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Supersymmetric Alignment Models for (g-2)μ

T. D. Lee Institute & Shanghai Jiao Tong U.

Based on Y. Nakai (TDLI&SJTU), M. Reece (Harvard U.), 
 arXiv: 2107.10268 . 
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Mass Reach vs How Special New Physics IsMuon g-2 anomaly
• g-factor : spin-magnetic field interaction

- g=2 : tree level 

- a=(g-2)/2 : radiative correction

• Muon g-2: experimental results & SM prediction

From Fermilab webpage

~ 4.2 σ

μ μ

γ

<latexit sha1_base64="AhRoInw6CtAQjSa5LOk1A4v/brA="></latexit>

�aµ ⇡ O(10�9)
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Mass Reach vs How Special New Physics IsNew physics contribution

<latexit sha1_base64="oeOr/7k//ARrGK5BcC1CEptZ9/g="></latexit>

�aµ,NP ⇡
1

16⇡2
O(m2

µ/m
2
NP)

<latexit sha1_base64="HFvpPuw13uoPUMSQOynBKRJiWGs="></latexit>

mNP . 1TeV

<latexit sha1_base64="16rIWUJLxp1zMu4E5moW5SCC9M8="></latexit>

�aµ,NP ⇡ O(10�9)

γ

New 
physicsμ μ

New  
Physics

• New physics contribution to muon g-2
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Mass Reach vs How Special New Physics IsSUSY contributions
• We focus on SUSY models

- electroweakinos-smuon loops
e.g.

Figure from Gi. Cho, K. Hagiwara, Y. Matsumoto, D. Nomura (2011) 
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Mass Reach vs How Special New Physics IsFCNC

<latexit sha1_base64="YXCek+EaTa57YMwvnvZA9tfLgmY="></latexit>

e.g. µ ! e+ �

<latexit sha1_base64="9uw/mhTFzy9YuNB/0g6pNoJjYZ4="></latexit>

m2
slepton ⇠ m̃2

0
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1 � �
� 1 �
� � 1

1

A

<latexit sha1_base64="igV6zlM/uBbJJ8Qn6/QMOQ9hwUk="></latexit>

m̃ � 1TeV

<latexit sha1_base64="NC1BUmmtX2KP1PS+HCjijuWjJeU="></latexit>

� ⇠ 0.3
e.g. Gravity mediation



 6

Mass Reach vs How Special New Physics IsAlignment

<latexit sha1_base64="7+Lsb2lgYvKRUwnmBr+PjQqPv+c="></latexit>

m2
slepton ⇠ m̃2

0

@
1 0 0
0 1 0
0 0 1

1

A

<latexit sha1_base64="rCg9ZhP4DsJqE4pm4dJuVlpsVI8="></latexit>

Ye ⇠ m̃2

0

@
Ye 0 0
0 Yµ 0
0 0 Y⌧

1

A

• In the basis that Yukawa diagonal

<latexit sha1_base64="/IOU06ZVyT0jrS2q30SP1V0OqeA="></latexit>

Ae / Yeand

FCNC constraints can be relaxed by appoximate alignment

Alignment : a mechanism to suppress FCNCs

<latexit sha1_base64="rCg9ZhP4DsJqE4pm4dJuVlpsVI8="></latexit>

Ye ⇠ m̃2

0

@
Ye 0 0
0 Yµ 0
0 0 Y⌧

1

A
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Mass Reach vs How Special New Physics IsAlignment

• Approximate alignment of quark-squark by horizontal symmetries
Nir and Seiberg (1993)

• Approximate alignment of lepton-slepton by horizontal symmetries
Ben-Hamo and Nir (1994)
Grossman and Nir (1995)

Horizontal (flavor) symmetries
— Flavor structure of SM fermions + alignment
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Mass Reach vs How Special New Physics IsSM flavor structure

• CKM matrix is presented in the Wolfenstein’s parameterization
— the order of magnitude of mixing angle is given by

<latexit sha1_base64="w91VFQtTzlVhLQ111u5SXqPCuR8="></latexit>

� ⇠ 0.2

<latexit sha1_base64="+5mRi/sxEY6b0hkEe7aYpsKwg64="></latexit>

|V CKM
12 | ⇠ � , |V CKM

23 | ⇠ �2 , |V CKM
13 | ⇠ �3

• Quark mass ratio can be also expressed in powers of λ
<latexit sha1_base64="ymt6mXQkYlVTJlsD4Ov3o6QcdtA="></latexit>

mc/mt ⇠ �3 , mu/mt ⇠ �6 � �7,

mb/mt ⇠ �2 , ms/mb ⇠ �2 , md/mb ⇠ �4

• Lepton mass ratio and mixing angles can be also expressed by λ



Mass Reach vs How Special New Physics IsHorizontal symmetry

’tHooft Naturalness

Small numbers are natural only if an exact symmetry 
is acquired when they are set to zero

• Let us consider U(1)H horizontal symmetry that acts on quarks and leptons

• Hierarchy and smallness of quark and lepton sector parameters

<latexit sha1_base64="gSKaQgh9bo15/x+3CJfa7Z6NUPg="></latexit>

W ⇠ HuQiŪj
<latexit sha1_base64="PfAdxaqfvYsnR6AZEiI6VX+br6Y="></latexit>

H(Hu) +H(Qi) +H(Ūj) 6= 0

• e.g. up-type Yukawa terms

<latexit sha1_base64="hSUA7fGgpe5Rlfu5T0EpM598gfo="></latexit>

H(X): U(1)H charge of X
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<latexit sha1_base64="PfAdxaqfvYsnR6AZEiI6VX+br6Y="></latexit>

H(Hu) +H(Qi) +H(Ūj) 6= 0
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<latexit sha1_base64="hSUA7fGgpe5Rlfu5T0EpM598gfo="></latexit>
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 10



 11

<latexit sha1_base64="bgoae0vR3K5kt9ZC0yQcqIEhaqc="></latexit>

H(S) 6= 0

hSi = �⇤UV (� ⇠ 0.2)

Mass Reach vs How Special New Physics IsHorizontal symmetry

• Introducing flavon “S” which has a non-zero U(1)H charge and VEV

<latexit sha1_base64="oz7EcWwglGsYnl9lY/hMm/dMIZE="></latexit>

Yu = cuijhSiaij , Yd = cdijhSibij , Ye = ceijhSicij

<latexit sha1_base64="bBvm3vRslZp756F6UQPn5ZUR600="></latexit>

c.f. W ⇠ S
aijHuQiŪj + S

bijHdQiD̄j + S
cijHdLiĒj

• Fermion mass ratio and mixing can be explained by couplings with flavon
<latexit sha1_base64="JYCt4t8lGQIwP+Tc8tIZjZGrzqE="></latexit>

(⇤UV = 1 unit)
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Mass Reach vs How Special New Physics IsA simple model

• Assuming non-negative U(1)H charges for matter, 
the mass ratios and mixing matrices are estimated by simple formula

<latexit sha1_base64="zIeFkc0GLY5JeOj6B1h0FxZmh3o="></latexit>

|V CKM
ij

| ⇠ �|H(Qi)�H(Qj)| , |V PMNS
ij

| ⇠ �|H(Li)�H(Lj)|

• We also obtain soft mass squared matrices
<latexit sha1_base64="WS97FZ/KVyFTtDa4CieYaeYvhBI="></latexit>

M2
L̃ ij

= m̃2
`
�|H(Li)�H(Lj)|

— relation between mixing matrices and soft mass squared

• Introducing a flavon S1 
<latexit sha1_base64="AwKq+aKCjG1fitwZgZtCb2banaQ="></latexit>

H(S1) = �1
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Mass Reach vs How Special New Physics IsA simple model

• Assuming non-negative U(1)H charges for matter, 
the mass ratios and mixing matrices are estimated by simple formula

<latexit sha1_base64="zIeFkc0GLY5JeOj6B1h0FxZmh3o="></latexit>
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| ⇠ �|H(Li)�H(Lj)|
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<latexit sha1_base64="WS97FZ/KVyFTtDa4CieYaeYvhBI="></latexit>

M2
L̃ ij

= m̃2
`
�|H(Li)�H(Lj)|

— relation between mixing matrices and soft mass squared

• Introducing a flavon S1 
<latexit sha1_base64="AwKq+aKCjG1fitwZgZtCb2banaQ="></latexit>

H(S1) = �1
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<latexit sha1_base64="QEW2x9FVLj5+VPHcTQ6CEvLzCtc="></latexit>

M2
L̃ 12

⇠ m̃2
` �

Mass Reach vs How Special New Physics IsFCNC in lepton sector

<latexit sha1_base64="f+BNEnlcINHXVTwE4udUYj1PDCo="></latexit>

|V PMNS
12 | ⇠ �

• Mixing matrices - soft mass matrices relation

<latexit sha1_base64="dX5+OPTg3SP1m4vDIj1kEbbWGcI="></latexit>

µ ! e+ �

<latexit sha1_base64="w91VFQtTzlVhLQ111u5SXqPCuR8="></latexit>

� ⇠ 0.2
<latexit sha1_base64="/V14/DcWhUxIVrFeUZTMdNcIRp8="></latexit>

m̃` � 1TeV
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Mass Reach vs How Special New Physics IsOur work

• one horizontal symmetry and several flavons

We study horizontal symmetry models to explain muon g-2

• two horizontal symmetries and several flavons

Y. Nakai, M. Reece, M.S. (2021)
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Mass Reach vs How Special New Physics IsOne horizontal symmetry

• Avoiding a relation between mixing matrix and soft mass

• To avoid the relation,  we consider multi-flavons without S1

<latexit sha1_base64="RQG7DO8JYV6ELSmfSjuBSZjy21Y="></latexit>

hS2i ⇠ �2 , hS̄2i ⇠ �2 , hS3i ⇠ �3

<latexit sha1_base64="+NKBh1Hsyv8gg1k6zbOoXqJiV8Y="></latexit>

H(S2) = �2, H(S̄2) = +2 , H(S3) = �3

<latexit sha1_base64="zIeFkc0GLY5JeOj6B1h0FxZmh3o="></latexit>

|V CKM
ij

| ⇠ �|H(Qi)�H(Qj)| , |V PMNS
ij

| ⇠ �|H(Li)�H(Lj)|
<latexit sha1_base64="WS97FZ/KVyFTtDa4CieYaeYvhBI="></latexit>

M2
L̃ ij

= m̃2
`
�|H(Li)�H(Lj)|

<latexit sha1_base64="GMo+iGeU75ECB9+lV/OAaHv+kJ8="></latexit>

S2, S̄2, S3
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Mass Reach vs How Special New Physics IsOne horizontal symmetry

• The relation is avoided?

+1-1

<latexit sha1_base64="PaM0hqqQQ1JdvwHt5TPKQb52FcU="></latexit>

M2
L̃ 12

L̃1L̃
†
2

<latexit sha1_base64="ly9+Ly6c3IaSoj1G/9phFyQ3lvk="></latexit>

L ⇠ �m̃2
`S3S̄2 L̃1L̃

†
2

= H(L1)-H(L2)=1
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Mass Reach vs How Special New Physics IsOne horizontal symmetry

• The relation is avoided?

+1-1

<latexit sha1_base64="PaM0hqqQQ1JdvwHt5TPKQb52FcU="></latexit>

M2
L̃ 12

L̃1L̃
†
2

<latexit sha1_base64="ly9+Ly6c3IaSoj1G/9phFyQ3lvk="></latexit>

L ⇠ �m̃2
`S3S̄2 L̃1L̃

†
2

= H(L1)-H(L2)=1
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Mass Reach vs How Special New Physics IsOne horizontal symmetry

• The relation is avoided?

+1-1

<latexit sha1_base64="PaM0hqqQQ1JdvwHt5TPKQb52FcU="></latexit>

M2
L̃ 12

L̃1L̃
†
2

<latexit sha1_base64="ly9+Ly6c3IaSoj1G/9phFyQ3lvk="></latexit>

L ⇠ �m̃2
`S3S̄2 L̃1L̃

†
2

= H(L1)-H(L2)=1

<latexit sha1_base64="yZdaWPahEKDk7ba+5AkFggbewhU="></latexit>

= m̃2
` �

<latexit sha1_base64="gky0W9M5yVeZytKfjpZzpqYVciU="></latexit>

M2
L̃ 12

= m̃2
` �

5
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Mass Reach vs How Special New Physics IsOne horiozontal symmetry

• A charge assignment

• Reasonable fermion mass ratio and mixing angles are obtained

• Soft mass squared matrices are relatively suppressed 

•                        constraint is still stringent
<latexit sha1_base64="dX5+OPTg3SP1m4vDIj1kEbbWGcI="></latexit>

µ ! e+ �
<latexit sha1_base64="dYBcLTE0xfDBHCcNr/+nZXQU5hk="></latexit>

m̃` & 5TeV
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Mass Reach vs How Special New Physics IsTwo horizontal symmetries
<latexit sha1_base64="nhh6DgQT6pjKSuPWrZfCsIKldGs="></latexit>

U(1)H1 ⇥ U(1)H2

<latexit sha1_base64="LBb2+6p2SWMPsMbT4CTo+/MglnI="></latexit>

S1

(�1, 0)
S2

(0,�1)

• An example charge assignment

<latexit sha1_base64="REJXy3HPdcmw2l9s4X1se/wy3xE="></latexit>

hS1i ⇠ �, hS2i ⇠ �2
• Flavon VEVs

• Two flavons
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Mass Reach vs How Special New Physics IsTwo horizontal symmetries
• Soft mass matrices are suppressed well

<latexit sha1_base64="xCkRq7AoJkAXH2jR33d2zgPvIHk="></latexit>

M2
eQ ⇠ em2

0

@
1 �5 �3

�5 1 �2

�3 �2 1

1

A , M2
ēu ⇠ em2

0

@
1 �9 �8

�9 1 �
�8 � 1

1

A ,

M2
ēd
⇠ em2

0

@
1 �11 �7

�11 1 �4

�7 �4 1

1

A ,

M2
eL ⇠ em2

0

@
1 �9 �9

�9 1 1
�9 1 1

1

A , M2
ēe ⇠ em2

0

@
1 �14 �12

�14 1 �2

�12 �2 1

1

A .

•   
<latexit sha1_base64="dX5+OPTg3SP1m4vDIj1kEbbWGcI="></latexit>

µ ! e+ �
<latexit sha1_base64="c9rn19/Xn6lvcvO/LsRnoI+RBC8="></latexit>

m̃` < 1TeV

• However, eEDM constraint is also stringent…
<latexit sha1_base64="/V14/DcWhUxIVrFeUZTMdNcIRp8="></latexit>

m̃` � 1TeV
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Mass Reach vs How Special New Physics IsSpontaneous CP violation

<latexit sha1_base64="2ofJkhX8ZXC+xAdcAqX+RplWenc="></latexit>

WS = Z(aS2
N + bSNSN

1 + cS2N
1 ) ,

<latexit sha1_base64="PY5plo0vW91pelSnOS9//uGxKp0="></latexit>

hSN i
hS1iN

=
�b±

p
b2 � 4ac

2a
.

<latexit sha1_base64="AuUpvZWmXRsDk18R9U1myvcjQzU="></latexit>

b2 � 4ac < 0

• Consider an additional flavon
<latexit sha1_base64="OBruSgOKogf/lijWDDCdPQtWYx4="></latexit>

SN

(�N, 0)

• Superpotential is

• SN can obtain a complex phase

<latexit sha1_base64="ZpWj8yaKbABNb1HsZS97Iy8jSLg="></latexit>

|hSN i| ⇠ �N

• Suppression of eEDM by SCPV
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Mass Reach vs How Special New Physics IseEDM

<latexit sha1_base64="jmA3smglg9p/B2e9oykM5tiszBs="></latexit>eL
<latexit sha1_base64="bH8we/O7IhF4aNAUbKhHXKAPJQc="></latexit>

ẽL
<latexit sha1_base64="Ml1xB5w7j5cPNIzpznN99bY1xrg="></latexit>

ẽR
<latexit sha1_base64="ki69hZWVjkW5KBHQ7caoBcjjxTw="></latexit>eR

<latexit sha1_base64="6cW4pWP3NQbZc6VKqGytwS1OOdk="></latexit>µR
<latexit sha1_base64="5Lgnn/z28WZhtxcHKFrzA3VOvdA="></latexit>

µ̃R
<latexit sha1_base64="i/NccZyn/dXcm14ShthH6aqyN7E="></latexit>µL

<latexit sha1_base64="FbxG0rXYstaxJTgGnQn9P6/c4vk="></latexit>

µ̃L

• Electron electric dipole moment 

- CP phase in mu-term

<latexit sha1_base64="U4qYneVjClpfjf/FqkXM9D7A3As="></latexit>

S4

(�4, 0)

• Flavon with complex phase

<latexit sha1_base64="1iJAXfLikR88z3Bhye69QfZldwQ="></latexit>

µ = |µ|(1 + i�8)

<latexit sha1_base64="moOZFlqTmU8xNyYs1FALIWo2I6s="></latexit>

|dSUSY
e | ' 10�24

✓
aµ

2⇥ 10�9

◆
|arg(µ)| e cm .

• Dominant flavor diagonal contribution
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Mass Reach vs How Special New Physics IsResult

- decoupling of 
<latexit sha1_base64="WpDJoY6RHFE3Bk7H+ttdjm0Rtf0="></latexit>

ẽi

<latexit sha1_base64="3OHgKy9BzfY1CWVcz56ETYalHUY="></latexit>

|de| = 10�30 e cm
future expected reach

Future eEDM experiment will search for favored region

<latexit sha1_base64="rEz1agIL71GJY83s81b4AD/gCCg="></latexit>

, tan� = 50, µ = M2 = 2M1

- parameters of 

<latexit sha1_base64="+5r+FtgPCBT6Q8LRjWO0IYteeNc="></latexit> =
<latexit sha1_base64="Jy3Tgwn3taqkLhTFcvtZAxGISKg="></latexit>

arg(µ) = �8
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Mass Reach vs How Special New Physics IsConclusion

• New physics to explain muon g-2 

• SUSY model is a prime candidate

• Horizontal symmetry provides fermion flavor structure  
and suppressed FCNCs = alignment

• A simple model predicts large FCNCs

• We considered SUSY horizontal symmetry models 
by one or two horizontal symmetries with multi-flavons

• We have developed models where muon g-2 can be explained 
by avoiding FCNC and CP observable constraints

• Future eEDM experiment will search for the favored parameter space
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Mass Reach vs How Special New Physics IsConclusionBack up
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Mass Reach vs How Special New Physics IsCollider constraint

From M. Endo, K. Hamaguchi, S. Iwamoto, T. Kitahara (2021) 
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Mass Reach vs How Special New Physics IsFlavor & CP observables

<latexit sha1_base64="UoSqS9FL0zUhdOVc0bmy3kOhYWk="></latexit>

Q1

(3, 0)
Q2

(0, 1)
Q3

(0, 0)
ū1
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(0,�2)
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Mass Reach vs How Special New Physics IsFlavor structure

<latexit sha1_base64="xCkRq7AoJkAXH2jR33d2zgPvIHk="></latexit>
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<latexit sha1_base64="Ccatl/vMktplVkxEbKEEFnE39z4="></latexit>
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Mass Reach vs How Special New Physics IsResult
• Decoupling of 

<latexit sha1_base64="WpDJoY6RHFE3Bk7H+ttdjm0Rtf0="></latexit>

ẽi
<latexit sha1_base64="+VdDfQv9/BdfghJPVTLulpsiQlU="></latexit>

S3

<latexit sha1_base64="uw6XhVN1g3pwTiU6w8b5kxn30PY="></latexit>

|de| = 1.1⇥ 10�29 e cm

<latexit sha1_base64="GhxAg5mdnRBY/dhVF7kw6jZUCnE="></latexit>

µ = |µ|(1 + i�6)
- mu-phase

- current experimental constraint

<latexit sha1_base64="+5r+FtgPCBT6Q8LRjWO0IYteeNc="></latexit> =

Most of parameter space is 
excluded without small κ

<latexit sha1_base64="rEz1agIL71GJY83s81b4AD/gCCg="></latexit>

, tan� = 50, µ = M2 = 2M1
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Mass Reach vs How Special New Physics IsAnother charge assignment
<latexit sha1_base64="33juNmRSG/43kvoFZZRoLFBPj6A="></latexit>
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• Charge assignment

• Yukawa matrices
<latexit sha1_base64="KuaNE3J1nog++KLMYvv0kDpVdTI="></latexit>
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A .

• Soft mass squared mass matrices
<latexit sha1_base64="zgeGhGeMHHMI9GUtW7j1lDqljY8="></latexit>

M2
eL ⇠ em2

0

@
1 �9 �13

�9 1 �4

�13 �4 1

1

A , M2
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Mass Reach vs How Special New Physics IsFCNC

• Flavor changing process
<latexit sha1_base64="YXCek+EaTa57YMwvnvZA9tfLgmY="></latexit>

e.g. µ ! e+ �

µR eL

B̃ B̃

µ̃R ⌧̃R ⌧̃L ẽL

�

H̃u

H̃d W̃

W̃

µR eL⌫̃µL ⌫̃eL

�

—
e.g. diagrams

• Constraints on slepton masses
<latexit sha1_base64="9uw/mhTFzy9YuNB/0g6pNoJjYZ4="></latexit>

m2
slepton ⇠ m̃2

0

@
1 � �
� 1 �
� � 1

1

A
<latexit sha1_base64="igV6zlM/uBbJJ8Qn6/QMOQ9hwUk="></latexit>

m̃ � 1TeV

FCNC constraints are stringent
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• Fermion mass ratio
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H(Q3) +H(ū3) = 0, H(Q2) +H(ū2) = 3, H(Q1) +H(ū1) = 7,

H(Q3) +H(d̄3) = 0, H(Q2) +H(d̄2) = 2, H(Q1) +H(d̄1) = 4,

H(L3) +H(ē3) = 0, H(L2) +H(ē2) = 2, H(L1) +H(ē1) = 5.
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H = H1 + 2H2
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• Flavon VEVs
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• Two flavons

— Definition of H


