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Magnetic dipole moment (g-2)

Definition of “spin g-factor”
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Equation of motion

tree level “F1(0)” radiative corrections “F2(0)”
a` =

g` � 2

2
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g-2 : 

spin—magnetic interaction 
rest frame

spin g-factor

observable
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The muon g-2

Theory (four g-2 contributions)

QED EW Hadronic vacuum 
polarization (HVP)

Hadronic light-
by-light (HLbL)

4-loop analytic 2-loop analytic
Phenomenological

Lattice

Pheno.

Lattice

Exp.

BNL ’97-‘01

FNAL Run4 
was done
J-PARC 

near future

Problematic

5-loop numeric
small disagreement here 



 Current situation of muon g-2
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175 180 185 190 195 200 205 210 215

Exp data
BNL g-2

FNAL g-2

Average
theory (SM)

White Paper

HVP by BMW
4.2σ

1.5σ

(Run1, 2021)

(2006)

The latest lattice result for 
HVP significantly reduces 
tension [BMW, Nature '21]

The BNL data was 
checked

Problematic

This leads to other tensions

4.2σ

[Endo, Iwamoto, TK, High Energy News, 2021]
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Status of HVP (1/2) 　 .
[Keshavarzi, Marciano, Passera, Sirlin, 2006.12666]

EW fit could be no problem, only when the 
low energy region of  
( ) are modified by unknown 
QCD.

e+e− → hadrons
s ≲ 0.7 GeV

H
ig

gs
 m

as
s

s

Logical possibility: is there unknown QCD 
contribution to HVP?

This possibility is severely constrained by 
the electroweak (EW) fit (right figure)

OK

125GeV Higgs 
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Focus on  e+e− → hadrons s ≲ 0.7 GeV

Status of HVP (2/2) 　 .

then there is additional tension:

8% change of  resonance (             ), 
or

4% change of  (             ). 

e+e− → ρ

e+e− → 2π data

Updated lattice (RBC-UKQCD) will be 
presented near future.

But, data fit has only 1% error [Keshavarzi, 
Nomura, Teubner, 1911.00367]

[Colangelo, Hoferichter, Stoffer, 2010.07943]

data fit

When one considers that the lattice value 
can be explained by the unknown QCD 
effects ( ), s ≲ 0.7 GeV

7

Updated data will be provided by 
Belle II experiment.
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MUonE experiment　　ああ
The MUonE experiment at CERN can directly and precisely prove HVP [MUonE collaboration, 2004.13663]


Use  elastic scattering  


Test run was approved for 2021.

μ± + fixed e− → μ±e−

[Passera, KEK-PH2021]

By using 3 years data, statistical sensitivity is

 (curent tension is )


For theoretical uncertainties, NLO corrections were 
ready and NNLO is close to completion.

0.3 % on aHVP−LO
μ 2 % on aHVP−LO

μ

e−

μ± μ±

e−

HVP MUonE process
[Budassi et al., 2109.14606] 
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Naive NP energy scale (1/2)

Muon g-2 anomaly implies that NP mass scale is around the electroweak scale.

QED EW Hadronic vacuum 
polarization (HVP)

Hadronic light-
by-light (HLbL)

+

NP

9

�aµ ⌘ aBNL+FNAL
µ � aSMµ = (25.1± 5.9)⇥ 10�10 (4.2�)
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MNP ⇠ gNP ⇥ 150GeV
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Naive NP energy scale (2/2)

NP scale  is determined by size of the NP couplings to muon 


Large  by certain mechanisms (e.g., “  enhancement”, chiral enhancement) 


→ TeV scale NP models   (e.g., Supersymmetry)


Small  (e.g., )


→ MeV scale NP models

MNP gNP

gNP tan β

gNP g ∼ 10−3

MNP ⇠ gNP ⇥ 150GeV
<latexit sha1_base64="jtKQFKSzsn0yZvnqq93bKb8q+eo=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgupCRV0WXRhW6UCvYBTQiT6aQdOpOEmYlQQn7Djb/ixoUiLnXl3zhNs6itBwbOPede7tzjx4xKZVk/xsLi0vLKammtvL6xubVt7uy2ZJQITJo4YpHo+EgSRkPSVFQx0okFQdxnpO0Pr8Z++5EISaPwQY1i4nLUD2lAMVJa8kzr1ksdweFdI4OOpBz2p2pFOZHQPrOc41y8Jq3MMytW1coB54ldkAoo0PDML6cX4YSTUGGGpOzaVqzcFAlFMSNZ2UkkiREeoj7pahoivdNN88syeKiVHgwioV+oYK5OT6SISznivu7kSA3krDcW//O6iQou3JSGcaJIiCeLgoRBFcFxTLBHBcGKjTRBWFD9V4gHSCCsdJhlHYI9e/I8adWq9km1dn9aqV8WcZTAPjgAR8AG56AObkADNAEGT+AFvIF349l4NT6Mz0nrglHM7IE/ML5/AeX1nvk=</latexit>

muon g-2 anomaly 

10

Point: MeV scale NP search is difficult at the LHC 　　
aaaaaabecause of so much QCD background noise



New physics models

https://publicdomainq.net/
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New physics interpretations 

NP type diagrams mass range probe

Supersymmtery 200～500 GeV

Leptoquark 1.5～2.1 TeV

Vector-like lepton 100 GeV～1 TeV

Scalar extensions
10～100 GeV (A),


 150～300 GeV (H)

Axion-like particle 40 MeV～200 GeV

U(1) Lμ-Lτ 10～200 MeV

e�0
2e�±

1 !
�
h�̃0

1

� �
W±�̃0

1

�
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See [Endo, Iwamoto, TK, High Energy News, 2021] for details
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New physics interpretations 

NP type diagrams mass range probe

Supersymmtery 200～500 GeV

Leptoquark 1.5～2.1 TeV

Vector-like lepton 100 GeV～1 TeV

Scalar extensions
10～100 GeV (A),


 150～300 GeV (H)

Axion-like particle 40 MeV～200 GeV

U(1) Lμ-Lτ 10～200 MeV

e�0
2e�±

1 !
�
h�̃0

1

� �
W±�̃0

1

�
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e+e� ! µ+µ�Z 0
<latexit sha1_base64="RnaxPByPqvNPjDFIaTqoAs2N9K8=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARhdIyUwVdFt24rGAf2JmWTHrbhiYzQ5IRSqkbf8WNC0Xc+hfu/BvTx0JbDyQczrmX5Jwg5kxpx/m2UkvLK6tr6fXMxubW9o69u1dVUSIpVGjEI1kPiALOQqhopjnUYwlEBBxqQf967NceQCoWhXd6EIMvSDdkHUaJNlLLPoBmDkMz7+kIeyJp5sZXHt+ftOysU3AmwIvEnZEsmqHcsr+8dkQTAaGmnCjVcJ1Y+0MiNaMcRhkvURAT2iddaBgaEgHKH04SjPCxUdq4E0lzQo0n6u+NIRFKDURgJgXRPTXvjcX/vEaiO5f+kIVxoiGk04c6Cccm7rgO3GYSqOYDQwiVzPwV0x6RhGpTWsaU4M5HXiTVYsE9KxRvz7Olq1kdaXSIjtApctEFKqEbVEYVRNEjekav6M16sl6sd+tjOpqyZjv76A+szx/JsZUt</latexit>

pp ! HA ! 4⌧
<latexit sha1_base64="oBVyllDTjmIzgHjWwYumkfLPwBU=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJWZWtBl1U2XFewD2qFk0kwbmskMSUYoQ8FfceNCEbd+hzv/xnQ6C209kORwzr3k3uPHnCntON9WYW19Y3OruF3a2d3bP7APj9oqSiShLRLxSHZ9rChngrY005x2Y0lx6HPa8Sd3c7/zSKVikXjQ05h6IR4JFjCCtZEG9kmMYtTXEWrcZE/N3DgZ2GWn4mRAq8TNSRlyNAf2V38YkSSkQhOOleq5Tqy9FEvNCKezUj9RNMZkgke0Z6jAIVVemo0/Q+dGGaIgkuYIjTL1d0eKQ6WmoW8qQ6zHatmbi/95vUQH117KRJxoKsjioyDhyOw5zwINmaRE86khmEhmZkVkjCUm2iRWMiG4yyuvkna14l5Wqve1cv02j6MIp3AGF+DCFdShAU1oAYEUnuEV3qwn68V6tz4WpQUr7zmGP7A+fwCo+JQC</latexit>

e+e� ! �a ! 3�
<latexit sha1_base64="XbQ2qKiNzyOsl92+oEa96AWXGbU=">AAACCnicbVDJSgNBEO2JW4xb1KOX1iAIYphJBD0GvXiMYBbIRk2nkjTpnhm6e4QQcvbir3jxoIhXv8Cbf2NnETTxQcOr96qorudHgmvjul9OYml5ZXUtuZ7a2Nza3knv7pV1GCuGJRaKUFV90Ch4gCXDjcBqpBCkL7Di96/HfuUeleZhcGcGETYkdAPe4QyMlVrpQ2yeYvOM1k1I612QEihMivxP2Upn3Kw7AV0k3oxkyAzFVvqz3g5ZLDEwTIDWNc+NTGMIynAmcJSqxxojYH3oYs3SACTqxnByyogeW6VNO6GyLzB0ov6eGILUeiB92ynB9PS8Nxb/82qx6Vw2hjyIYoMBmy7qxILaU8e50DZXyIwYWAJMcftXynqggBmbXsqG4M2fvEjKuayXz+ZuzzOFq1kcSXJAjsgJ8cgFKZAbUiQlwsgDeSIv5NV5dJ6dN+d92ppwZjP75A+cj2/1sZiH</latexit>

pp ! LQLQ
<latexit sha1_base64="MOKgMRYgiVumwWytpdpq61uuwoM=">AAACC3icbVBLSwMxGMzWV62vVY9egkXwVHaroMeiFw8eWrAP6C4lm2bb0GQTkqxQlt69+Fe8eFDEq3/Am//GtF1BWwcCw3zzJZmJJKPaeN6XU1hZXVvfKG6WtrZ3dvfc/YOWFqnCpIkFE6oTIU0YTUjTUMNIRyqCeMRIOxpdT+fte6I0FcmdGUsScjRIaEwxMlbquccSShgYAbNAcXjbmATC2qe3/Qiw55a9ijcDXCZ+TsogR73nfgZ9gVNOEoMZ0rrre9KEGVKGYkYmpSDVRCI8QgPStTRBnOgwm2WZwBOr9GEslD2JgTP190aGuNZjHlknR2aoF2dT8b9ZNzXxZZjRRKaGJHj+UJwyaLNPi4F9qgg2bGwJworav0I8RAphY+sr2RL8xcjLpFWt+GeVauO8XLvK6yiCI3AMToEPLkAN3IA6aAIMHsATeAGvzqPz7Lw573Nrwcl3DsEfOB/fydyaQg==</latexit>

Z ! µ+µ�
<latexit sha1_base64="0AWDzWrG1tWkr9I2h15W7BPI8jE=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIsgiGWmCrosunFZwT6wM5ZMmmlDk8yQZJQy9lPcuFDErV/izr8xnc5CWw8kHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2OXdlooSiUkTRyySnQApwqggTU01I51YEsQDRtrB6Grqtx+IVDQSt3ocE5+jgaAhxUgbqWeX76CnI+jx5P44+096dsWpOhngInFzUgE5Gj37y+tHOOFEaMyQUl3XibWfIqkpZmRS8hJFYoRHaEC6hgrEifLTbPUJPDRKH4aRNE9omKm/O1LElRrzwFRypIdq3puK/3ndRIcXfkpFnGgi8GxQmDBojp3mAPtUEqzZ2BCEJTW7QjxEEmFt0iqZENz5kxdJq1Z1T6u1m7NK/TKPowj2wQE4Ai44B3VwDRqgCTB4BM/gFbxZT9aL9W59zEoLVt6zB/7A+vwBiVuS4g==</latexit>

Z ! µ+µ�
<latexit sha1_base64="0AWDzWrG1tWkr9I2h15W7BPI8jE=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIsgiGWmCrosunFZwT6wM5ZMmmlDk8yQZJQy9lPcuFDErV/izr8xnc5CWw8kHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2OXdlooSiUkTRyySnQApwqggTU01I51YEsQDRtrB6Grqtx+IVDQSt3ocE5+jgaAhxUgbqWeX76CnI+jx5P44+096dsWpOhngInFzUgE5Gj37y+tHOOFEaMyQUl3XibWfIqkpZmRS8hJFYoRHaEC6hgrEifLTbPUJPDRKH4aRNE9omKm/O1LElRrzwFRypIdq3puK/3ndRIcXfkpFnGgi8GxQmDBojp3mAPtUEqzZ2BCEJTW7QjxEEmFt0iqZENz5kxdJq1Z1T6u1m7NK/TKPowj2wQE4Ai44B3VwDRqgCTB4BM/gFbxZT9aL9W59zEoLVt6zB/7A+vwBiVuS4g==</latexit>

h ! µ+µ�
<latexit sha1_base64="ryNthdFEmvfJpRokE2/554LApGw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiCWJIqtt0V3bisYB/QGUsmTdvQZGZIMoUy9E/cuFDErX/izr8x01ZQ0QMJh3Pu5d57glhwbRD6cJaWV1bX1nMb+c2t7Z1dd2+/qaNEUdagkYhUOyCaCR6yhuFGsHasGJGBYK1gdJ35rTFTmkfhnZnEzJdkEPI+p8RYqeu6Q+iZCHoyuT/NvrOuW0BFhBDGGGYEly+RJdVqpYQrEGeWRQEsUO+6714voolkoaGCaN3BKDZ+SpThVLBp3ks0iwkdkQHrWBoSybSfzjafwmOr9GA/UvaFBs7U7x0pkVpPZGArJTFD/dvLxL+8TmL6FT/lYZwYFtL5oH4ioL01iwH2uGLUiIklhCpud4V0SBShxoaVtyF8XQr/J81SEZ8XS7cXhdrVIo4cOARH4ARgUAY1cAPqoAEoGIMH8ASendR5dF6c13npkrPoOQA/4Lx9ApJ6kvw=</latexit>

K ! µ⌫Z 0, µe ! µeZ 0
<latexit sha1_base64="j2PhCpA15VURTvSSRQuBnHFgN4A="></latexit>

See [Endo, Iwamoto, TK, High Energy News, 2021] for details
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Many motivations: gauge hierarchy 

problem, gauge coupling unification, 

and dark matter 


Under SUSY, slepton/squark (s=0), 

gaugino (s=1/2), and higgsino (s=1/2) 

are required

14

Supersymmetry (SUSY)

https://ific.uv.es/sct/physics_susy

SUSY = symmetry between fermion and boson

SM

SUSY
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Supersymmetric (SUSY) Interpretation

Crucial: SM owns one Higgs-doublet, while the minimal SUSY requires two Higgs/Higgsino-doublet 

← Holomorphy of superpotential and gauge anomaly cancelation 


So, the electroweak symmetry breaking must occur by two Higgs VEVs


Then,   is a free parameter, where tan β ≡ vu/vd vSM = v2
u + v2

d

✓
H

+

v +H
0

◆

SM
<latexit sha1_base64="o/pJYCDM6w5MhAmHJxw+l0PCyaQ=">AAACG3icbVDLSgNBEJz1GddX1KOXwSAIgbAbBT0GvMSDENE8IJuE2UknGTI7u8zMBsOS//Dir3jxoIgnwYN/4+SBaGJBQ1HVTXeXH3GmtON8WUvLK6tr66kNe3Nre2c3vbdfUWEsKZRpyENZ84kCzgSUNdMcapEEEvgcqn7/cuxXByAVC8WdHkbQCEhXsA6jRBuplc57PnSZSKKAaMnuR3axmfU8e5AtNh3bA9H+cVqJJwN8ez1qpTNOzpkALxJ3RjJohlIr/eG1QxoHIDTlRKm660S6kRCpGeUwsr1YQURon3ShbqggAahGMvlthI+N0sadUJoSGk/U3xMJCZQaBr7pNIf21Lw3Fv/z6rHuXDQSJqJYg6DTRZ2YYx3icVC4zSRQzYeGECqZuRXTHpGEahOnbUJw519eJJV8zj3N5W/OMoWrWRwpdIiO0Aly0TkqoCIqoTKi6AE9oRf0aj1az9ab9T5tXbJmMwfoD6zPb2K0oQg=</latexit>

✓
H

+
u

vu +H
0
u

◆
,

✓
vd +H

0
d

H
�

◆

SUSY
<latexit sha1_base64="JOiszS5PO2mE+gNQqFHHQQ0soOo="></latexit>

+ two Higgsino doublets
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“  enhancement”tan β

“  enhancement” stems from the muon-Yukawa interaction


When  , the SUSY muon Yukawa is enhanced by 

tan β

vd ≪ v = v2
u + v2

d ↔ tan β ≫ 1 tan β ∼ 𝒪(10)

mµ = ySMµ v
<latexit sha1_base64="J2ZgS5qwr59hGtEhHZodhEAZkSU=">AAACBXicbZDNSsNAFIUn9a/Wv6hLXQwWwVVJqqAboejGjVDRtkITw2Q6aYfOJGFmUgghGze+ihsXirj1Hdz5Nk7bLLT1wMDHufdy5x4/ZlQqy/o2SguLS8sr5dXK2vrG5pa5vdOWUSIwaeGIReLeR5IwGpKWooqR+1gQxH1GOv7wclzvjIiQNArvVBoTl6N+SAOKkdKWZ+5zL3N4ksNzmE7pIXMEh7fXORx5ZtWqWRPBebALqIJCTc/8cnoRTjgJFWZIyq5txcrNkFAUM5JXnESSGOEh6pOuxhBxIt1sckUOD7XTg0Ek9AsVnLi/JzLEpUy5rzs5UgM5Wxub/9W6iQrO3IyGcaJIiKeLgoRBFcFxJLBHBcGKpRoQFlT/FeIBEggrHVxFh2DPnjwP7XrNPq7Vb06qjYsijjLYAwfgCNjgFDTAFWiCFsDgETyDV/BmPBkvxrvxMW0tGcXMLvgj4/MH+vCYOw==</latexit>

ySUSY
µ = ySMµ

v

vd
= ySMµ

1

cos�
' ySMµ tan�

<latexit sha1_base64="Cn3Df+xVcKJXgM9ES5eq/Ebm4fY="></latexit>

mµ = ySUSY
µ vd

<latexit sha1_base64="cwCbZPc2k3t1LOlYb7N7wtUM8ls="></latexit>

0 0SM SUSY

<latexit sha1_base64="53a2PAttvq+1buLUbCccVVWnq0g=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUTdC0Y3LCvYB7VAyaaYNTTJjkimUod/hxoUibv0Yd/6N6XQW2nrgcg/n3EtuThBzpo3rfjuFtfWNza3idmlnd2//oHx41NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GN/N/faEKs0i+WimMfUFHkoWMoKNlXzR74kE3aCs98sVt+pmQKvEy0kFcjT65a/eICKJoNIQjrXuem5s/BQrwwins1Iv0TTGZIyHtGupxIJqP82OnqEzqwxQGClb0qBM/b2RYqH1VAR2UmAz0sveXPzP6yYmvPZTJuPEUEkWD4UJRyZC8wTQgClKDJ9agoli9lZERlhhYmxOJRuCt/zlVdK6qHqX1dpDrVK/zeMowgmcwjl4cAV1uIcGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8A9eGRlg==</latexit>mµ = mµ
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 Supersymmetric Interpretation

Four types of one-loop diagrams are responsible to explain the anomaly:

1, WHL scenario 2, BLR scenario 3, BHL scenario 4, BHR scenario 

These diagrams are proportional to  →  effectively large  → TeV scale NPtan β ∼ 𝒪(10) gNP

3, BHL and 4, BHR are constrained from dark matter direct detection (XENON1T experiment)

[Endo, Hamaguchi, Iwamoto, Yanagi 1704.05287; Baum, Carena, Shah, Wagner 2104.03302]

17

1, WHL and 2, BLR → next slide
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1, Wino-Higgsino-LH slepton (WHL) scenario　あああ

m
uon g-2

Excluded [Chakraborti, Heinemeyer, Saha, 
Schappacher, 2112.01389]

Bino-Wino coannihilation can 
explain the DM relic density

[Endo, Hamaguchi, Iwamoto, TK, 2104.03217]

light sleptonlight EWkino

M1 : M2 : µ = 1 : 2 : 4
<latexit sha1_base64="wIuz4ZvBW+msT0H3xOtqV7tlR0U=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclSQWlIBQdOOmUME+oA1hMp20Q2cmYWYiltJfceNCEbf+iDv/xmmbhbYeuHA4517uvSdKGVXacb6ttfWNza3twk5xd2//4NA+KrVUkklMmjhhiexESBFGBWlqqhnppJIgHjHSjka3M7/9SKSiiXjQ45QEHA0EjSlG2kihXaqHrl8PPb/HM3jt+p5fDe2yU3HmgKvEzUkZ5GiE9levn+CME6ExQ0p1XSfVwQRJTTEj02IvUyRFeIQGpGuoQJyoYDK/fQrPjNKHcSJNCQ3n6u+JCeJKjXlkOjnSQ7XszcT/vG6m46tgQkWaaSLwYlGcMagTOAsC9qkkWLOxIQhLam6FeIgkwtrEVTQhuMsvr5KWV3EvKt59tVy7yeMogBNwCs6BCy5BDdyBBmgCDJ7AM3gFb9bUerHerY9F65qVzxyDP7A+fwCdDpI4</latexit>

Benchmark point

m(�̃±
1 ) = 500GeV

<latexit sha1_base64="d0zYBxEj+/yS1h6tjH1WbFsABjo="></latexit>

è
L
è⇤
L !

�
`e�0

1

� �
¯̀e�0

1

�
<latexit sha1_base64="2L42NgZvgjl+a3f1dFUVVKVJSbY="></latexit>

ILC1TeV can probe 

these arrowed regions 

e�0
2e�±

1 !
⇣
ll̃L

⌘⇣
⌫elL

⌘
!

�
ll�̃0

1

� �
⌫le�0

1

�
<latexit sha1_base64="5tBSb8XbwVqEdIlJ7MNqGdk6gDo="></latexit>

strong bound from:

tan� = 40
<latexit sha1_base64="UruxqF/y257M+pmL5vIWInsB970=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6EUoevFYwX5AE8pmu2mXbjZhdyKU0r/hxYMiXv0z3vw3btsctPXBwOO9GWbmhakUBl3321lb39jc2i7sFHf39g8OS0fHLZNkmvEmS2SiOyE1XArFmyhQ8k6qOY1Dydvh6G7mt5+4NiJRjzhOeRDTgRKRYBSt5PtIlR9ypDc1t1cquxV3DrJKvJyUIUejV/ry+wnLYq6QSWpM13NTDCZUo2CST4t+ZnhK2YgOeNdSRWNugsn85ik5t0qfRIm2pZDM1d8TExobM45D2xlTHJplbyb+53UzjK6DiVBphlyxxaIokwQTMguA9IXmDOXYEsq0sLcSNqSaMrQxFW0I3vLLq6RVrXiXlepDrVy/zeMowCmcwQV4cAV1uIcGNIFBCs/wCm9O5rw4787HonXNyWdO4A+czx9G+JEu</latexit>

m
uon g-2
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1, Wino-Higgsino-LH slepton (WHL) scenario　あああ

strong bound from:

m
uon g-2

è
L
è⇤
L !

�
`e�0

1

� �
¯̀e�0

1

�
<latexit sha1_base64="2L42NgZvgjl+a3f1dFUVVKVJSbY="></latexit>

[Endo, Hamaguchi, Iwamoto, TK, 2104.03217]

light sleptonlight EWkino

Benchmark point

m(�̃±
1 ) = 500GeV

<latexit sha1_base64="d0zYBxEj+/yS1h6tjH1WbFsABjo="></latexit>

M1 = 100GeV
<latexit sha1_base64="eJBVCVNbTgyo1fOEIFb1gAX4aTk=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIXdKOhFCHrQixDBJEKyhNlJJxky+2CmVwxLwF/x4kERr36HN//GSbIHTSxoKKq66e7yYyk0Os63lVtYXFpeya8W1tY3Nrfs7Z26jhLFocYjGal7n2mQIoQaCpRwHytggS+h4Q8ux37jAZQWUXiHwxi8gPVC0RWcoZHa9t5N26Xn1HWcFsIjqiC9gvqobRedkjMBnSduRookQ7Vtf7U6EU8CCJFLpnXTdWL0UqZQcAmjQivREDM+YD1oGhqyALSXTs4f0UOjdGg3UqZCpBP190TKAq2HgW86A4Z9PeuNxf+8ZoLdMy8VYZwghHy6qJtIihEdZ0E7QgFHOTSEcSXMrZT3mWIcTWIFE4I7+/I8qZdL7nGpfHtSrFxkceTJPjkgR8Qlp6RCrkmV1AgnKXkmr+TNerJerHfrY9qas7KZXfIH1ucPPJyUZg==</latexit>

Point:  decays into h. In general, W̃0

Br (χ0
2 → χ0

1 Z) ∼ O(0.1)

e�0
2e�±

1 !
�
h�̃0

1

� �
W±�̃0

1

�
<latexit sha1_base64="zlULcHdOpG5e29BELGazEMWNu3M="></latexit>

e�+
1 e��

1 !
�
W+�̃0

1
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W��̃0

1

�
<latexit sha1_base64="wUCBtHydy8dlRmM6YBylroHrtW4="></latexit>

Light bino scenario is severely 
constrained

ILC1TeV can probe 

these arrowed regions 

e�0
2e�±

1 !
⇣
ll̃L

⌘⇣
⌫elL

⌘
!

�
ll�̃0

1

� �
⌫le�0

1

�
<latexit sha1_base64="5tBSb8XbwVqEdIlJ7MNqGdk6gDo="></latexit>

tan� = 40
<latexit sha1_base64="UruxqF/y257M+pmL5vIWInsB970=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6EUoevFYwX5AE8pmu2mXbjZhdyKU0r/hxYMiXv0z3vw3btsctPXBwOO9GWbmhakUBl3321lb39jc2i7sFHf39g8OS0fHLZNkmvEmS2SiOyE1XArFmyhQ8k6qOY1Dydvh6G7mt5+4NiJRjzhOeRDTgRKRYBSt5PtIlR9ypDc1t1cquxV3DrJKvJyUIUejV/ry+wnLYq6QSWpM13NTDCZUo2CST4t+ZnhK2YgOeNdSRWNugsn85ik5t0qfRIm2pZDM1d8TExobM45D2xlTHJplbyb+53UzjK6DiVBphlyxxaIokwQTMguA9IXmDOXYEsq0sLcSNqSaMrQxFW0I3vLLq6RVrXiXlepDrVy/zeMowCmcwQV4cAV1uIcGNIFBCs/wCm9O5rw4787HonXNyWdO4A+czx9G+JEu</latexit>
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Bino-stau coannihilation with 
correct ΩDM

2, Bino-LH-RH sleptons (BLR) scenario  a

Large μ with small  is  
favored in this study 


tan β

+ universal slepton mass

Benchmark points

stau mass < 200 GeV 

→ good target for ILC500 

[Endo, Hamaguchi, Iwamoto, TK, 2104.03217]
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<latexit sha1_base64="5mQy8WV/obAt/FO3IyXOyCa2aAg="></latexit>
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1

� �
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1

�
<latexit sha1_base64="U3lM4qEkHAPydmRPaJiasYO6+yE="></latexit>

strong bound from:

XENONnT (DM direct detection) 
can probe this scenario 

Benchmark point
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Slepton search via photon collision

Novel idea: slepton can be probed via photon collision in the LHC [Beresford, Liu, 1811.06465]
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1, measure outgoing proton Ep 
by forward detector
2, measure lepton four-
momentum 
3,  reconstruct missing 
momentum four-vector

Slepton mass gap could be covered. 

Proton soft survival 
probability is crucial


Slightly optimistic?

ATLAS first result [ATLAS, 
2009.14537] agrees on 
[Dyndal et al, 1410.2983]

BLR scenario

[1811.06465]
nearly on-shell photons
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Reconstruction  from ILC measurementsaSUSY
μ

Statement: When all charged-sleptons are measured in the ILC500, one can reconstruct SUSY 

contribution to the muon g-2 [Endo, Hamaguchi, Iwamoto, TK, Moroi, 1310.4496]

Based on ~ SPS1a’ model-point study [Berggren et al., 0902.2434]
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→ see NEXT talk by Kawada-san
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UV model

For muon g-2 anomaly, light slepton and light electroweakino are required 


Under the GUT relation , a large portion of the parameter space is 

constrained by direct gluino searches 


Several theories can predict  


a UV completion: mirage/ mixed modulus-anomaly mediation 

< 𝒪(500)GeV

M1 : M2 : M3 ≃ 1 : 2 : 6

M1, M2 ≪ M3

M1 : M2 : M3 ' (1 + 0.83↵) : (2 + 0.25↵) : (6�2.25↵)
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[Jeong, Kawamura, Park, 2106.04238]

 is a rational number determined by underlying string compactificationα

α = − 2 → M1 : M2 : M3 ≃ 1 : − 2 : − 16
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Summary

Fermilab Muon g-2 collaboration confirmed the BNL muon g-2 data (4.2σ anomaly).


The standard model prediction is still controversial. Other lattice group results / Belle II data / MUonE 

data will shed light on the HVP contributions.


Several TeV—MeV scale new physics models have been suggested by muon g-2 anomaly.


SUSY models can still explain the muon g-2 anomaly


ILC can probe SUSY (motivated by muon g-2 anomaly)


ILC 500GeV → Bino-LH-RH sleptons (BLR) scenario


ILC 1TeV → Wino-Higgsino-LH slepton (WHL) scenario


ILC can reconstruct SUSY contributions to muon g-2



Backup
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White paper average [Muon g-2 theory initiative, 2006.04822]

3.7σ tension in the end 

5-loop!

← this error shrinks

BNL value
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Status of HVP
[Lehner, KEK-PH2021]

lattice

e+e− → hadrons

hybrid 

2.1σ tension between 

data-driven value (WP20)

and BMW20
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NP type diagrams mass range probe

Supersymmtery 200～500 GeV

Leptoquark 1.5～2.1 TeV

Vector-like lepton 100 GeV～1 TeV

Scalar extensions
10～100 GeV (A),


 150～300 GeV (H)

Axion-like particle 40 MeV～200 GeV

U(1) Lμ-Lτ 10～200 MeV

[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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New physics interpretations 
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Leptoquark models

TeV-scale scalar/vector leptoquark can also explain muon g-2 anomaly.

The charm, strange (2nd gen.) couplings are strongly constrained by 
flavor precision constraints. [Kowalska, Sessolo, Yamamoto 1812.06851]

e.g., Low scale Pati-Salam model (SU(4) x SU(2)L x SU(2)R) predicts 

TeV-scale leptoquark.

Top quark are preferred for the muon g-2 anomaly 
because chirality enhancement is significant  

 → TeV scale leptoquark is possible


LQ also gives radiative muon mass. No tuning 
leads to  TeV [2104.03691] 


 can be probed by ILC

mt /mμ ∼ 1600

mLQ < 2.1

Z → μ+μ−
[Crivellin, Greub, Muller, Saturnino 2010.06593]

future colliders 

muon g-2

}
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NP type diagrams mass range probe

Supersymmtery 200～500 GeV

Leptoquark 1.5～2.1 TeV

Vector-like lepton 100 GeV～1 TeV

Scalar extensions
10～100 GeV (A),


 150～300 GeV (H)

Axion-like particle 40 MeV～200 GeV

U(1) Lμ-Lτ 10～200 MeV

[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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New physics interpretations 
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There is a robust correlation with  (SM 

is  in the left figure)


ILC has ~ 10% sensitivity for  measurement


h → μ+μ−

μμ+μ− = 1

μμ+μ−

31

Vector-like lepton
Extra vector-like leptons can provide significant contribution to muon g-2

Enhancement occurs from large Yukawa coupling 

and large chirality flip

Large Yukawa Large LR flip

< 100GeV was excluded by LHC Run 1. Run 2 

would exclude  GeV region

mVL

mVL ≲ 𝒪(500)

[Endo, Mishima 2005.03933]

μμ+
μ−

[ATLAS 2008.07949]
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Novel theoretical finding: Violation of Wilsonian (1/2)

Using a vector-like lepton model, the authors discover “violation of Wilsonian naturalness” following 

from “total derivative phenomenon”


Two vector-like leptons are introduced: SU(2)L doublet  and singlet  (motivation:  is SM-like)


Dimension-six one-loop contributions are canceled out without symmetry reason, independently of 

mass spectrum! The reason is that the loop function is “total derivative”


Leading contribution comes from dimension-eight one-loop 

L S hμ+μ−

∑

[Arkani-Hamed, Harigaya, 2106.01373]

etc. = 0 /
Z 1

0
dk2f 0(k2) = 0 with f(1) = f(0) = 0

<latexit sha1_base64="8KeRWRh8FIJ5NzI0goS20ksJPiQ="></latexit>

No UV div.
total derivative!
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Prediction. Viable parameter space will be fully proved by future lepton colliders.

Novel theoretical finding: Violation of Wilsonian (2/2)

[Arkani-Hamed, Harigaya, 2106.01373]

Excluded by LHC search

Excluded by electroweak fit
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NP type diagrams mass range probe

Supersymmtery 200～500 GeV

Leptoquark 1.5～2.1 TeV

Vector-like lepton 100 GeV～1 TeV

Scalar extensions
10～100 GeV (A),


 150～300 GeV (H)

Axion-like particle 40 MeV～200 GeV

U(1) Lμ-Lτ 10～200 MeV

[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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h ! µ+µ�
<latexit sha1_base64="ryNthdFEmvfJpRokE2/554LApGw=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiCWJIqtt0V3bisYB/QGUsmTdvQZGZIMoUy9E/cuFDErX/izr8x01ZQ0QMJh3Pu5d57glhwbRD6cJaWV1bX1nMb+c2t7Z1dd2+/qaNEUdagkYhUOyCaCR6yhuFGsHasGJGBYK1gdJ35rTFTmkfhnZnEzJdkEPI+p8RYqeu6Q+iZCHoyuT/NvrOuW0BFhBDGGGYEly+RJdVqpYQrEGeWRQEsUO+6714voolkoaGCaN3BKDZ+SpThVLBp3ks0iwkdkQHrWBoSybSfzjafwmOr9GA/UvaFBs7U7x0pkVpPZGArJTFD/dvLxL+8TmL6FT/lYZwYFtL5oH4ioL01iwH2uGLUiIklhCpud4V0SBShxoaVtyF8XQr/J81SEZ8XS7cXhdrVIo4cOARH4ARgUAY1cAPqoAEoGIMH8ASendR5dF6c13npkrPoOQA/4Lx9ApJ6kvw=</latexit>

K ! µ⌫Z 0, µe ! µeZ 0
<latexit sha1_base64="j2PhCpA15VURTvSSRQuBnHFgN4A="></latexit>
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Leptophilic scalar extensions

Type-X 2HDM is a leptophilic scalar extension model 


Two-loop Barr-Zee diagram is proportional to 


Bounds from 


Still allowed:

(tan β)2

Bs → μ+μ−, Z → τ+τ−, τ → μνν̄, EW fit, and LHC

[Athron et al, 2104.03691]

[Chun, Mondal, 2104.03701]

ILC250 can probe via

e+e� ! ⌧+⌧�A ! ⌧+⌧+⌧�⌧�
<latexit sha1_base64="GXDE8FIGU6wS/umo1+jEmBkZknU="></latexit>

2σ (dashed), 5σ (solid)

Type-X 2HDM 2HDM + A

collimated  (from /  searchμ+μ− τ) 4τ

A
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NP type diagrams mass range probe

Supersymmtery 200～500 GeV

Leptoquark 1.5～2.1 TeV

Vector-like lepton 100 GeV～1 TeV

Scalar extensions
10～100 GeV (A),


 150～300 GeV (H)

Axion-like particle 40 MeV～200 GeV

U(1) Lμ-Lτ 10～200 MeV

[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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K ! µ⌫Z 0, µe ! µeZ 0
<latexit sha1_base64="j2PhCpA15VURTvSSRQuBnHFgN4A="></latexit>
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Axion-like particle

Axion-like particle (ALP) would be pseudo-NG boson of UV symmetry, and hence mass has to be light  

[Ishikawa, PPP2021]

[Buen-Abad, Fan, Reece, Sun 2104.03267]

@ ILC

[Steinberg, 2108.11927, 2101.00520]

ILC could probe the heavy 
mass region  GeVma ≳ 5

e+e� ! �a ! 3�
<latexit sha1_base64="XbQ2qKiNzyOsl92+oEa96AWXGbU=">AAACCnicbVDJSgNBEO2JW4xb1KOX1iAIYphJBD0GvXiMYBbIRk2nkjTpnhm6e4QQcvbir3jxoIhXv8Cbf2NnETTxQcOr96qorudHgmvjul9OYml5ZXUtuZ7a2Nza3knv7pV1GCuGJRaKUFV90Ch4gCXDjcBqpBCkL7Di96/HfuUeleZhcGcGETYkdAPe4QyMlVrpQ2yeYvOM1k1I612QEihMivxP2Upn3Kw7AV0k3oxkyAzFVvqz3g5ZLDEwTIDWNc+NTGMIynAmcJSqxxojYH3oYs3SACTqxnByyogeW6VNO6GyLzB0ov6eGILUeiB92ynB9PS8Nxb/82qx6Vw2hjyIYoMBmy7qxILaU8e50DZXyIwYWAJMcftXynqggBmbXsqG4M2fvEjKuayXz+ZuzzOFq1kcSXJAjsgJ8cgFKZAbUiQlwsgDeSIv5NV5dJ6dN+d92ppwZjP75A+cj2/1sZiH</latexit>a
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NP type diagrams mass range probe

Supersymmtery 200～500 GeV

Leptoquark 1.5～2.1 TeV

Vector-like lepton 100 GeV～1 TeV

Scalar extensions
10～100 GeV (A),


 150～300 GeV (H)

Axion-like particle 40 MeV～200 GeV

U(1) Lμ-Lτ 10～200 MeV

[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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New physics interpretations 
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K ! µ⌫Z 0, µe ! µeZ 0
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Excluded: dark-photon model

Dark-photon (hidden-photon) model: SM + massive U(1) gauge 

[Endo, Hamaguchi, 
Mishima, 1209.2558, 
updated]

∼ ϵ2

Flavor factories 

Beam-dump

electron g-2

Fixed target 
Dark-photon model is very simple and motivative. 

muon g-2

Unfortunately, all parameter region that explains 
the muon g-2 anomaly has been excluded.

BaBar NA48

x

A′￼
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U(1)  gauge symmetry (vector muonic force)Lμ − Lτ

Electron coupling/mode gives severe bounds


  U(1) gauge symmetry (muon number and tau number are gauged including neutrino)


No electron direct interaction, and bounds are week


gauge anomaly-free


Motivative: neutrino mass, Leptogenesis

Lμ − Lτ

L =� 1

4
Z 0
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<latexit sha1_base64="dm8XNkm76MDTBbaCI+DEt5QGbUw="></latexit>

[e.g., Asai, Hamaguchi, Nagata, Tseng 2005.01039]

∼ (g′￼)2

Z′￼
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U(1)  gauge symmetryLμ − Lτ

mZ0 [MeV]
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[Krnjaic, Marques-Tavares, 
Redigolo, Tobioka 1902.07715]

neutrino-trident bound

Solar neutrino 
measurement Ex

clu
de

NA62 (K+ beam) exp can probe all parameter region by

Z′￼ decay into νν̄

 is kinematically forbiddenμμ̄

Belle II

e+e� ! µ+µ�Z 0
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[Jho, Kwon, Park, 
Tseng, 1904.13053]



Teppei Kitahara (Nagoya University): The 75th General Meeting of ILC Physics Subgroup, December 15, 2021, online talk
Muon g-2 anomaly + SUSY (theory)

/ 2442

MUonE experiment vs. muonic force

MUonE experiment could probe U(1)  model completely Lμ − Lτ
[Asai, Hamaguchi, Nagata, 
Tseng, Wada 2109.10093]

µe ! µeZ 0 ! µe⌫⌫̄
<latexit sha1_base64="23MZ0FpebHLC2otg3m0mbzateXc="></latexit>
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s ∼ 400 MeV

Z′￼

SM 

prediction

signal region


