
ミューオンとタウレプトンで超える
標準模型の壁

ミューオン編

KEK素粒⼦原⼦核研究所/J-PARCセンター
三部 勉

1



Muons making headlines

CERNCOURIER
V O L U M E  6 1   N U M B E R  3   M A Y / J U N E  2 0 2 1

CERNCOURIER
May/June 2021  cerncourier.com Reporting on international high-energy physics

MUON g–2
MEASUREMENT OF THE MOMENT 

Laser-cooled antihydrogen

 Flavour anomalies back in the spotlight 

:OOP]ZY�ʭYLWWd�OT^NZaP]PO�

CCMayJun21_Cover_4.indd   1CCMayJun21_Cover_4.indd   1 13/04/2021   11:2813/04/2021   11:28

Welcome to the digital edition of the May/June 2021 issue of CERN Courier.

In April, a keenly awaited measurement from Fermilab strengthened the 
longstanding tension between the measured and predicted values of the  
muon’s anomalous magnetic moment, generating media coverage worldwide 
(p7). Physicists now look forward to further data (p49) and to a deeper 
understanding of the tricky QCD calculations (p25) before weighing up possible 
signs of new physics. 

Meanwhile, in March, a new LHCb measurement of a parameter called RK, which 
compares the rate of certain B-meson decays to muons and electrons, reinforces 
KLQWV�WKDW�OHSWRQ�ÁDYRXU�XQLYHUVDOLW\�PD\�EH�YLRODWHG�LQ�WKH�%�VHFWRU��S�����

Also generating headlines this spring were the discovery of the odderon 50 years 
after its prediction (p8), and the demonstration of laser-cooled antihydrogen by the 
ALPHA collaboration (p9). 

Elsewhere in this issue: upgrades to the beam-intercepting devices at the heart of 
CERN’s accelerator complex (p38); ALICE makes strides towards understanding 
the extreme conditions of the early universe (p31); news from Moriond (p21); 
careers advice from accelerator physicist Suzie Sheehy (p52); assessing the 
economic impact of particle physics (p55); and much more. 

To sign up to the new-issue alert, please visit: 
http://comms.iop.org/k/iop/cerncourier 

To subscribe to the magazine, please visit:  
https://cerncourier.com/p/about-cern-courier

CERN Courier – digital edition
W E L C O M E

WWW.
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E
ver since it turned up unexpectedly in cosmic rays 85 years 

ago, the muon has been a source of intrigue, famously 

prompting Isidor Isaac Rabi to exclaim “Who ordered 

that?” Similar to the electron in all but mass, it was the harbinger 

of a second generation of fermions and arguably marked the 

beginning of modern particle physics. Two results reported 

in this issue show that interest in the muon is far from over. 

Keenly awaited measurements of the muon’s anomalous mag-

netic moment announced by Fermilab on 7 April (p7) reinforce 

the anomaly reported by a previous experiment at Brookhaven 

20 years ago. Currently, theory and experiment, both known 

to a precision of better than one part per million, stand 4.2m 

apart. Meanwhile, a new LHCb measurement of a parameter 

called RK, which compares the rate of certain B-meson decays to 

X`ZY^�LYO�_Z�PWPN_]ZY^��̂ _]PYR_SPY^�STY_^�_SL_�WP[_ZY�ʮLaZ`]�
universality (LFU) is violated in the B sector (p17). The latest RK 

result lies 3.1m�Q]ZX�_SP�>_LYOL]O�8ZOPW��NZY^_T_`_TYR�_SP�ʭ]^_�
^TYRWP�XPL^`]PXPY_�ɭPaTOPYNPɮ�QZ]�71@�aTZWL_TZY��LYO�ʭ__TYR�
L�[L__P]Y�ZQ�ʮLaZ`]�LYZXLWTP^�̂ PPY�Md�73.M�TY�]PNPY_�dPL]^��

Given the many channels studied in particle physics, 3m 

PʬPN_^�NZXP�LYO�RZ�LWW�_SP�_TXP��?SP]P�T^�LW^Z�YZ�a priori rea-

son to expect these particular departures from the Standard 

Model. The RK�LYZXLWd�TYaZWaP^�L�NSLYRP�ZQ�\`L]V�ʮLaZ`]�
whereas g–2 doesn’t, note theorists, and there is no truly 

model-independent connection between them. Scalar lepto-

quarks and new gauge forces have been invoked to explain the 

LYZXLWTP^��LYO�Q`]_SP]�̂ `NS�PʬZ]_^��]P\`T]TYR�aL]dTYR�QPL_^�
of acrobatics, are sure to be uploaded to the arXiv preprint 

server in the coming weeks and months.

Early days

Clearly it is far too soon to tell if something is amiss with 

the muon. But the fact that both anomalies are in the muon 

sector, and that fresh data have caused them to grow rather 

than fade, has generated a buzz in the community, and seen 

particle physicists’ Twitter channels trend with the hashtag 

#CautiouslyExcited. The good news is that more measure-

ments are on the way. 

Muons making headlines

Matthew 
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Editor 

Fermilab is at the very beginning of a campaign that will 

ultimately reduce the muon g–2 uncertainty by a factor of at 

least three, while a completely independent measurement is 

expected from J-PARC in Japan. If something is indeed going 

on with the muon’s g-factor, it will only be natural that interest 

in a wider muon experimental programme is heightened. This 

includes Mu2e at Fermilab, Mu3e and muEDM at PSI, and COMET 

L_�5�;,=.��,�[]Z[Z^PO�Pc[P]TXPY_�L_�.0=9�ɧ�bSP]P�_SP�ʭ]^_�R���
measurements were made 60 years ago (p49) – called MUonE 

aims to precisely determine the leading hadronic contribution 

to the g–2 measurement, while theoretical calculations relevant 

to muon g–2 are an exciting work in progress (p25). 

=PRL]OTYR�_SP�ʮLaZ`]�LYZXLWTP^��QZ]�bSTNS�_SP�LNNZX-

panying theoretical calculations are comparatively much 

cleaner, new LHCb measurements of RK-related observables 

are in development, with LHC Run 3 to bring further statistical 

power. The recently started Belle II experiment at SuperKEKB 

in Japan is also building up a dataset that will provide a crucial 

independent check of the LHCb results in the coming years, 

while CMS and ATLAS are poised to contribute.

One way or another, the current picture should start to come 

into focus towards the middle of the decade, around the time 

when decisions about the next major collider could be taken.

Clearly it is far 

too soon to tell 

if something 

is amiss with 

the muon
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2021年4⽉8⽇のフェルミ国⽴研究所の発表
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• 2021年4⽉8⽇午前0時(⽇本時間)、⽶国フェルミ国⽴研究所（FNAL, フェルミラボ）か
らミューオン異常磁気能率（g-2）の測定結果が全世界に発表された

新しいアイデアによる独⽴実験
⼿法でズレを検証し、

２０年来の未解決問題に終⽌符

素粒⼦標準理論の予測(2020)

2021年4⽉8⽇発表

平均値

(2006)

未解決なズレ
(新物理の兆候？)

J-PARC(2025-)

同じ実験⼿法
主要測定装置を再利⽤

FNAL g-2の結果から分かったこと
(1) 先⾏実験(BNL)の測定結果を再現
(2) 標準理論から誤差の4.2倍⼤きい

（これまでは3.7倍）

4,500回以上引⽤

１７０名からなる理論国際研究グループが発足し、理論値の検
証を行い、従来の理論値が正しいことが示された(2020年6月)。

ミュオン異常磁気能率 aµ= (g-2)/2 



ミュオンg-2の内訳

[x10-10]

QED Hadronic Electroweak 今回再確認された
標準理論で説明で
きない部分

(重要)「標準理論で説明で
きない部分」がElectoweak
の寄与と同程度

4

数値はPhys. Rep. 887 (2020) 1-166による

g-
2へ
の
寄
与



（宣伝）解説記事 KEK素核研トピックス

5

https://www2.kek.jp/ipns/ja/post/2021/04/20210430/ (KEKトップページからもたどれます。)

https://www2.kek.jp/ipns/ja/post/2021/04/20210430/


今後の道筋

6

•道筋１ g-2測定の検証

•道筋２ 標準理論計算の検証・⾼精度化

•道筋３ 新物理の探索



G. Venanzoni,  SIF, 16  Sett 2020AVG

Updated g-2 history (April 8 2021)

Muon G-2 FNAL data
Exp. Average

G. Venanzoni,  CERN Seminar, 8  April  2021
71

ミューオンg-2測定の歴史

実験理論

1979年

2021年

2006年

7



フェルミ国⽴研究所 ミュオンg-2実験(2018-)

8Photo courtesy of Fermilab E989

B= 1.45 T

14m

µ+ (3 GeV)



フェルミ国⽴研究所 ミュオンg-2実験(2018-)

9Photo courtesy of Fermilab E989

B= 1.45 T

14m

µ+ (3 GeV)

Future

TDR
• RUN1 is only 6% of the 

final dataset
• Analysis of RUN2/3 

(expect an 
improvement of a 
factor ~2  in precision)

• RUN4 (November 2020-
July 2021) is expected to 
bring  the statistics  to 
~13 BNL

• RUN5 in 2021-2022 
should allow to achieve 
the x20 BNL project goal

RUN1
RUN2

RUN3

RUN4

RUN5

xBNL

G. Venanzoni,  CERN Colloquium, 8  April  2021
72

今回の結果
(⽬標データ

の6%)

取
得
デ
ー
タ
量



J-PARCの実験
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0.66 m

ミュオン蓄積磁⽯

ミュオン直線加速器

ミュオン冷却

J-PARC 物質・⽣命科学実験施
(MLF)

µ+ (210 MeV)

µ+ (25 meV)

ミュオンg-2とEDMを同時に精密測定

ミュオン
蓄積装置

⼊射BT

µ+
(4 MeV)

冷却・加速による新しいミューオンビームにより
• コンパクトな蓄積磁⽯・検出器(1/20)
• 微弱ビーム収束⼒で蓄積(1/1000)
• ⾼いビーム⼊射効率(x10)

が可能となる。
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4 MeV 25 meV

エミッタンス

共鳴イオン化
レーザー

熱ミューオニウム
⽣成標的

初期加速
収束電極

ミュオン直線加速器

212 MeV

Mu
(µ+e-)

µ+

µ+

表⾯ミュオン
ビームライン

e+

ミュオン蓄積磁⽯

初段加速
低速部再加速

第２段階加速
ミューオン専⽤

第３段階加速
電⼦加速器型

冷却ミュオン源

40 MeV4.5 MeVエネルギー

1π mm mrad1000π

ミュオン⼊射・蓄積装置

これまでの成果
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(a) Muonium production target (b) Muon acceleration to 80 keV (c) Unit module of positron detector

TRIUMF
(2013)

J-PARC
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J-PARC,
Tohoku U
(2019)

(d) Magnetic field probe (NMR)

ANL
(2018)

SNR=33

1.9 ppb
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Beamline construction (2020)

2021年から
運転開始

PTEP 2013,103C01
PTEP 2014,091C01
PTEP 2020,123C01

Prog. Theor. Exp. Phys. 2019, 053C02

PRAB 19, 040101 (2016)
PRAB 21, 050101 (2018)
PRAB 23, 022804 (2020)
PRAB 24, 033403 (2021)

JINST 15 P04027 (2020)
IEEE TNS 67, 2089, 2020

NIMA 890, 51 (2018)
IEEE TAS, 29, 9000904 (2019)

今、BNL+FNALの結果を独⽴に検証できる段階にあるのはJ-PARCだけ︕

設計完了 設計完了
2021年から
試験稼働

電子ビームで

評価中

陽電子飛跡検出器

磁場測定装置

https://ieeexplore.ieee.org/document/9153019


標準理論計算の検証・⾼精度化
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Intro HVP to (g � 2)µ HLbL to (g � 2)µ Conclusions

White Paper (2020): (g � 2)µ, experiment vs SM

Contribution Value ⇥1011

HVP LO (e+e�) 6931(40)
HVP NLO (e+e�) �98.3(7)
HVP NNLO (e+e�) 12.4(1)
HVP LO (lattice , udsc) 7116(184)
HLbL (phenomenology) 92(19)
HLbL NLO (phenomenology) 2(1)
HLbL (lattice, uds) 79(35)
HLbL (phenomenology + lattice) 90(17)

QED 116 584 718.931(104)
Electroweak 153.6(1.0)
HVP (e+e�, LO + NLO + NNLO) 6845(40)
HLbL (phenomenology + lattice + NLO) 92(18)

Total SM Value 116 591 810(43)
Experiment (E821) 116 592 089(63)
Difference: �aµ := aexp

µ � aSM
µ 279(76)

The “white paper”, Phys. Rep. 887, 1 (2020)
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現在の
ボトルネック
将来の

ボトルネック？

The muon g-2 theory initiative formed since 2017

Belle IIの
データが
重要



標準理論計算の検証・⾼精度化
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• ハドロン真空偏極(HVP)計算の現状

-60 -50 -40 -30 -20 -10 0 10 20 30

(aµ
SM-aµ

exp ) x 1010

J17

DHMZ19
KNT19
WP20

BNL+FNAL

Fe
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HVP from:

not used in WP20

BMW17

BDJ19

RBC/UKQCD
data/lattice

PACS19
RBC/UKQCD18

FHM19
Mainz/CLS19
ETM18/19
BMW20
LM20

BMW20

V1
V3 Lattice QCD

橋本さんによる現状の解説
https://feelinquarks.blogspot.com/2021/05/g-
2.html?spref=tw

上記と直接関係ないが
⼼に刺さったツイート

V1àV3で結果が変わった



標準理論計算の検証・⾼精度化
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• ６⽉２８⽇〜７⽉２⽇にKEK主催でバーチャル研究会
https://www-conf.kek.jp/muong-2theory

• g-2実験(Fermilab, J-PARC)の最新状況
• Lattice計算グループ間のクロスチェック状況
• WPのアップデート⽅針

毎晩夜9-12時
（⼀部参加も⼤歓迎です）



ミューオンg-2を起点とした新物理の探索
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ただし、g-2のズレだけからはどれが正しい模型かわからない。
多⾓的なアプローチが必要

→ 時間反転対称性の破れ（EDM）
荷電レプトンフレーバー数⾮保存（cLFV）
レプトン普遍性

IPMU21–0027

KEK–TH–2319

Supersymmetric Interpretation of the Muon g � 2 Anomaly

Motoi Endo,(a,b,c) Koichi Hamaguchi,(c,d) Sho Iwamoto,(e) and Teppei Kitahara(f,g)

(a)KEK Theory Center, IPNS, KEK, Tsukuba, Ibaraki 305–0801, Japan
(b)The Graduate University of Advanced Studies (Sokendai), Tsukuba, Ibaraki 305–0801, Japan
(c)Kavli IPMU (WPI), UTIAS, The University of Tokyo, Kashiwa, Chiba 277–8583, Japan
(d)Department of Physics, The University of Tokyo, Bunkyo-ku, Tokyo 113–0033, Japan
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(f)Institute for Advanced Research, Nagoya University, Nagoya 464–8601, Japan
(g)Kobayashi-Maskawa Institute for the Origin of Particles and the Universe,

Nagoya University, Nagoya 464–8602, Japan

Abstract

The Fermilab Muon g�2 collaboration recently announced the first result of measure-
ment of the muon anomalous magnetic moment (g� 2), which confirmed the previous
result at the Brookhaven National Laboratory and thus the discrepancy with its Stan-
dard Model prediction. We revisit low-scale supersymmetric models that are naturally
capable to solve the muon g�2 anomaly, focusing on two distinct scenarios: chargino-
contribution dominated and pure-bino-contribution dominated scenarios. It is shown
that the slepton pair-production searches have excluded broad parameter spaces for
both two scenarios, but they are not closed yet. For the chargino-dominated scenario,
the models with meµL & me�±

1
are still widely allowed. For the bino-dominated sce-

nario, we find that, although slightly non-trivial, the region with low tan� with heavy
higgsinos is preferred. In the case of universal slepton masses, the low mass regions
with meµ . 230GeV can explain the g � 2 anomaly while satisfying the LHC con-
straints. Furthermore, we checked that the stau-bino coannihilation works properly
to realize the bino thermal relic dark matter. We also investigate heavy staus case for
the bino-dominated scenario, where the parameter region that can explain the muon
g � 2 anomaly is stretched to meµ . 1.3TeV.

Keywords: Muon g � 2, Supersymmetry phenomenology
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Abstract

In the light of the recent result of the Muon g-2 experiment and the update on the test of lepton flavour

universality RK published by the LHCb collaboration, we systematically build and discuss a set of models

with minimal field content that can simultaneously give: (i) a thermal Dark Matter candidate; (ii) large

loop contributions to b ! s`` processes able to address RK and the other B anomalies; (iii) a natural

solution to the muon g � 2 discrepancy through chirally-enhanced contributions.
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Consequences of chirally enhanced explanations of (g � 2)µ for h ! µµ and Z ! µµ

Andreas Crivellin1, 2, 3, ⇤ and Martin Hoferichter4, †

1
CERN Theory Division, CH–1211 Geneva 23, Switzerland

2
Paul Scherrer Institut, CH–5232 Villigen PSI, Switzerland

3
Physik-Institut, Universität Zürich, Winterthurerstrasse 190, CH–8057 Zürich, Switzerland

4
Albert Einstein Center for Fundamental Physics, Institute for Theoretical Physics,

University of Bern, Sidlerstrasse 5, CH–3012 Bern, Switzerland

With the long-standing tension between experiment and Standard-Model (SM) prediction in the
anomalous magnetic moment of the muon aµ recently rea�rmed by the Fermilab experiment, the
crucial question becomes which other observables could be sensitive to the underlying physics beyond
the SM to which aµ may be pointing. While from the e↵ective field theory (EFT) point of view
no direct correlations exist, this changes in specific new physics models. In particular, in the
case of explanations involving heavy new particles above the electroweak (EW) scale with chiral
enhancement, which are preferred to evade exclusion limits from direct searches, correlations with
other observables sensitive to EW symmetry breaking are expected. Such scenarios can be classified
according to the SU(2)L representations and the hypercharges of the new particles. We match the
resulting class of models with heavy new scalars and fermions onto SMEFT and study the resulting
correlations with h ! µµ and Z ! µµ decays, where, via SU(2)L symmetry, the latter process is
related to Z ! ⌫⌫ and modified W–µ–⌫ couplings.

I. INTRODUCTION

The recent release of Run 1 data of the Fermilab Muon
g�2 experiment [1–4] confirms the previous measurement
at Brookhaven National Laboratory [5], leading to a new
combined world average of

aexp
µ

= 116 592 061(41)⇥ 10�11, (1)

which di↵ers from the SM theory prediction [6–33]1

aSM
µ

= 116 591 810(43)⇥ 10�11 (2)

by 4.2�. If this tension indeed signals physics beyond
the SM (BSM), the most pressing challenge becomes un-
raveling its nature. Given that the di↵erence �aµ =
aexp
µ

�aSM
µ

= 251(59)⇥10�11 is even larger than the EW
contribution, aEW

µ
= 153.6(1.0)⇥10�11 [9, 10], any BSM

explanation with new particles needs to invoke some en-
hancement mechanism. A promising class of solutions
achieves this by avoiding a SM-like scaling aBSM

µ
/ m2

µ
,

with the chirality flip originating from a large coupling to
the SM Higgs instead of the small muon Yukawa coupling
in the SM. This chiral enhancement allows for viable so-
lutions for particle masses up to tens of TeV [47–50].

Explicit models that realize this mechanism include
the minimal supersymmetric SM (MSSM), where the
enhancement factor is provided by tan � [51–53], tak-
ing values around 50 [54, 55] in the case of top–bottom

⇤Electronic address: andreas.crivellin@cern.ch
†Electronic address: hoferichter@itp.unibe.ch
1 Some recent developments include Refs. [34–40] for hadronic vac-
uum polarization and Refs. [41–46] for hadronic light-by-light
scattering.

Yukawa coupling unification. For universal supersym-
metry breaking mechanisms the LHC bounds on the su-
persymmetric partners are already so stringent that this
enhancement [56–58] is insu�cient to explain aµ, but
less minimal scenarios can still work [59]. Next, lepto-
quark (LQ) models can even display an enhancement
factor of mt/mµ ⇡ 1700 [60–68], allowing for a TeV-
scale explanation with perturbative couplings that evades
direct LHC searches and might even explain the other
anomalies pointing towards lepton flavor universality vi-
olation. Other models in which chiral enhancement may
be present include composite or extra-dimensional mod-
els [69–71], models with two Higgs doublets [72–74], or
Z 0 models with ⌧µ couplings [75].

In this work, we study the question which correla-
tions exist with other processes, specifically h ! µµ and
Z ! µµ decays, if indeed such a BSM scenario with
chiral enhancement is realized. For this purpose, we con-
sider a class of models with new scalars and fermions that
display the minimal features to implement the chiral en-
hancement, allowing for a wide range of SU(2)L repre-
sentations and hypercharges. As a first step we match
these models onto the relevant set of dimension-6 e↵ec-
tive operators in SMEFT [76, 77], based on which corre-
lations have been pointed out in Refs. [78–80]. However,
this assumes that only a single or a few Wilson coe�-
cient are non-zero at the matching scale, while if the full
set of possible initial conditions is taken into account,
the size of the SMEFT parameter space is not reduced.
The identification of correlations beyond SMEFT rela-
tions originating from SU(2)L invariance is only possi-
ble with additional assumptions, such as implemented in
simplified models.

In order to achieve chiral enhancement in aµ with new
particles in the loop, at least three fields (two scalars and
one fermion or two fermions and one scalar) are needed,
some of which, as, e.g., in LQ models, can be taken from
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Wino-Higgsino dark matter in MSSM from the g � 2
anomaly

Sho Iwamoto(a), Tsutomu T. Yanagida(b,c) and Norimi Yokozaki(d)
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Kavli IPMU (WPI), UTIAS, The University of Tokyo, 5–1–5 Kashiwanoha, Kashiwa, Chiba

277–8583, Japan

(d)
Zhejiang Institute of Modern Physics and Department of Physics, Zhejiang University,

Hangzhou, Zhejiang 310027, China

Abstract

In this letter, we show that the wino-Higgsino dark matter (DM) is de-
tectable in near future DM direct detection experiments for almost all con-
sistent parameter space in the spontaneously broken supergravity (SUGRA)
if the muon g � 2 anomaly is explained by the wino-Higgsino loop diagrams.
We also point out that the present and future LHC experiments can exclude
or confirm this SUGRA explanation of the observed muon g � 2 anomaly.
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Challenges for an axion explanation of the muon

g � 2 measurement

Manuel A. Buen-Abad,a JiJi Fan,a,b Matthew Reece,c Chen Sund

a
Department of Physics, Brown University, Providence, RI, 02912, USA

b
Department of Physics and Brown Theoretical Physics Center, Brown University, Providence, RI,

02912, U.S.A.

c
Department of Physics, Harvard University, Cambridge, MA, 02138, U.S.A

d
School of Physics and Astronomy, Tel-Aviv University, Tel-Aviv 69978, Israel

E-mail: manuel buen-abad@brown.edu, jiji fan@brown.edu,

mreece@g.harvard.edu, chensun@mail.tau.ac.il

Abstract: The discrepancy between the muon g � 2 measurement and the Standard

Model prediction points to new physics around or below the weak scale. It is tantalizing

to consider the loop e↵ects of a heavy axion (in the general sense, also known as an axion-

like particle) coupling to leptons and photons as an explanation for this discrepancy. We

provide an updated analysis of the necessary couplings, including two-loop contributions,

and find that the new physics operators point to an axion decay constant on the order of

10s of GeV. This poses major problems for such an explanation, as the axion couplings

to leptons and photons must be generated at low scales. We outline some possibilities for

how such couplings can arise, and find that these scenarios predict new charged matter at

or below the weak scale and new scalars can mix with the Higgs boson, raising numerous

phenomenological challenges. These scenarios also all predict additional contributions to

the muon g�2 itself, calling the initial application of the axion e↵ective theory into question.

We conclude that there is little reason to favor an axion explanation of the muon g � 2

measurement relative to other models postulating new weak-scale matter.
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Muon g � 2 in two-Higgs-doublet model with type-II seesaw

mechanism

Chuan-Hung Chen,1, 2, ⇤ Cheng-Wei Chiang,3, 2, † and Takaaki Nomura4, ‡

1Department of Physics, National Cheng-Kung University, Tainan 70101, Taiwan

2Physics Division, National Center for Theoretical Sciences, Taipei 10617, Taiwan

3Department of Physics, National Taiwan University, Taipei 10617, Taiwan

4College of Physics, Sichuan University, Chengdu 610065, China

(Dated: April 13, 2021)

Abstract

We study the two-Higgs-doublet model with type-II seesaw mechanism. In view of constraints

from the Higgs data, we consider the aligned two-Higgs-doublet scheme and its e↵ects on muon

anomalous magnetic dipole moment, aµ, including both one-loop and two-loop Barr-Zee type dia-

grams. Thanks to a sizable trilinear scalar coupling, the Barr-Zee type diagrams mediated by the

Higgs triplet fields have a dominant e↵ect on aµ. In particular, unlike the usual two-Higgs-doublet

models that require exotic Higgs bosons light in mass, the masses of the corresponding particles in

the model are of O(100) GeV. The doubly-charged Higgs boson presents a di↵erent decay pattern

from the usual Higgs triplet model and thus calls for a new collider search strategy, such as multi-⌧

searches at the LHC.

⇤e-mail: physchen@mail.ncku.edu.tw
†e-mail: chengwei@phys.ntu.edu.tw
‡Electronic address: nomura@scu.edu.cn
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Implications of the Muon g-2 result on the

flavour structure of the lepton mass matrix
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! Laboratory of High Energy and Computational Physics, NICPB, Rävala 10, 10143 Tallinn, Estonia
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Abstract

The confirmation of the discrepancy with the Standard Model predictions in the anoma-

lous magnetic moment by the Muon g-2 experiment at Fermilab points to a low scale

of new physics. Flavour symmetries broken at low energies can account for this discrep-

ancy but these models are much more restricted, as they would also generate off-diagonal

entries in the dipole moment matrix. Therefore, in these theories, lepton flavour violat-

ing processes can constrain the structure of the lepton mass matrices and therefore the

flavour symmetries themselves predicting these structures. We apply these ideas to sev-

eral discrete flavour symmetries popular in the leptonic sector, such as ∆(27), A4, and

A5 ! CP.

1calibbi@nankai.edu.cn
2maloi2@uv.es
3aurora.melis@uv.es
4oscar.vives@uv.es
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4⽉8⽇の発表から数⽇で約７０本の理論論⽂が投稿された。⼤き
く６種類のカテゴリに分類可能（名古屋⼤・北原⽒による解説を参
照のこと）

北原鉄平 (名古屋大学 高等研究院/KMI): 高エネルギー将来計画委員会:第9回勉強会, 2021.4.22, オンライン
Precision measurement で探る新物理

/ 499

New physics interpretations 

NP type diagrams mass range probe

Supersymmtery 200～500 GeV

Scalar extensions
20～100 GeV, 

 150～250 GeV

Axion-like particle 40 MeV～6 GeV

Leptoquark 1.5～2 TeV

U(1) μ-τ 10～200 MeV

Vector-like lepton < 7 TeV

[Refs: Athron et al, 2104.03691; Buen-Abad et al, 2104.03267; 

Krnjaic et al, 1902.07715; Dermisek et al, 2103.05645]
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O(10 TeV)以下の領域に新粒⼦を⽰唆
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超対称性理論の例

宇宙論で排除

新物理のg-2への寄与

結合強さ 未知粒⼦質量

理論の選択性

BNL + FNAL

aµ(new) ⇠ g2new

✓
mµ

mnew

◆2

<latexit sha1_base64="kkkQrWJq4qlzEXR1MdDXQpaJRZc="></latexit>

aµ(new)= 5x10-1010
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20 LHC実験で排除 LHC実験
探索可能

暗⿊
物質

説明
可能

強結合・重い新粒⼦
例：超対称性理論、

複合ヒッグス、
Z’、レプトクォーク

弱結合・軽い新粒⼦
例：アクシオン様粒⼦、

暗⿊光⼦



新物理シナリオ
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K. Tobe, cLFV 2016
Process typical value observability

muon g-2 �aµ = (2.6 ± 0.8) ⇥ 10�9 (input)

⌧ ! µ� BR  10�9 �

⌧ ! e� small ⇥

⌧ ! µl
+
l
� (l = e, µ) depends on ⇢

µµ
e and ⇢

ee
e (�)

⌧
� ! e

�
l
+
l
�
, e

�
µ
+
e
�
, µ

�
e
+
µ
� small ⇥

⌧ ! µ⌘ depends on ⇢
ss

d
(�)

⌧ ! µ⌫⌫̄ �  10�3, lepton non-universality 4

⌧ ! e⌫⌫̄ small, lepton non-universality 4

µ ! e� depends on ⇢
⌧e(e⌧)
e and ⇢

µe(eµ)
e (�)

µ � e conversion depends on ⇢
µe(eµ)
e and ⇢

ij

d,u
(�)

µ ! 3e BR  10�13 (�)

muon EDM |�dµ|  10�22
e · cm (�)

electron g-2 small ⇥

LFV Higgs decay mode BR

h ! µ⌧ BR = (0.84+0.39
�0.37)% (input)

h ! e⌧ small ⇥

h ! eµ small ⇥

TABLE I: Observalilities in various processes are summarized. If there is an observability

in the planning experiments without introducing unknown Yukawa couplings ⇢f other

than ⇢
µ⌧ (⌧µ)
e , the circle mark “�” is shown. If there is an observability, but it depends

on unknown Yukawa couplings (other than ⇢
µ⌧ (⌧µ)
e ), “(�)” is indicated. If there is an

observability when the (currently unknown) experimental improvement is achieved, the

triangle mark “4” is shown. If the event rate is expected to be too small to be observed,

“⇥” is shown.

[arXiv:1207.7235 [hep-ex]].

[3] J. D. Bjorken and S. Weinberg, “A Mechanism for Nonconservation of Muon Num-

ber,” Phys. Rev. Lett. 38, 622 (1977).

[4] S. L. Glashow and S. Weinberg, “Natural Conservation Laws for Neutral Currents,”

27

2HDMの場合



g-2 と EDM

+

-

異常磁気双極⼦能率
(g-2)

電気双極⼦能率
(EDM)

双極⼦能率を複素数表⽰
したときの実部と虚部の関係

時間反転対称性
を破る

時間反転対称性
を保つ

電荷“磁荷”

今回、標準理論
からのズレが
再確認された

19



20Muon EDM
EDMµ vs g-2µ (model independent relation)

A. Crivellin et al.
PRD 98, 113002 (2018)

実
部
と
虚
部
の
偏
角

J-PARC
(FNAL?)

g-2のズレ（新物理が⽰す⼤きさと仮定）

現在の上限値
EDMµ = dµ < 10-19 e/cm (BNL E821)

虚部（EDM）
が大きい

虚部（EDM）
が小さい

虚部（EDM）
が実部と
同程度

PSI(計画中)

J-PARC
（将来）？



Muon cLFV : motivations

21

荷電レプトン数の⾮保存過程の探索

• g-2に関連する新物理の掘り下げ
• O(10 TeV)以下の領域
• 新物理のフレーバー構造

• g-2に新物理がない場合でも重要
• 1,000 TeV 以上のエネルギースケールに

アクセス可能（右図）

Contact termの割合

エ
ネ
ル
ギ
ー
ス
ケ
ー
ル



Muon cLFV : SUSY-GUT, SUSY-Seesaw

22

cLFV

@ Planck mass scale

SUSY-GUT
Yukawa interaction SUSY Seesaw Model

Neutrino Yukawa interaction

CKM matrix PMNS matrix

L.J.Hall,V.Kostelecky,S.Raby,1986;A.Masiero, F.Borzumati, 1986

( )
sR

GUT
iii M

MUUhAm ln
8

3~m 2
*
1

2
2

2
0

2
0

21
2
L~ p

+( )
sR

GUT
tstdt M

MVVhAm ln
8

3~m *2
2

2
0

2
0

21
2
L~ p

+

⾮対⾓成分

スレプトン
質量⾏列

対⾓成分
実部：g-2
虚部：EDM

三原（2010）を改編



Muon cLFV : history

~6 x 10-14

few x 10-17

1 x 10-16



MEG II

5

Positron 
(e+) 

Gamma-ray (γ) Muon (µ+) 

Downstream Upstream 

Liquid Xenon γ Detector

MEG II Experiment

Radiative Decay 
 Counter

Cylindrical Drift Chamber

COBRA SC Magnet

Pixelated Timing Counter

7x107/s

30ps resolution w/ multiple hits

Single volume He:iC4H10  
small stereo cells, more hits

Further reduction
of radiative BG

900L LXe, 4092 MPPCs + 668 PMTs
Better uniformity w/ VUV-sensitive
12x12mm2 SiPM

×2 resolution everywhere

×2 efficiency

×2 beam 
intensity

24

岩本 (JPS 2021.3)



MEG II

25

⼩川 (JPS 2020.9)

MEGII: The upgraded LXe calorimeter

2’’ PMT 
× 216� 12x12mm2  

MPPC × 4096�
21

New

Detector commissioning: Data

MC simulation

Summary
• All the MEG II detectors were tested under MEG II intensity


• The full electronics will be produced in March 2021


• PSI accelerator beam time in 2021 is decided, and we will concentrate on 
each sub-detector preparation for full electronics, and performing 
engineering run followed by physics run. 


• There are several issues from each sub-detector for the physics run, but 
we will try to solve these problems to start the MEG II experiment this year

16

岩本 (JPS 2021.3)



COMET

26

The COMET experiment
• Stage phase approach: Phase I and Phase II

51

COMET phase IICOMET phase I

• Target S.E.S. 2.6×10-17

• 8GeV Pulsed proton beam at J-PARC
• Staging approach

• Phase-I 8GeV-3.2kW, < 10-14

• Phase-II 8GeV-56kW, < 10-16

（コメント）g-2/EDM実験と別施設のため
⼀緒に⾛れる



COMET

27

As of Feb. 2021ハドロン実験施設南実験棟に建設されたCOMET実験エリア



COMET

28パイオン捕獲ソレノイド

CyDet (phase I検出器)

StrECal⽤straw chamber (phase II検出器)



Mu2e at FNAL

29

• 現在建設進⾏中
• 2025年からデータ収集予定
• g-2実験とexclusive

輸送ソレノイド(TS)
Fermilab news Nov. 2020



The Mu3e experiment: R&D completed. Prototyping phase

Mupix detector

Fibre hodoscope

70 ps resolution 
w/ single hit 

 < 500 ps resolution 
w/ multi hits 
thickness: < 0.3% X0 

Tracking, integrate sensor and readout in 
the same device: 50 um thick 
1 layer: ~ 0.1% X0  

Superconducting 
solenoid Magnet 

Homogeneous field 
1T

Tile detector

Full available beam 
intensity 
O(108)

Muon Beam and 
target

MIDAS DAQ and Slow 
Control 

Run, history, alarms, HV 
etc.

27

Mu3e at PSI

30

A. Papa (TIPP 2021)



Mu3e

31

Most recent News

44

• Mu3e Magnet (Cryogenic) delivered at PSI in summer 2020 
• CMBL installed in piE5 area 
• Beam Line commissioning with all elements just started (few days ago) 
• Slice detector commissioning will follow next weeks

A. Papa (TIPP 2021)



DeeMe
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• 探索事象：単⾊エネルギー遅
延電⼦ (105 MeV, ~1 μs遅延)

• 場所：J-PARC MLF H-Line
• ⽅法

• π中間⼦⽣成，π→μν崩壊，
ミュオニック原⼦⽣成を１つ
の同じ標的内で⾏う．

• μ→e転換からの単⾊エネル
ギー電⼦をビームラインで輸
送し，磁気スペクトロメー
ターで検出．

パルス陽⼦ビーム

トラッキング検出器
（４台のMWPC）

ダイポール
電磁⽯
（0.4T）

新しく建設されたMLF H-line

⼭本(JPS 2021.3)

⽬標感度(SES)：1 x 10-13 (C)
2 x 10-14 (SiC)(データ取得：2x107秒)
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g-2 and muonium experiments

g-2

Mu HFS Mu 1S-2S
mµ

µµ mµ

⌫34 � ⌫12 / µµ

µp
<latexit sha1_base64="y2p4JW4y0ZVtmmQwLgmQkDrttQs="></latexit>

g-2
aµ =

!a
!p

!a
!p

� µµ

µp
<latexit sha1_base64="iJ/tSH4jPoXcobZRldwEJQsLKLA="></latexit>

aµ =
!a

!p

µp

µe

mµ

me

ge
2

<latexit sha1_base64="kb/lJy5V+BtpBlKG0BxuhMVZqAU="></latexit>

8 ppb 0.3 ppt120 ppb120 ppb

MuSEUM(J-PARC) Mu-MASS(PSI), new exp.(J-PARC)

Fermilab E989
J-PARC E34 (this experiment)

muonium muonium

Three quantities are mutually correlated.
Closing a triangle with new experiments will establish ultimate precision.
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g-2 and muonium experiments

g-2

Mu HFS Mu 1S-2S

g-2

MuSEUM(J-PARC) Mu-MASS(PSI), new exp.(J-PARC)

Fermilab E989
J-PARC g-2/EDM (2025~)

at J-PARC

Lead by S. Uetake (Okayama)

Lead by K. Shimomura (IMSS/KEK)

Ongoing

In preparation
Three independent experiments 
have launched at J-PARC for 
improved measurements.

Po
sit

ro
n d

et
ec

to
r

M
uonium

 production

target



まとめ
• フェルミ国⽴研究所のミューオンg-2測定の結果発表により２０年前の

結果が再確認された。素粒⼦標準模型の綻びが⾒えたかもしれない。
• 今、ミューオンを⽤いた新しい素粒⼦実験が次々と始っている。

35

MuSEUM
Mu1S-2S (J-PARC, PSI)

Muonium


