rx1Av2SF3PUDYC5NFvUDgcHDs/9xj0tGQYwjQqjk0a2YDokkFKKU0kkIMXBCiudzUjZ/Qmic6WZeL1wb2coJSpBCh+gI5ZCJiqiCqqiG6ogiDz2iZ/SigfakvWpvSeuSNp85QH+gTb8BFkSV0w==</latexit>

FA
S
E
R
2

<latexit sha1_base64="CujQGLYV0X6n0/bf3RwBZSndPLQ="></latexit>

N
A
6
2

<latexit sha1_base64="VqhnrSPYKAsEuBnVc1yMlyD7Dgg=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0XRTUjS1jQrK25ciYJVIS0ymU7boZMHMzdiCf0GV25cKOLWr/AT3Pkh7k0awQceuHA4517uvceLBFdgGO9aYWp6ZnauOF9aWFxaXimvrp2rMJaUtWgoQnnpEcUED1gLOAh2GUlGfE+wC294mPkX10wqHgZnMIpYxyf9gPc4JZBKbhvYDSTHB3vW+KpcMXSnYTuWgw29ZhrVei0jlmPbJjZ1Y4LK/svOx+tte/fkqvzW7oY09lkAVBClXNOIoJMQCZwKNi61Y8UiQoekz9yUBsRnqpNMTh7jrVTp4l4o0woAT9SfEwnxlRr5XtrpExiov14m/ue5MfQanYQHUQwsoPmiXiwwhDj7H3e5ZBTEKCWESp7eiumASEIhTamUhzABzold+yLOdwjnlm5W9fqpUWluoxxFtIE20Q4ykY2a6AidoBaiKER36AE9aqDda0/ac95a0L5m1tEvaC+f0AaVqA==</latexit>
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<latexit sha1_base64="MH+tD4nX2CjHcXLz62jlxFCrGCg="></latexit>
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<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>

Figure 7. 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 Fig. 5.
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HEAVY NEUTRAL LEPTON SEARCH の面白さ

• axion like particle search などと比べると、生成過程、崩壊仮定が複

雑。 N の親粒子として考えないといけないもの , γ, μ, τ,  K, D, B  

• 複数の生成モードが重要　 

charged current  etc ,   

Meson decay (mass に対する依存性） 

• linear collider の特殊性（beam dump に多数の電子が当たる）
proton のビームダンプ実験に比べると1ビーム粒子あたりのハドロン
は少ないはずだが、それでも同等程度までいく。

e+, e−

e → N
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LHC実験とLONG LIVED PARTICLE: FASER　


