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2素粒子の世代構造
•物質粒子(クォークとレプトン)の世代構造 

•なぜ世代構造？なぜ3世代？ 

•素粒子の世代構造(フレーバー)は素粒子物理研究の強力なツール
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3フレーバーの保存

•レプトンに対して世代数を定義してみる 

•電子数 Le 

•ミュー粒子数 Lμ 

•タウ粒子数 Lτ

where (me) ij!"(ye) ij(v/&), (md) ij!"(yd) ij(v/&),
and (mu) ij!"(yu) ij(v/&). Each mass matrix is diago-
nalized by unitary transformations for the left-handed
fermions and the right-handed fermions with the same
charge. Since the unitary matrices for the left-handed
up-type quark and the left-handed down-type quark are
generally different, flavor mixing is induced in the
charged weak-current interaction for quarks. It is given
by

LWq̄q!"
g

&
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where (VCKM) ij represents the flavor mixing matrix for
the quark sector, i.e., the Cabibbo-Kobayashi-Maskawa
matrix (Kobayashi and Maskawa, 1973). In the above
equation, the quark fields are written in the mass-
eigenstate basis, and this will be our convention from
now on.

On the other hand, the charged-lepton mass matrix in
Eq. (9), which is proportional to the lepton Yukawa
coupling-constant matrix, is fully diagonalized by unitary
transformations on the lepton doublet fields (l iL) and
the lepton singlet fields (ejR). In the mass-eigenstate ba-
sis, the charged weak-current interaction for leptons re-
mains diagonal as follows:
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In the above basis, separate lepton numbers can be de-
fined for each generation, and are thus conserved. They
are the electron number (Le), the muon number (L#),
and the tau number (L(), as defined in Table III.

2. Interactions of the muon in the standard model

At tree level in the SM Lagrangian, the muon inter-
acts with the gauge bosons (the photon and W$ and Z0

bosons) and with the Higgs boson. These interactions
may be written as follows:
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where the Weinberg angle )W is defined by sin )W
*g!/!g2#g!2, and e!g sin )W at tree level. Moreover,
H denotes the physical Higgs boson field. Here the first
term represents the electromagnetic interaction and the
second term describes the charged weak-current interac-
tion mediated by the W$ boson, while the third term
describes neutral weak-current interaction mediated by
the Z0 boson. The other charged leptons, the electron
and tau, have identical gauge interactions as the muon
while their coupling to the Higgs boson is proportional
to the respective lepton mass.

Muon decay in the SM is described by a charged
weak-current interaction mediated by the W$ gauge bo-
son. The four-fermion interaction is given by
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&
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where GF is the Fermi coupling constant. At tree level
in the SM, this is given by

GF!
g2

4&mW
2 , (14)

where mW is the W$ boson mass. This interaction de-
scribes the standard muon decays ##→e#'e'̄# and #"

→e"'̄e'# .
Lepton universality is a fundamental property of the

gauge interaction. The universality in charged weak cur-
rents has been tested from the combination of leptonic
and semileptonic decays of (, and leptonic decays of #,
+, and K mesons, whereas that in neutral weak currents
has been tested at the Z0 boson pole (Pich, 1997).

3. Neutrino mass and mixing

Although the minimal SM does not permit massive
neutrinos, there is increasing evidence of their mass
from the solareutrino deficit (Abdurashitov et al., 1996;
Fukuda et al., 1996; Cleveland et al., 1998; Fukuda et al.,
1998a; Hampel et al., 1999) and the atmospheric neu-
trino anomaly (Fukuda et al., 1998b). If the solar neu-
trino deficit is due to neutrino oscillations, the mass-
squared difference must be in the range of ,m'

2

-10"6 – 10"5 eV2 for the Mikheyev-Smirnov-
Wolfenstein solution (Wolfenstein, 1978; Mikheyev and
Smirnov, 1985) or ,m'

2-10"11 eV2 for the vacuum oscil-
lation solution (or ‘‘just-so’’ oscillation; Glashow and
Krauss, 1987; Glashow et al., 1999). Moreover, the atmo-
spheric neutrino anomaly suggests that the mass-
squared difference between the muon neutrino and the

TABLE III. Assignment of lepton number for the electron (Le), the muon (L#), and the tau (L().

e" 'e #" '# (" '( e# 'e ## '# (# '(

Le #1 #1 0 0 0 0 "1 "1 0 0 0 0
L# 0 0 #1 #1 0 0 0 0 "1 "1 0 0
L( 0 0 0 0 #1 #1 0 0 0 0 "1 "1
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レプトンフレーバーは通常のミュー粒子崩壊では保存されている
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3フレーバーの保存

•レプトンに対して世代数を定義してみる 
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and (mu) ij!"(yu) ij(v/&). Each mass matrix is diago-
nalized by unitary transformations for the left-handed
fermions and the right-handed fermions with the same
charge. Since the unitary matrices for the left-handed
up-type quark and the left-handed down-type quark are
generally different, flavor mixing is induced in the
charged weak-current interaction for quarks. It is given
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where (VCKM) ij represents the flavor mixing matrix for
the quark sector, i.e., the Cabibbo-Kobayashi-Maskawa
matrix (Kobayashi and Maskawa, 1973). In the above
equation, the quark fields are written in the mass-
eigenstate basis, and this will be our convention from
now on.

On the other hand, the charged-lepton mass matrix in
Eq. (9), which is proportional to the lepton Yukawa
coupling-constant matrix, is fully diagonalized by unitary
transformations on the lepton doublet fields (l iL) and
the lepton singlet fields (ejR). In the mass-eigenstate ba-
sis, the charged weak-current interaction for leptons re-
mains diagonal as follows:

LW '̄e!"
g

&
$' iL"#eiLW#

##eiL"#' iLW#
"%. (11)

In the above basis, separate lepton numbers can be de-
fined for each generation, and are thus conserved. They
are the electron number (Le), the muon number (L#),
and the tau number (L(), as defined in Table III.

2. Interactions of the muon in the standard model

At tree level in the SM Lagrangian, the muon inter-
acts with the gauge bosons (the photon and W$ and Z0

bosons) and with the Higgs boson. These interactions
may be written as follows:
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where the Weinberg angle )W is defined by sin )W
*g!/!g2#g!2, and e!g sin )W at tree level. Moreover,
H denotes the physical Higgs boson field. Here the first
term represents the electromagnetic interaction and the
second term describes the charged weak-current interac-
tion mediated by the W$ boson, while the third term
describes neutral weak-current interaction mediated by
the Z0 boson. The other charged leptons, the electron
and tau, have identical gauge interactions as the muon
while their coupling to the Higgs boson is proportional
to the respective lepton mass.

Muon decay in the SM is described by a charged
weak-current interaction mediated by the W$ gauge bo-
son. The four-fermion interaction is given by
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where GF is the Fermi coupling constant. At tree level
in the SM, this is given by
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where mW is the W$ boson mass. This interaction de-
scribes the standard muon decays ##→e#'e'̄# and #"

→e"'̄e'# .
Lepton universality is a fundamental property of the

gauge interaction. The universality in charged weak cur-
rents has been tested from the combination of leptonic
and semileptonic decays of (, and leptonic decays of #,
+, and K mesons, whereas that in neutral weak currents
has been tested at the Z0 boson pole (Pich, 1997).

3. Neutrino mass and mixing

Although the minimal SM does not permit massive
neutrinos, there is increasing evidence of their mass
from the solareutrino deficit (Abdurashitov et al., 1996;
Fukuda et al., 1996; Cleveland et al., 1998; Fukuda et al.,
1998a; Hampel et al., 1999) and the atmospheric neu-
trino anomaly (Fukuda et al., 1998b). If the solar neu-
trino deficit is due to neutrino oscillations, the mass-
squared difference must be in the range of ,m'
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レプトンフレーバーは通常のミュー粒子崩壊では保存されている

フレーバー保存は理論からの原理的な要請ではない。 
別に破れていてもよい。
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4フレーバーの破れ

•実際、クォーク、ニュートリノでは大きく破れている 

•電荷を持つレプトン(荷電レプトン)では破れが見つかっていない 

•荷電レプトンフレーバーは本当に破れていないのか？
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5荷電レプトンフレーバーの破れ
•ミュー粒子のレプトンフレーバーを破る代表的な現象

Le
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≠
≠

μ+ → e+γ μ+ → e+e−e+ μ−N → e−N
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6なぜ荷電レプトンフレーバーの破れを探索するのか？
•荷電レプトンフレーバーの破れは「標準理論+ニュートリノ質量(観測済み)」でも起こる！ 

•ニュートリノのフレーバーの破れ(ニュートリノ振動)によって 

•ニュートリノの質量が小さいのでその確率は極めて低く、測定はほぼ不可能 

•逆に言うと、実験の邪魔にはならない

Universe 2022, 8, 196 2 of 17
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� O(10�54), (1)

where Uij are elements of the Pontecorvo-Maki-Nakagawa-Sakata matrix, and Dm
2
ij

repre-
sents the squared-mass differences between neutrinos. Using experimental values from
neutrino oscillations, the branching ratio is found to be of the order of 10�54 due to the
huge suppression factor of (Dm

2
ij

/MW
2)2. For coherent muon-to-electron conversion in the

field of a nucleus, µ�
N � e

�
N, where N denotes a nucleus, the rate is found to be of a

similar order. Note that the SM predictions are negligibly small from an experimental point
of view. On the other hand, many well-motivated physics models beyond the SM predict
sizable branching ratios within reach of experimental sensitivities in the near future [6–9].
Hence, an observation of charged lepton flavor violation would provide clear evidence of
new physics.

From a simplified model-independent perspective, it is known that the µ+ � e
+� pro-

cess is strongly sensitive to the photon-mediated dipole interaction, whereas the µ�
N � e

�
N

process is sensitive to not only the dipole term but also contact terms [10]; here, the con-
tact terms indicate tree-level or box-diagram interactions mediated by massive unknown
particles. Note that the situation is not so simple in reality; for a more detailed approach,
see [11]. Which terms are dominant depends highly on the models of new physics. There-
fore, the ratio of strengths of µ+ � e

+� and µ�
N � e

�
N can be a powerful discriminator

among models. For instance, supersymmetric (SUSY) loops favor the dipole terms and thus
enhance µ+ � e

+�, whereas models with extra U(1) symmetry, leptoquarks, or R-parity
violating SUSY induce contact terms in a tree level and thus enhance µ�

N � e
�

N.
For µ-e conversion, since a muon interacts with a quark in protons or neutrons in a

nucleus, the conversion rate depends on the target nucleus, and the dependence varies
with different models [12–15]. Once µ-e conversion is discovered, a comparison of the rates
for different target nuclei may help distinguish among models.

1.2. Experimental Aspects

Since µ-e conversion is an interaction with a nucleus, it is natural to use a negative
muon beam so that the muon can be captured and undergo the lepton-flavor-violating
interaction with the nucleus. Negative muons are stopped in a target material, form a
muonic atom with a nucleus, and cascade down to the 1s ground state. Within the SM, the
fate of a muon is either to decay in orbit (DIO) or undergo nuclear muon capture. Muon DIO
is the µ� � e

��µ�̄e decay of the bound-state muon, and nuclear muon capture is expressed
as µ� + (Z, A) � �µ + (Z � 1, A). For the 27Al nucleus case, the muon lifetime of 864 ns
implies a fraction of 39% for the former and 61% for the latter [16]. Then, if µ-e conversion
happens, we would observe an electron without neutrinos as µ� + (Z, A) � e

� + (Z, A).
Since the process is coherent, i.e., does not change the nuclear state, the observed electron
has a specific energy,

Eµe = mµ � Bµ � Erec, (2)

where Bµ and Erec are the muon binding energy and the recoil energy of the nucleus,
respectively. The converted electron energy, Eµe, is 104.97 MeV for the 27Al case. This single
monoenergetic electron signature is an experimental feature of µ-e conversion.

The branching ratio of µ-e conversion is defined by the ratio of the µ-e conversion rate
to the total muon capture rate, namely,

B(µ�
N � e

�
N) =

G(µ� + N � e
� + N)

G(µ� + N � all captures)
. (3)

The normalization to captures has an advantage in calculation since many details
of the nuclear wavefunction cancel in the ratio. The current experimental upper limit is
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7なぜ荷電レプトンフレーバーの破れを探索するのか？
•超対称大統一理論など有望な標準理論で測定可能なほど大きな荷電レプトンフレーバーの破れが起こり得る

 ℬ(μ → eγ) ∼ 10−54 -ℬ(μ → eγ) ∼ 10−11 10−15

標準理論(＋ニュートリノ振動) 新物理
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7なぜ荷電レプトンフレーバーの破れを探索するのか？
•超対称大統一理論など有望な標準理論で測定可能なほど大きな荷電レプトンフレーバーの破れが起こり得る

 ℬ(μ → eγ) ∼ 10−54 -ℬ(μ → eγ) ∼ 10−11 10−15

レプトンフレーバーの破れ発見＝標準理論を超える新物理の決定的証拠！

標準理論(＋ニュートリノ振動) 新物理
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8なぜ荷電レプトンフレーバーの破れを探索するのか？
•最高エネルギー加速器実験で新粒子はまだ発見されていない 

•新物理がどのエネルギースケールにいるかわからない 

•稀な現象、対称性のわずかな破れなどを検証することで新物理を研究 

•大強度、精密フロンティア 

•加速器では直接到達できない超高エネルギーの物理に迫れるʢ̡̰ʣྖڀݚҬͷ໨తɺഎܠͳͲʢ͖ͭͮʣ ʳ
ֶज़มֵʢ̖ʣʢྖҬܭըॻʣ ̎

到達可能なエネルギースケール [テラ電子ボルト（TeV)]

μ
τ
B
K
h
t

研
究
に
用
い
る
素
粒
子

最高エネルギー
加速器

1 10 210 310 410 510 610

1 10 210 310 410 510 610

ਤ 2: ϛϡʔཻࢠ (µ)͸ଞͷૉཻࢠΑΓײ͍ߴ౓Λ
ΤωߴΛང͔ʹ௒͑ΔثΤωϧΪʔՃ଎ߴ࠷ɺͪ࣋
ϧΪʔݱ৅·Ͱݟ௨͢͜ͱ͕Ͱ͖Δ

͜ΕʹΑΓɺμʔΫϚλʔཻࢠΛੜΈग़
ͨ͠௒ରশੑͳͲ৽͍͠෺ཧ๏ଇͷূڌ
Λ͔ͭΉ͜ͱ͕ظ଴͞Ε͍ͯΔɻ࣮ࡍɺ
ϛϡʔཻࢠΛͨͬ࢖աڈͷڀݚͰਫ਼ີଌ
ఆͱཧ࿦ࢉܭͷҧ͍͕ࢦఠ͞Ε͓ͯΓɺຊ
෺Ͱ͋Ε͹ॏ͍৽ཻࢠͷূ͔ڌ΋͠Εͳ
͍ʢਤ 3ʣɻ·ͨɺϛϡʔཻࢠ͸ిࢠͱಉ
༷ՙిϨϓτϯͷ஥ؒͰ͋Δ͕ɺϛϡʔ
΁ҠΓมΘΔաఔʢਤࢠి͕ࢠཻ 4ʣ͸ɺ
Ӊ஦ͷΠϯϑϨʔγϣϯ๲ுͷಾΛղ͘
ΒΕ͍ͯΔɻ͑ߟͳΔͷͰ͸ͳ͍͔ͱʹݤ
࣮͸ಉ༷ͷաఔ͸χϡʔτϦϊʹ΋ଘࡏ
͠ɺҟͳΔछྨͷχϡʔτϦϊؒͷҠΓ
มΘΓʢχϡʔτϦϊৼಈʣ͸εʔύʔ
ΧϛΦΧϯσ࣮͠ݟൃ͕ݧɺͦΕʹΑֿͬͯా͕ࢯϊʔϕϧ৆Λड৆ͨ͠ɻ·ͨΫΥʔΫʹ΋ಉ
༷ͷҠΓมΘΓ͕؍ଌ͞Ε͓ͯΓɺখྛɾӹ઒྆ࢯʹΑΔ 3ੈ୅ΫΥʔΫཧ࿦ʹΑΓ͏·͘આ໌
͞ΕΔɻ͜ͷཧ࿦͸KEKBՃ଎ثʹΑ࣮ͬͯূ͞Εɺ྆ࢯͷϊʔϕϧ৆ड৆ͱͳͬͨɻҰํޙ࠷
Εͯ͞ࢭې͘ݎʣͷؒͷҠΓมΘΓ͸ཧ࿦ʹΑΓࢠɺϛϡʔཻࢠΕͨɺՙిϨϓτϯʢి͞࢒ʹ
͍Δɻ͔͠͠ͳ͕ΒɺӉ஦ͷΠϯϑϨʔγϣϯ๲ுΛҾ͖ͨ͜͠ىͱ͑ߟΒΕΔେ౷Ұཧ࿦͕΋
͠ਖ਼͚͠Ε͹ɺྔޮࢠՌΛ௨ͯ͠ɺϛϡʔཻ͔ࢠΒిࢠ΁ͷҠΓมΘΓ͕ۃΊͯ͜ىʹكΔɻ͠
͕ͨͬͯɺ΋͜͠ͷҠΓมΘΓΛൃݟͰ͖Ε͹ɺͦΕ͸Ӊ஦ॳ͍ͨͯ͠ݱ࣮ʹظେ౷Ұཧ࿦ͷূ
ͳΔɻʹݤͳΓɺӉ஦ͷΠϯϑϨʔγϣϯͷಾΛղ͘ʹڌ
Ұํɺ͜͜Ͱ։ൃɾల։͢Δϛϡʔཻࢠͷ࠷ઌ୺ٕज़͸ɺେྔͷྑ࣭ͳϛϡʔཻࢠͷੜ੒ɾ༌

ૹɾਫ਼ີଌఆΛ༰қʹ͢Δ΋ͷͰ͋Γɺ͜ͷٕज़ͱࢪઃΛڞ༗ͯ͠Ԡ༻͢Δ͜ͱʹΑΓɺૉཻࢠɾ
଴͞Ε͍ͯΔɻظͼԠ༻΁ͷൃల͕େ͖͘ٴڀݚɾӉ஦෺ཧֶΛ௒͑Δ༷ʑͳֶज़ࢠݪ
ྫ͑͹ɺϛϡʔཻࢠτϞάϥϑΟʔʹΑΔ෺࣭Պֶɾ஍ٿՊֶڀݚɺϛϡʔཻࢠݪࢠ෼ޫΛԠ

ੜ੒ඪࢠ౓தੑڧੜ੒ඪతͷେࢠϛϡʔཻͭ࣋ઢ଱ੑΛࣹ์ߴɺڀݚ෺ཧɾ෺࣭Պֶࢠݪͨ͠༺
త΁ͷԠ༻ɺϛϡʔཻࢠϚΠΫϩϏʔϜʹΑΔ൒ಋମιϑτΤϥʔڀݚͳͲɺެืڀݚΛ௨ͯ͠

ॏ఺తʹਪਐ͢Δ͜ͱʹΑΓྖҬΛ͞Βʹ֦ுɾൃలͤͯ͞ɺΑΓൣ޿ͳֶज़ͷมֵΛ໨͢ࢦɻ

1

*#'!2(4823+(0635��6)

78�7%�)&�15-,.-03214.

 
/

"
$

,.-
�PDG 2019

��)��
���	�	� 

��
��	)��	�
� 

�	�(�

��
��� 

��)	

ਤ 3: ϛϡʔཻࢠͷ࣓ؾ૒ࢠۃೳ཰ͷଌఆ஋͕
ཧ࿦஋͔ΒͣΕ͓ͯΓɺ௒ରশཧ࿦ͳͲ͕༧ݴ
͢Δॏ͍৽ཻࢠʢμʔΫϚλʔͷ஥ؒʣͷূڌ
͔΋͠Εͳ͍ͱ஫໨ΛूΊ͍ͯΔ

電子 ミュー粒子 タウ

bbss
t tccuu ccuu c cc t t

dd ssdd s ss bb

ντντνμνμνeνe νμνμνeνe νμ νμνμ ντντ

e τ

小林・益川クォーク理論

ニュートリノ振動

ニ
ュ
｜
ト
リ
ノ

荷
電
レ
プ
ト
ン

ク
ォ
｜
ク

レ
プ
ト
ン ? μ

第1世代 第2世代 第3世代

ਤ 4: ΫΥʔΫͱχϡʔτϦϊͰ͸ੈ୅ͷؒͷ
ҠΓมΘΓ͕ଘ͢ࡏΔ͕ɺՙిϨϓτϯͰ͋
ΔϛϡʔཻࢠͱిࢠͷؒͰ͸·͍͔ͩͯͬͭݟ
ͳ͍

µ+  →  e+   νe   νµ

 0   = −1 + 1 + 0
−1   =   0  + 0 −1 

µ+  →  e+    γ
 0   ≠ −1 + 0
−1  ≠   0 + 0 

 
 

 

  

μ+ 

ν 
ν 

e+ 

W+ 

  

μ+ 

e+ 
γ 

ν 

μ ～ 

e ～ 

 
 

 

  

μ+ 

ν 
ν 

e+ 

W+ 

  

μ+ 

e+ 
γ 

ν 

μ ～ 

e ～ 

電子数
ミュー粒子数

未発見の重い素粒子



“ミューオン稀崩壊探索の最前線” 大谷航, 2024年6月14日 ICEPP学部向け特別セミナー2024

9

素粒子の統一理論、宇宙誕生の謎の解明に向けて
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最高エネルギー加速器実験
天体観測

現在の素粒子物理学の到達点

荷電レプトンフレーバー
の破れ探索

現在の素粒子物理学の到達点

電磁気力

弱い力

強い力

重力

時間

なぜ荷電レプトンフレーバーの破れを探索するのか？
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10荷電レプトンフレーバーの破れ現象の比較

μ+ → e+γ μ+ → e+e−e+ μ−N → e−N

フォトンで結合する相互作用の場合 (たとえば超対称大統一理論)

現象の頻度= ∼ 5.9 × 10−31 : : ∼ 2.6 × 10−3
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10荷電レプトンフレーバーの破れ現象の比較

μ+ → e+γ μ+ → e+e−e+ μ−N → e−N

フォトンで結合する相互作用の場合 (たとえば超対称大統一理論)

現象の頻度= ∼ 5.9 × 10−31 : : ∼ 2.6 × 10−3

が見つけやすいμ → eγ
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11荷電レプトンフレーバーの破れ現象の比較

μ → eee μN → eN
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12ミュー粒子を用いたレプトンフレーバーの破れ探索
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探索実験は既に新物理検証に十分な感度を持っている！μ → eγ
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13レプトンフレーバーの破れ現象の探し方

μ → eγ μ → eee

ミュー粒子稀崩壊

μN → eN

ミュー粒子稀過程

•信号：見つけたいもの、非常に稀 

•バックグラウンド：通常のミュー粒子崩壊 (ほぼすべて) 

•信号はなるべく入ってきて、バックグラウンドがなるべく入ってこないような設計(ビーム、測定器) 

•信号とバックグラウンドの特徴の違いをなるべく高い精度で測定(測定器)
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 事象 

•二体崩壊(ガンマ線-陽電子) 

•同時刻 

•同じエネルギー ( ) 

•反対方向

μ → eγ

Ee = Eγ = 52.8 MeV

μ → eγ
180°

e+

μ+

γ

即発背景事象

背景事象

e+μ+

γ

ν
ν

γ e+μ+
ν
ν

Eγ/(mµ/2) Ee/(mµ/2)

背景陽電子背景ガンマ線

偶発的背景事象

•  

•  

•  

•

Teγ = 0

Eγ = 52.8 MeV

Ee = 52.8 MeV
Θeγ = 180∘

信号とバックグラウンドを識別する物理量
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15探索実験への要請μ → eγ
•ミュー粒子ビームに対する要請 

•大強度 

•連続(パルスではない)←同じミュー粒子数を調べる際なるべく偶発的背景事象を少なく 

•測定器に対する要請 

•エネルギー・タイミング・角度の高精度測定 

•高レート耐性 (安定性、パイルアップ耐性…)

41
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Fig. 72 Energy recorded by the LXe detector vs the energy recorded
by the BGO detector during a CEX calibration run. The extremal
energies of the calibration γ-rays at 54.9 MeV and 82.9 MeV anti-
correlated in the two detectors are visible.

 (nsec)γet 
-2 -1 0 1 2

 N
um

be
r 

of
 e

ve
nt

s /
(0

.0
80

 n
se

c)

0

2000

4000

6000

8000

10000

12000

 374±   = 16430 RMDN
 4 ps± = 130 

γetσ       

Fig. 73 Distribution of teγ for MEG standard trigger. The peak is from
RMDs, the flat component is from accidental coincidences.

the time resolution was good enough to also clearly see the
RMD peak at the nominal beam intensity of ∼ 3 × 107 µ+/s.
Figure 73 shows the distribution of the e-γ relative time teγ
for RMD decays using the standard MEG trigger.

In order to obtain the resolution on teγ for signals, the
resolution in Fig.73 must be corrected for the γ-ray energy
dependence shown in Fig.57 and for the positron energy de-
pendence using Monte Carlo resulting in σteγ = 122 ns.

8 Trigger

8.1 Requirements

An experiment to search for ultra-rare events in a huge beam-
related background needs a quick and efficient event selec-
tion, which demands the combined use of high-resolution
detection techniques and fast front-end, digitising electron-
ics and trigger. The trigger system plays an essential role
in processing the detector signals to find the signature of
µ+ → e+γ events in a high-background environment.

The most stringent limitation to the trigger latency orig-
inates from the matching with the DRS (see Sect. 9.2.1),
whose digitisation needs to be stopped at latest 450 ns af-
ter the event occurrence. If the trigger were later, the charge
stored in part of the DRS cells may be overwritten and a few
samples of the waveform (in particular those recording the
leading edge of PMT signals) may be lost. The speed ob-
jective must be achieved while keeping the signal efficiency
close to unity. On the other hand, the event selection needs to
provide a significant background rejection. The trigger rate,
as explained in Sect. 8.5, should be kept below 10 Hz so as
not to overload the DAQ system, which would result in a
significant increase in the dead time.

8.2 The trigger scheme

In order to accomplish these goals, we developed a system
consisting of VME boards arranged in a tree-structure (see
Sect. 8.4), based on on-board Field-Programmable Gate Ar-
rays (FPGA) to process the detector signals and reconstruct
the observables needed for the event selection [56]. The sig-
nals are digitised by means of 100 MHz flash-ADCs so as to
obtain an estimate of the signal amplitude (at the level of a
few-per-mil accuracy) and timing (with a few ns resolution).
The advantage of choosing an FPGA-based digital approach
is manifold:

– operation of reconstruction algorithms to match with the
above speed and efficiency requirements;

– availability of RAM memories for storing the digital data
stream (for both signal input and algorithm output) into
cyclic buffers, which makes the trigger system an inde-
pendent digitiser system as well, to be used as a back-up
for the DRS;

– versatility of the trigger scheme, as it is possible to im-
plement selection criteria, other than for µ+ → e+γ de-
cays, related to calibration and other event types; the
acquisition of pre-scaled triggers associated with those
events during normal data taking enables us to monitor
the stability of both detector response and trigger effi-
ciency as a function of time.

ガンマ線と陽電子の時間差

Eγ/(mµ/2) Ee/(mµ/2)

背景陽電子背景ガンマ線

測定器分解能
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16高感度 探索の鍵μ → eγ

PSI大強度陽子サイクロトロン (2.3ｍA, 1.4MW)

スイス・ポールシェラー研究所(PSI)の 
世界最大強度のミュー粒子ビーム

独自開発の革新的な高性能測定器

MEG II実験測定器
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16高感度 探索の鍵μ → eγ

PSI大強度陽子サイクロトロン (2.3ｍA, 1.4MW)

スイス・ポールシェラー研究所(PSI)の 
世界最大強度のミュー粒子ビーム

独自開発の革新的な高性能測定器

MEG II実験測定器

世界最高感度の  探索を実現 ＠MEG実験μ → eγ
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•ポールシェラー研究所 (PSI): High Intensity Proton Accelerator 

(HIPA) 

•世界最大強度のミュー粒子源(毎秒 個以上！) 

•世界最高感度の 探索ができる唯一の場所

108

μ → eγ

世界最大強度のミュー粒子源＠PSI

PSI

ポールシュラー研究所

世界最大強度陽子サイクロトロン (2.4mA, 1.4MW)
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18MEG実験
•世界最高感度の 探索実験 

•第一期実験：2008-2013 

•MEG実験測定器 

•陽電子 : COBRAスペクトロメータ (超低物質量ドリフトチェンバー＋高時間分解能タイミングカウンター) 

•ガンマ線 :  900L 液体キセノンシンチレーション検出器

μ → eγ

180°
e+

μ+

γ
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19MEG実験
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Signal PDF contours (1, 1.64, 2σ)

52.4<Ee<55MeV,  
51<Eγ<55.5MeV

|Teγ|<0.244ns,  
cosΘeγ<-0.9996

• の4次元空間で信号を探す 

•信号( )なら  
•ただし、測定器の測定精度(分解能)を考慮する必要あり

(Teγ, Eγ, Ee, Θeγ)

μ+ → e+γ (Teγ, Eγ, Ee, Θeγ) = (0, 52.8 MeV, 52.8 MeV, 180∘)
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•MEG実験は前実験の30倍の実験感度で探索を行った(最終結果＠2016) 

•既に新物理予測領域に突入していて、いつ見つかってもおかしくない 

•アップグレード実験 MEG II がいよいよ開始！ 

•目標探索感度：MEGの10倍 (~6×10-14) 

•2022年 本格測定開始 

•既にMEGを大幅に超える感度の探索が可能なデータ量を取得済み  

→ 未到領域へ！

MEGからMEG IIへ
探索実験の歴史μ → eγ
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PSI実験エリアに設置されたMEG II測定器
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•世界最高感度の実験には世界最高性能の測定器が必要！ 

•独創的で巧みなアイディアに基づく高性能測定器を開発･建設 

•ICEPPが中心となり考案、開発

MEG II実験測定器
高精細光センサー搭載
液体キセノンガンマ線検出器

ドリフトチェンバー

超伝導電磁石
（勾配磁場）

高時間分解能細分型
タイミングカウンター

大強度ビーム

電子回路・トリガー輻射崩壊同定カウンター
（RDC）

〔日〕 〔日〕

〔日〕

〔伊〕

〔日・伊〕

〔瑞・伊〕

〔瑞〕

ICEPPが担当する測定器

液体キセノン検出器

陽電子タイミングカウンター Installation

	

Parking position     
(during calibration target 

for LXe is inserted )

Measuring position
PCB type feedthrough (He → Air)

End switch

beam axis

✦ RDC detector is inserted in solenoid with moving arm

Signal transmitted to 
MEG II waveform 

digitizer (WaveDREAM)

‣ With 2 water pistons behind the stage

7II. Radiative 
Decay Counter

輻射崩壊同定カウンター

超伝導スペクトロメータマグネット

陽電子飛跡検出器
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 事象 

•三体崩壊 

•同時刻 

•単一の崩壊点 

•   

•

μ+ → e+e+e−

ΣEe = mμ

Σ ⃗pe = 0

μ → eee

µ+e+
e+

e -

の場合、簡単のため電子･陽電子をまとめて「電子」と呼ぶことがあるμ → eee

即発背景事象

背景事象

偶発的背景事象

µ+e+
e+

e -�

�
µ+e+ � µ

+

e
+

�

e -

Phase I config

8 hits

6 hits

Mu3e phase II = S.E.S. of 10-16

25

>109 μ-/s on target from HIMB

Accepting >109 muon per second on target comes with challenges
❏ Getting >109 muons per second  on target
❏ Processing >109 muons per second

→ Many DAQ components have phase II capabilities
❏ Raw bandwidth
❏ 109 fits per second per GPU

❏ Needs fast & granular pixel detectors to reduce 
combinatorics with time and vertex cuts. 

❏ Maintain or even improve Momentum resolution to deal 
with internal conversion background

❏ Smarter selection cuts to deal with combinatorics

Mu3e beyond μ+→e+e+e- 

μ+→e+γ→e+e+e-  
with γ-conversion layer

μ+→e+ + exotic particle
Snowmass paper

there is another entire talk about …
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23探索実験への要請μ → eee
•ミュー粒子ビームに対する要請 

•大強度 

•連続ビーム(パルスビームはだめ)←同じミュー粒子数を調べる際なるべく偶発的背景事象を少なく 

•正ミュー粒子 

⇒ 探索実験と同じ。 

•測定器に対する要請 ( と同様) 

•電子の運動量の高精度測定 (⇒偶発的背景事象) 

•電子の時間の高精度測定 (⇒即発的背景事象) 

•電子の崩壊点の高精度測定 (⇒即発的背景事象) 

•高レート耐性

μ → eγ

μ → eγ Phase I config

8 hits

6 hits

Mu3e phase II = S.E.S. of 10-16

25

>109 μ-/s on target from HIMB
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❏ Smarter selection cuts to deal with combinatorics
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24Mu3e実験
•Mu3e：新しい 探索実験 

•MEG IIと同じビームラインπE5使用予定 

•2024−2025年：コミッショニング 

•2025-2026年：物理データ取得

μ → eee

�

�

�

πE5 beam line

MEG II Mu3e

μ

K. Arndt, H. Augustin, P. Baesso et al. Nuclear Inst. and Methods in Physics Research, A 1014 (2021) 165679

Fig. 2.6. Schematic view of the experiment cut along the beam axis in the phase I configuration.

Fig. 2.7. Possible final detector with longer recurl stations, smaller target and more segmented inner layers for high intensity physics runs (phase II).

Fig. 2.8. Schematic overview of the Mu3e readout system.

2.3. Baseline design

The proposed Mu3e detector is based on two double-layers of HV-
MAPS around a hollow double cone target, see Figs. 2.5 and 2.6. The
outer two pixel sensor layers are extended upstream and downstream
to provide precise momentum measurements in an extended region to
increase the acceptance for recurling electrons and positrons. The sili-
con detector layers (described in detail in Section 7) are supplemented
by two timing systems, a scintillating fibre tracker in the central part
(see Section 10) and scintillating tiles (Section 11) inside the recurl
layers. Precise timing of all tracks is necessary for event building and
to suppress the combinatorial background.

2.4. Detector readout

The Mu3e experiment will run a continuous, triggerless readout, and
employs application-specific integrated circuits (ASICs) for the pixel
and timing detectors which stream out zero-suppressed digital hit data.
These hits are collected by field-programmable gate arrays (FPGAs)
located on front-end boards and then optically forwarded to switching
boards, which in turn distribute them to a computer farm. This network
makes it possible for every node in the farm to have the complete
detector information for a given time slice. Decays are reconstructed
using graphics processing units, and interesting events are selected
for storage. A system overview is shown in Fig. 2.8 and a detailed
description can be found in Section 17.

2.5. Building up the experiment

One of the advantages of the design concept presented is its mod-
ularity. Even with a partial detector, physics runs can be taken. In an
early commissioning phase at smaller muon stopping rates, the detector
will run with all of the timing detectors but only the central barrel
of silicon detectors. The silicon detectors of the recurl stations are
essentially copies of the central outer silicon detector; after a successful
commissioning of the latter, they can be produced and added to the
experiment as they become available. The configuration with two recurl
stations (Figs. 2.5 and 2.6) defines a medium-size setup, well suited
for phase I running at the highest possible rate at the �E5 muon beam
line at PSI of � 1 � 108 Hz. The sensitivity reach in this phase of the
experiment of �(10�15) will be limited by the available muon rate.
2.6. The phase II experiment

A new high intensity muon beam line, delivering > 2 � 109 Hz muons
and currently under study at PSI, is crucial for Mu3e phase II. To fully
exploit the new beam facility the detector acceptance of phase I will be
further enhanced by longer detector stations, see Fig. 2.7. These longer
stations will allow the precise measurement of the momentum of all
particles in the acceptance of the inner tracking detector. At the same
time the longer tile detector stations with their excellent time resolution
and small occupancy will help to fight the increased combinatorial

6
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experiment of �(10�15) will be limited by the available muon rate.
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A new high intensity muon beam line, delivering > 2 � 109 Hz muons
and currently under study at PSI, is crucial for Mu3e phase II. To fully
exploit the new beam facility the detector acceptance of phase I will be
further enhanced by longer detector stations, see Fig. 2.7. These longer
stations will allow the precise measurement of the momentum of all
particles in the acceptance of the inner tracking detector. At the same
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25 ( - 転換)μN → eN μ e

nucleus
μ-

標準理論
束縛軌道上での崩壊

原子核捕獲

- 転換μ e

ミューオン原子

e-

事象 

•単一エネルギーの電子 

•  (Al原子) 

•ミューオン原子でのミュー粒子の寿命  (Al原子) 

⇒遅延測定が可能

μN → eN

Ee = mμ − Bμ ∼ 105 MeV

1 μs

背景事象 

•束縛軌道上での崩壊 (Decay In Orbit, DIO) 

•ビーム起源 

•輻射パイ粒子崩壊 

•ミュー粒子飛行中崩壊 (Decay In Flight, DIF) 

•宇宙線 

•偶発的な背景事象無し
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26探索実験の原理μN → eN
•パルスミュー粒子ビームを用いた遅延測定 

•ミュー粒子原子におけるミュー粒子の遅延崩壊 

•寿命は束縛原子に依存  (Al原子： ) 

•ビーム起源のバックグラウンドはパルスの直後だけ 

•パルス間の静かな時間に崩壊するミュー粒子を調べる 

•パルス間のビームのもれを如何に下げるかが鍵 

•消滅度(extinction)  が必要 

0.86 μs

< 10−10

Beam-related Background to Search for μ-e Conv.
6

✤ Dominant Background
✤ Beam-related prompt 

Background, mainly 
caused by pion decays

✤ Muonic atom (of Al) has 
a lifetime of ~1μsec

✤ Delayed DAQ-window 
right before the next 
proton bunch allows for 
BG-free Search

✤ Extinction is ESSENTIAL !

Main Proton Pulse
(~1012 proton/pulse)

Prompt Background

Stopped Muon Decay

Timing Window

SIGNAL

Time (μs)

a.
u. 100 ns

1.2 μs

Extinction = 
# of leaked protons in between bunches

# of filled protons in main bunches
Extinction should be <10−10 at least to achieve the COMET Goal

(Single Event Sensitivity : 10−17)

Hajime NISHIGUCHI (KEK)                                             ”The COMET Experiment”                         ICHEP2020, 28Jul-06Aug/2020,Virtual Prague
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27探索実験μN → eN

•これまでの探索結果：  

•  (N=Au) SINDRUM II (2006) 

•計画中の 探索実験 

•COMET実験 ＠J-PARC 

•Mu2e実験 @Fermilab 

•DeeMe実験 ＠J-PARC 

R(μN → eN) ≡ Γ(μN → eN)/Γ(μN → capture)

R(μN → eN) < 7 × 10−13

μN → eN The COMET Experiment
7

✤ Enabled by “Four Features” → Aim to achieve target sensitivity of O(10−17)

— Feature(1) — 
High Intensity 
Pulsed Proton 

Beam by J-PARC

— Feature(2) — 
High Efficiency 
5T-Solenoidal 
Pion Capture 

System

— Feature(3) — 
Long/Curved 

Solenoidal pion/muon 
transport section

— Feature(4) — 
High resolution, 

vacuum 
compatible 

electron 
spectrometer

Hajime NISHIGUCHI (KEK)                                             ”The COMET Experiment”                         ICHEP2020, 28Jul-06Aug/2020,Virtual Prague

LINAC 
400 MeV

Rapid Cycle Synchrotron 

Energy : 3 GeV 
Repetition : 25 Hz 
Design Power : 1 MW

Main Ring 

Max Energy : 30 GeV 
Design Power for FX : 0.75 MW 
Expected Power for SX : > 0.1 MW 

Neutrino beam to Kamioka

Material and Life Science Facility

Nuclear and Particle 
Physics Exp. Hall

COMET

COMET実験
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28ビーム増強計画＠PSI

Andreas Knecht

PSI Proton Accelerator HIPA

7

Cockroft-Walton

Injector cyclotron

590 MeV cyclotron  
2.4 mA, 1.4 MW 
50 MHz

To spallation source SINQ

Proton therapy

Spallation source for  
ultracold neutrons  
nEDM experiment

Muon target stations TgM & TgE  
7 beam lines for particle  
physics and materials science TgE

TgM

•High Intensity Muon Beam (HIMB) 計画 

•世界最大強度を誇る現在のPSIのミュー粒子ビームをさらに100倍増強する計画 

•目標：    ⇒    

•2027-2028年に導入予定

𝒪(108) μ+/sec 𝒪(1010) μ+/sec
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28ビーム増強計画＠PSI

Andreas Knecht

PSI Proton Accelerator HIPA

7

Cockroft-Walton

Injector cyclotron

590 MeV cyclotron  
2.4 mA, 1.4 MW 
50 MHz

To spallation source SINQ

Proton therapy

Spallation source for  
ultracold neutrons  
nEDM experiment

Muon target stations TgM & TgE  
7 beam lines for particle  
physics and materials science TgE

TgM

Andreas Knecht

PSI Proton Accelerator HIPA
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Cockroft-Walton

Injector cyclotron

590 MeV cyclotron  
2.4 mA, 1.4 MW 
50 MHz

To spallation source SINQ

Proton therapy

Spallation source for  
ultracold neutrons  
nEDM experiment

Muon target stations TgM & TgE  
7 beam lines for particle  
physics and materials science

HIMB

TATTOOS

•High Intensity Muon Beam (HIMB) 計画 

•世界最大強度を誇る現在のPSIのミュー粒子ビームをさらに100倍増強する計画 

•目標：    ⇒    

•2027-2028年に導入予定

𝒪(108) μ+/sec 𝒪(1010) μ+/sec
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29新 探索実験μ → eγ

•HIMB増強ミュー粒子ビームを使って探索感度 の新しい  実験 

• 発見をより確かなものに 

•新物理をより厳しく検証 

•MEG IIでの の「発見」から、新実験での「測定」へ 

•崩壊分岐比の絶対値 → 新物理のエネルギースケール 

•崩壊角度分布 → 新物理の対称性 

• 以外の物理の可能性

𝒪(10−15) μ → eγ

μ → eγ

μ → eγ

μ → eγ
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•PSIのビーム増強計画 (HiMB計画) 

•ビーム強度が最大100倍！ 

•増強ビームを使った新しい 探索実験実現に向けた研究開発 

•MEG IIとはまったく異なる原理の新実験装置で探索感度を格段に向上 

•MEG IIで発見した を精密測定することが可能。発見から測定へ 

• など 以外の物理も 

•革新的測定器開発の新たな挑戦！

μ → eγ

μ → eγ

μ → eee μ → eγ

30

Magnet 
(2 T)

e+

e+e-

γ30°

e+

e-

γ

e+
108 cm

Active converter 
pair spectrometer
(4 super-layers)

Positron 
spectrometer

μ+ beam 
(3.5×108 s-1)

Muon stopping 
active targets

新 探索実験測定器デザインμ → eγ

将来計画：究極感度の 探索実験μ → eγ
HiMB計画@PSI

新測定器ビーム試験＠KEK
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•レプトン( )に対する相互作用は普遍的＠標準理論 (レプトン普遍性 ) 

•レプトン普遍性が破れていることを示唆する複数の実験結果 → 新物理？ 

•PIONEER実験： パイ中間子の崩壊精密測定でレプトン普遍性を強力に検証 → 新物理探索 

•2022年PSIで実験提案が採択 

•日本グループは最重要測定器である液体キセノン検出器を担当

μ, e, τ ge = gμ = gτ

PIONEER実験

“5D” Active Target (ATAR) & Tracker

25X0 Liquid Xenon Calo

9

Pion 

3π solid angle

3D + time + energy

理論

これまでの実験

本研究 
（0.01%精度）

電子エネルギー（MeV）

π → μν → eνν

π → eν

崩
壊
割
合
（
対
数
軸
）

以前の実験に比べこの低エネルギーテールを大きく削減

×103

Re/μ = π+ → e+νe
π+ → μ+νμ

= ( ge
gμ

me
mμ

m2
π − m2

e
m2π − m2μ )

2

∼ 10−4
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32レプトンフレーバーの破れ探索実験の今後
2024 2025 2026 2027 2028 2029 2030 2031 2032

物理データ取得
物理解析

実験提案(LOI, Proposal)

測定器開発 測定器建設 物理データ取得

測定器開発 測定器建設 物理データ取得
物理解析

MEG II

将来実験

PIONEER

PSIビーム増強 (x100!)

じゅん
物理データ取得Mu3e 物理データ取得

COMET
Mu2e

物理データ取得 物理データ取得
物理データ取得 物理データ取得

Phase I Phase II

Phase I Phase II

加速器増強
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32レプトンフレーバーの破れ探索実験の今後
2024 2025 2026 2027 2028 2029 2030 2031 2032

物理データ取得
物理解析
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PIONEER

PSIビーム増強 (x100!)
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COMET
Mu2e
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物理データ取得 物理データ取得
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PSIでの実験

数年で続々と新しい探索結果が出てくる！ 
もちろん発見の可能性も


