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Why axion like particles (ALPs)?
Any dynamics with a spontaneously broken approximate 

global symmetry will produce light spinless particles 

Analogy: QCD pions

⇤QCD
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Pions are pseudo goldstone bosons of an 
approximate spontaneously broken symmetry

⇤UV
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ALP is a pseudo-goldstone boson (PNGB)

Mass much below scale of BSM physics

BSM physics

Pseudoscalar gauge singlet

Many motivated explicit models: e.g. QCD axion, dark sector models, flavon models, composite Higgs models, ....  

∼ GeV ≳ TeV

MODEL-BUILDING MOTIVATIONS: 
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Why ALPs? Motivations II

All new particles are heavy ( )?  m ≫ v

One or more light ( ) BSM particles?  m ≲ v

MODEL-INDEPENDENT MOTIVATIONS: 

SM EFT (or similar)

spin 0 spin 1/2 spin 1
RH neutrino/heavy 

neutral lepton
Dark photon/Z′￼

ALP

(Goldstone boson 
explains lightness)

spin 3/2
e.g. gravitino/
composite dark 

sector resonance

+ possibly higher 
spin... 
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ALP effective Lagrangian

Then the parameter space of the model depends on 

Don't need to know the details of the UV physics to study ALP phenomenology

hermitian matrices in flavour space

F = Q, u, d, L, e

ma, f, cF, cXX

ΛUV
heavy new physics

} Here particle content is SM+ALP 

ΛUV = 4πf

3

Theory is an EFT, with ALP-SM couplings 
beginning at dimension 5 



Lepton flavour violating ALPs
F = Q, u, d, L, e

ΛUV = 4πf

Zooming in on the fermionic couplings…

LLFV
e↵ =

@µa

f

�
¯̀
i(kE)ij�µPL`j + ¯̀

i(ke)ij�µPR`j
�
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ℓ̄i

ℓj

(ke − kE)ij
a

ℓ̄i

ℓj

(kE + ke)ij

if , only pseudoscalar couplingi = jLFV ALPs can naturally arise as PNGBs of symmetries addressing

- the strong CP problem (DFSZ axion)

- the flavour problem (familon)

- neutrino masses (majoron) Chikashige, Mohapatra, Peccei 1981, Schechter  & Valle 1982, Garcia-Cely & Heeck 1701.07209, Heeck & Patel 1909.02029

Calibbi, Redigolo, Ziegler, Zupan, 2006.04795

Linster, Ziegler 1805.07341, Calibbi, Redigolo, Ziegler, Zupan 2006.04795
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Cornella, Paradisi, Sumensari, 1911.06279

Bauer, Neubert, SR, Schnubel, Thamm, 1908.00008
Bjorkeroth, Chun, King, 1806.00660



Light vs heavy BSM particles and LFV
For LFV generated by heavy particles, expect certain patterns of effects

Calibbi & Signorelli, 1709.00294

Each operator 
generates the other

Dipole operator
μ → eγ

4-lepton operator
μ → 3e

5

Davidson, 2010.00317

See A. Teixeira’s talk



Light vs heavy BSM particles and LFV
For LFV generated by heavy particles, expect certain patterns of effects

But with light particles, things can be different

Calibbi & Signorelli, 1709.00294

Each operator 
generates the other

Dipole operator
μ → eγ

4-lepton operator
μ → 3e

If , then can get a 
resonant contribution to  

ma < mμ − me

μ → 3e
μ → ea (a → e+e−)

Can be orders of magnitude more 
sensitive than , which is loop 

generated
μ → eγ

¯̀
j

`i `j

�

a

`i `j

�

a

`i `j

`k `k

�

a`j`i

�

a

�

a

�

aµ µ e µ e e µ e

⌧, µ, e ⌧, µ, e

Figure 5: Diagrams contributing to LFV electromagnetic form factors.

magnetic moments of leptons is therefore negligible. The contribution of �(Z ! a�) to the
total Z width results in the constraint |cdd|/⇤ & 442/TeV. The excluded parameter space is
shown gray in Figure 4. Higgs decays are strongly suppressed for ALP couplings to down-type
quarks, because the amplitudes are directly proportional to the Yukawa coupling of the b
quark.

4 Probes of flavor-changing ALP couplings to leptons

[Add a new plot and/or discussion of the case where all diagonal and o↵-diagonal cou-
plings are 1, and plot constraints on Lambda?]

In the SM, lepton flavor violating (LFV) couplings are not present, because in the absence
of neutrino masses the SM respects an exact lepton flavor symmetry. E↵ects from MFV-
type ALP couplings in the lepton sector are therefore absent or proportional to neutrino
masses. Even if ALP tree-level couplings are lepton flavor violating, from eq.(8) it follows that
these couplings are suppressed by the lepton masses. Given the large hierarchy in charged
lepton masses, loop e↵ects can be important if the lepton in the loop is heavier than the
external lepton(s). In observables probing lepton flavor-violating decays like µ ! e�, µ ! 3e
or tau decays, the contributions from electromagnetic form factors may dominate over LFV
four fermion interactions. ALPs contribute to the electromagnetic form factors through the
diagrams shown in Figure 5. The associated calculations are presented in full in Appendix B.

The diagrams on the left and in the center of Figure 5 allow only for a single lepton
flavor change, whereas for the diagram on the right of Figure 5, both ALP-vertices can change
the lepton flavor, such that the heaviest lepton in this loop becomes the largest scale in the
calculation. We use the same symbols for the form factors independent of the external leptons;
the correct meaning should become clear from the context.

In the following we discuss constraints from lepton flavor changing observables. The con-
straints from various measurements on tree-level LFV couplings are collected in Table 2 and
shown in Figure 9, 11 and Figure 12 for a single LFV coupling. In the following subsections
we provide formulae and details on how these constraints were derived.
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μ μe

e
e

e

6

Contact interactions:

(Same argument for  and , etc)τ → 3μ τ → μγ

Davidson, 2010.00317

See A. Teixeira’s talk



Muon Smasher’s Guide, 2103.14043

7

rate ∝ s

For light new physics ( ), the picture changes, need to think about direct productionm < s

Electroweak production of ALPs at muon collider:
Production of ALPs at muon collider via  decay:τ → μa Haghighat, Najafabadi 2106.00505

Han, Li, Wang 2203.05484, Bao, Fan, Li 2203.04328



Muon decays to ALPs
If LFV ALPs are light enough, can be produced on-shell in muon decays

Signatures depend strongly on ALP decay length and branching ratios

} Decay mode:

Long-lived

In many models, the ALP will contribute to all of these

a → γγ

a → e+e−

Signature:

μ → e + invisible

μ → eγγ

μ → 3e

(μ → eγ)

8



aa

cij ⌘
q
|(ke)ij |2 + |(kE)ij |2
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Effect of flavour conserving couplings

i ≠ j

ALP production:

ALP decay:

Simple scenario with only leptonic couplings at tree level 

e−

e+

γ

γ

9

Bauer, Neubert, SR, Schnubel, Thamm, 2110.10698



Mass dependence
ALP can be produced on 

shell in  decaysμFor ALP masses too heavy to be 
produced in muon decays,  and 

 can still be constraining
μ → eγ

μ → 3e

All* LFV bounds depend on choice for 
flavour-conserving couplings, chosen to 

be consistent with other bounds:

*except muonium-
antimuonium oscillations!

⟹

Projected limits: MEGII  μ → e + inv MEGII  μ → eγ
Mu3E  μ → 3e

*
Could be improved with a forward 
calorimeter, see 2006.04795 10

Bauer, Neubert, SR, Schnubel, Thamm, 2110.10698

µ+
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 from  lepton flavour violation(g − 2)ℓ μ − e

µ
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<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

(g � 2)µ

<latexit sha1_base64="uTDmFo9UPUIKQ11/MXsjHO2Z65Q=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahHiy7pWC9Fbx4rGA/pF1KNs22oUl2SbJCWforvHhQxKs/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyG5tb2zv53cLe/sHhUfH4pK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOMLmd+50nqjSL5IOZxtQXeCRZyAg2Vnosj66ql4O+SAbFkltxF0DrxMtICTI0B8Wv/jAiiaDSEI617nlubPwUK8MIp7NCP9E0xmSCR7RnqcSCaj9dHDxDF1YZojBStqRBC/X3RIqF1lMR2E6BzVivenPxP6+XmLDup0zGiaGSLBeFCUcmQvPv0ZApSgyfWoKJYvZWRMZYYWJsRgUbgrf68jppVyterXJzXys16lkceTiDcyiDB9fQgDtoQgsICHiGV3hzlPPivDsfy9ack82cwh84nz96qY+K</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

(g � 2)e

<latexit sha1_base64="E/UI9fc8JdqERfLyWIrGFUJt06M=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiwbAbAsZbwIvHCOYByRJmJ51kyOzsMjMrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFcSCa+O6387G5tb2zm5uL79/cHh0XDg5bekoUQybLBKR6gRUo+ASm4YbgZ1YIQ0Dge1gcjf320+oNI/ko5nG6Id0JPmQM2qs1C6NritXfewXim7ZXYCsEy8jRcjQ6Be+eoOIJSFKwwTVuuu5sfFTqgxnAmf5XqIxpmxCR9i1VNIQtZ8uzp2RS6sMyDBStqQhC/X3REpDradhYDtDasZ61ZuL/3ndxAxrfsplnBiUbLlomAhiIjL/nQy4QmbE1BLKFLe3EjamijJjE8rbELzVl9dJq1L2quXbh2qxXsviyME5XEAJPLiBOtxDA5rAYALP8ApvTuy8OO/Ox7J1w8lmzuAPnM8f47SOnQ==</latexit>

Endo, Iguro, Kitahara, JHEP 06 (2020) 040µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

An ALP with  couplings will give contributions to  of electron and muon:μ − e (g − 2)

But it will also contribute to muonium-antimuonium oscillations:

µ+

<latexit sha1_base64="eB3mSMFdddRcxTRoq4XvU0qNXkk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiAfVW8OKxgmkLbSyb7aZdursJuxuhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0o508Z1v53S2vrG5lZ5u7Kzu7d/UD08aukkU4QGJOGJ6kRYU84kDQwznHZSRbGIOG1H49uZ336iSrNEPphJSkOBh5LFjGBjpaAnsseLfrXm1t050CrxClKDAs1+9as3SEgmqDSEY627npuaMMfKMMLptNLLNE0xGeMh7VoqsaA6zOfHTtGZVQYoTpQtadBc/T2RY6H1RES2U2Az0sveTPzP62Ymvg5zJtPMUEkWi+KMI5Og2edowBQlhk8swUQxeysiI6wwMTafig3BW355lbQu655fv7n3aw2/iKMMJ3AK5+DBFTTgDpoQAAEGz/AKb450Xpx352PRWnKKmWP4A+fzB3lnjnE=</latexit>

e�

<latexit sha1_base64="ng8lsPZiF98G7LYQA9+OsRQwTAI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSRSUG8FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e90plt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2anTsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6RRuCt/jyMmleVLxq5fquWq5V8zgKcAwncAYeXEINbqEODWAwgGd4hTdHOC/Ou/Mxb11x8pkj+APn8wfmxI2G</latexit>

e+

<latexit sha1_base64="vGE0bL4jxfS89zyShaXNlY3mZS8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aysrq1vbBa2its7u3v7pYPDpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mHGCfkQHkoecUWOle3w875XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdK8qHjVyvVdtVyr5nEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w/jvI2E</latexit>

µ�

<latexit sha1_base64="/Vi4OpueRyju/y9Y7fMb1MTJuLE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgHorePFYwbSFNpbNdtMu3d2E3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6WcaeO6305pbX1jc6u8XdnZ3ds/qB4etXSSKUIDkvBEdSKsKWeSBoYZTjupolhEnLaj8e3Mbz9RpVkiH8wkpaHAQ8liRrCxUtAT2eNFv1pz6+4caJV4BalBgWa/+tUbJCQTVBrCsdZdz01NmGNlGOF0WullmqaYjPGQdi2VWFAd5vNjp+jMKgMUJ8qWNGiu/p7IsdB6IiLbKbAZ6WVvJv7ndTMTX4c5k2lmqCSLRXHGkUnQ7HM0YIoSwyeWYKKYvRWREVaYGJtPxYbgLb+8SlqXdc+v39z7tYZfxFGGEziFc/DgChpwB00IgACDZ3iFN0c6L86787FoLTnFzDH8gfP5A3xvjnM=</latexit>

a

<latexit sha1_base64="PGuTgdY4+vjnJk/eSSs88w+eM6s=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJh2UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tepts1ap1/I4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDwweM4w==</latexit>

MACS collaboration, PRL 82 (1999) 49-52
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See P.  Paradisi’s talk



Lepton flavour violation with sτ¯̀
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Figure 5: Diagrams contributing to LFV electromagnetic form factors.

magnetic moments of leptons is therefore negligible. The contribution of �(Z ! a�) to the
total Z width results in the constraint |cdd|/⇤ & 442/TeV. The excluded parameter space is
shown gray in Figure 4. Higgs decays are strongly suppressed for ALP couplings to down-type
quarks, because the amplitudes are directly proportional to the Yukawa coupling of the b
quark.

4 Probes of flavor-changing ALP couplings to leptons

[Add a new plot and/or discussion of the case where all diagonal and o↵-diagonal cou-
plings are 1, and plot constraints on Lambda?]

In the SM, lepton flavor violating (LFV) couplings are not present, because in the absence
of neutrino masses the SM respects an exact lepton flavor symmetry. E↵ects from MFV-
type ALP couplings in the lepton sector are therefore absent or proportional to neutrino
masses. Even if ALP tree-level couplings are lepton flavor violating, from eq.(8) it follows that
these couplings are suppressed by the lepton masses. Given the large hierarchy in charged
lepton masses, loop e↵ects can be important if the lepton in the loop is heavier than the
external lepton(s). In observables probing lepton flavor-violating decays like µ ! e�, µ ! 3e
or tau decays, the contributions from electromagnetic form factors may dominate over LFV
four fermion interactions. ALPs contribute to the electromagnetic form factors through the
diagrams shown in Figure 5. The associated calculations are presented in full in Appendix B.

The diagrams on the left and in the center of Figure 5 allow only for a single lepton
flavor change, whereas for the diagram on the right of Figure 5, both ALP-vertices can change
the lepton flavor, such that the heaviest lepton in this loop becomes the largest scale in the
calculation. We use the same symbols for the form factors independent of the external leptons;
the correct meaning should become clear from the context.

In the following we discuss constraints from lepton flavor changing observables. The con-
straints from various measurements on tree-level LFV couplings are collected in Table 2 and
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Summary

Lepton flavour violating ALPs could be discovered in muon decays 

ALPs are a generic and motivated option for BSM physics 

Interplays and complementarity with flavour conserving observables and LFV in s τ
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Combined explanations with LFV?
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Figure 5: Diagrams contributing to LFV electromagnetic form factors.

magnetic moments of leptons is therefore negligible. The contribution of �(Z ! a�) to the
total Z width results in the constraint |cdd|/⇤ & 442/TeV. The excluded parameter space is
shown gray in Figure 4. Higgs decays are strongly suppressed for ALP couplings to down-type
quarks, because the amplitudes are directly proportional to the Yukawa coupling of the b
quark.

4 Probes of flavor-changing ALP couplings to leptons

[Add a new plot and/or discussion of the case where all diagonal and o↵-diagonal cou-
plings are 1, and plot constraints on Lambda?]

In the SM, lepton flavor violating (LFV) couplings are not present, because in the absence
of neutrino masses the SM respects an exact lepton flavor symmetry. E↵ects from MFV-
type ALP couplings in the lepton sector are therefore absent or proportional to neutrino
masses. Even if ALP tree-level couplings are lepton flavor violating, from eq.(8) it follows that
these couplings are suppressed by the lepton masses. Given the large hierarchy in charged
lepton masses, loop e↵ects can be important if the lepton in the loop is heavier than the
external lepton(s). In observables probing lepton flavor-violating decays like µ ! e�, µ ! 3e
or tau decays, the contributions from electromagnetic form factors may dominate over LFV
four fermion interactions. ALPs contribute to the electromagnetic form factors through the
diagrams shown in Figure 5. The associated calculations are presented in full in Appendix B.

The diagrams on the left and in the center of Figure 5 allow only for a single lepton
flavor change, whereas for the diagram on the right of Figure 5, both ALP-vertices can change
the lepton flavor, such that the heaviest lepton in this loop becomes the largest scale in the
calculation. We use the same symbols for the form factors independent of the external leptons;
the correct meaning should become clear from the context.

In the following we discuss constraints from lepton flavor changing observables. The con-
straints from various measurements on tree-level LFV couplings are collected in Table 2 and
shown in Figure 9, 11 and Figure 12 for a single LFV coupling. In the following subsections
we provide formulae and details on how these constraints were derived.
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e+

<latexit sha1_base64="vGE0bL4jxfS89zyShaXNlY3mZS8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aysrq1vbBa2its7u3v7pYPDpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mHGCfkQHkoecUWOle3w875XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdK8qHjVyvVdtVyr5nEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w/jvI2E</latexit>

µ�

<latexit sha1_base64="/Vi4OpueRyju/y9Y7fMb1MTJuLE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgHorePFYwbSFNpbNdtMu3d2E3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6WcaeO6305pbX1jc6u8XdnZ3ds/qB4etXSSKUIDkvBEdSKsKWeSBoYZTjupolhEnLaj8e3Mbz9RpVkiH8wkpaHAQ8liRrCxUtAT2eNFv1pz6+4caJV4BalBgWa/+tUbJCQTVBrCsdZdz01NmGNlGOF0WullmqaYjPGQdi2VWFAd5vNjp+jMKgMUJ8qWNGiu/p7IsdB6IiLbKbAZ6WVvJv7ndTMTX4c5k2lmqCSLRXHGkUnQ7HM0YIoSwyeWYKKYvRWREVaYGJtPxYbgLb+8SlqXdc+v39z7tYZfxFGGEziFc/DgChpwB00IgACDZ3iFN0c6L86787FoLTnFzDH8gfP5A3xvjnM=</latexit>

MACS collaboration, PRL 82 (1999) 49-52

a

<latexit sha1_base64="PGuTgdY4+vjnJk/eSSs88w+eM6s=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJh2UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tepts1ap1/I4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDwweM4w==</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

(g � 2)µ

<latexit sha1_base64="uTDmFo9UPUIKQ11/MXsjHO2Z65Q=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahHiy7pWC9Fbx4rGA/pF1KNs22oUl2SbJCWforvHhQxKs/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyG5tb2zv53cLe/sHhUfH4pK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOMLmd+50nqjSL5IOZxtQXeCRZyAg2Vnosj66ql4O+SAbFkltxF0DrxMtICTI0B8Wv/jAiiaDSEI617nlubPwUK8MIp7NCP9E0xmSCR7RnqcSCaj9dHDxDF1YZojBStqRBC/X3RIqF1lMR2E6BzVivenPxP6+XmLDup0zGiaGSLBeFCUcmQvPv0ZApSgyfWoKJYvZWRMZYYWJsRgUbgrf68jppVyterXJzXys16lkceTiDcyiDB9fQgDtoQgsICHiGV3hzlPPivDsfy9ack82cwh84nz96qY+K</latexit>

(g � 2)e

<latexit sha1_base64="E/UI9fc8JdqERfLyWIrGFUJt06M=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiwbAbAsZbwIvHCOYByRJmJ51kyOzsMjMrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFcSCa+O6387G5tb2zm5uL79/cHh0XDg5bekoUQybLBKR6gRUo+ASm4YbgZ1YIQ0Dge1gcjf320+oNI/ko5nG6Id0JPmQM2qs1C6NritXfewXim7ZXYCsEy8jRcjQ6Be+eoOIJSFKwwTVuuu5sfFTqgxnAmf5XqIxpmxCR9i1VNIQtZ8uzp2RS6sMyDBStqQhC/X3REpDradhYDtDasZ61ZuL/3ndxAxrfsplnBiUbLlomAhiIjL/nQy4QmbE1BLKFLe3EjamijJjE8rbELzVl9dJq1L2quXbh2qxXsviyME5XEAJPLiBOtxDA5rAYALP8ApvTuy8OO/Ox7J1w8lmzuAPnM8f47SOnQ==</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

µ

<latexit sha1_base64="LEvYMHK43+qkPM9aSb3njsgkw80=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0JqLeAF48RzQOSJcxOJsmQmdllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3BYOjpu2jg1jDdYLGPTjqjlUmjeQIGStxPDqYokb0Xj25nfeuLGilg/4iThoaJDLQaCUXTSQ1elvVLZr/hzkFUS5KQMOeq90le3H7NUcY1MUms7gZ9gmFGDgkk+LXZTyxPKxnTIO45qqrgNs/mpU3LulD4ZxMaVRjJXf09kVFk7UZHrVBRHdtmbif95nRQH12EmdJIi12yxaJBKgjGZ/U36wnCGcuIIZUa4WwkbUUMZunSKLoRg+eVV0rysBNXKzX21XKvmcRTgFM7gAgK4ghrcQR0awGAIz/AKb570Xrx372PRuublMyfwB97nD10IjdQ=</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

e

<latexit sha1_base64="5CC3KAAY9gDL98q8GSuxAmgLuI8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJg7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WvW2WavUa3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByReM5w==</latexit>

Bauer, Neubert, SR, Schnubel, Thamm, PRL 124 (2020) 21

MEG collaboration, Eur. Phys. J. C 76 no. 8 434 (2016)-Re  for  TeV[(kE)*32(ke)32] ≈ 4 f = 1 Re  for  TeV[(kE)*31(ke)31] ≈ 0.32 f = 1

viable for  GeVma > 1.5

Endo, Iguro, Kitahara, 
JHEP 06 (2020) 040

(g � 2)e

<latexit sha1_base64="E/UI9fc8JdqERfLyWIrGFUJt06M=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiwbAbAsZbwIvHCOYByRJmJ51kyOzsMjMrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFcSCa+O6387G5tb2zm5uL79/cHh0XDg5bekoUQybLBKR6gRUo+ASm4YbgZ1YIQ0Dge1gcjf320+oNI/ko5nG6Id0JPmQM2qs1C6NritXfewXim7ZXYCsEy8jRcjQ6Be+eoOIJSFKwwTVuuu5sfFTqgxnAmf5XqIxpmxCR9i1VNIQtZ8uzp2RS6sMyDBStqQhC/X3REpDradhYDtDasZ61ZuL/3ndxAxrfsplnBiUbLlomAhiIjL/nQy4QmbE1BLKFLe3EjamijJjE8rbELzVl9dJq1L2quXbh2qxXsviyME5XEAJPLiBOtxDA5rAYALP8ApvTuy8OO/Ox7J1w8lmzuAPnM8f47SOnQ==</latexit>


