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Lepton flavour in the SM

- Within the SM, neutrinos are massless. 

- SM + massless neutrinos:  accidental conservation 

of [flavoured] lepton number

- Observed neutrino oscillations mean

- (a) massive neutrinos and; 

- (b) there is lepton flavour violation (LFV) beyond 

the SM
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Lepton flavour in the SM

- SM leptons couple flavour-blindly to the 

gauge fields of the SM: lepton flavour 

universality (LFU)

- The only flavour non-universal couplings to 

leptons in the SM come via charged-lepton 

masses

- Further signs of LFU violation could be 

signs of new physics…



- Electron magnetic moment: long-term precision test of 

the SM and QED 

- Anomalous magnetic moment (AMM): correction to the 

leading-order value (g=2) parameterised by 

- Measuring the fine-structure constant historically via 

a` =
1

2
(g � 2)
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The electron g-2

- In order to relax the assumption of no BSM , require independent measurements of alpha
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- Measure alpha using atom interferometry 

and used to calculate the “SM contribution”

Deviation from SM prediction Significance

�aCs
e = �(0.88± 0.36)⇥ 10�12 2.5�
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�aRb
e = (4.8± 3.0)⇥ 10�13 1.6�
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Parker et al 1812.04130

Morel et al 2020, Inspire: 1837309

2209.13084

The electron g-2

�ae = aexp � aSM
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- If this value is nonzero: there’s an anomaly 

in the electron AMM

https://arxiv.org/abs/2209.13084
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The muon g-2

- To test the muon magnetic moment, requires a larger 

higher-energy experiment to measure muon 

precession in a B field (BNL and Fermilab 

experiments)

- There is a long-standing anomaly in the muon g-2

- Taken together with the electron g-2, this looks a lot 

like new physics coupling differently to e and mu�aµ = (2.86± 0.76)⇥ 10�9 4.2�

<latexit sha1_base64="Sf0WGowPvISUnOcfmxWrdKuw6fA="></latexit>

SignificanceDeviation from SM prediction

Circa 2020, FNAL announcement  
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The muon g-2

- Discussion of SM contribution is beyond the scope of 

this talk — but very interesting!

�aµ = (2.86± 0.76)⇥ 10�9 4.2�
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SignificanceDeviation from SM prediction

- To test the muon magnetic moment, requires a larger 

higher-energy experiment to measure muon 

precession in a B field (BNL and Fermilab 

experiments)

- There is a long-standing anomaly in the muon g-2

- Taken together with the electron g-2, this looks a lot 

like new physics coupling differently to e and mu

assumes the SM value from Muon g-2 theory initiative

Circa 2020, later that same week… 
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The problem: summary

- Measurements of  the g-2 of  the muon and the electron deviate from the SM prediction 
- In 2020: deviations from the SM are in opposite directions for different lepton flavours 
- In 2021: the deviations may be in the same or  opposite directions  
- Could new physics be coupling to the muon and electron differently? 

Deviation from SM prediction Significance

�aCs
e = �(0.88± 0.36)⇥ 10�12 2.5�
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2. A solution 
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anomalies “disappear”…

A solution 
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Scalar leptoquarks

- Leptoquarks (LQ) are hypothetical particles which 
directly couple SM leptons and quarks

- They appear in neutrino mass models, GUT theories, 
flavour models…

- Scalar LQ are simple extensions to the SM

- LQ masses and couplings between are generally 
extra free parameters, but can be understood as 
arising from larger ‘model-space’

- Easily lead to LFU violationW
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For an excellent review, see I. Doršner, S. Fajfer, A. Greljo, J. F. Kamenik, N. Košnik 1603.04993
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L
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L
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https://arxiv.org/search/hep-ph?searchtype=author&query=Dor%C5%A1ner%2C+I
https://arxiv.org/search/hep-ph?searchtype=author&query=Fajfer%2C+S
https://arxiv.org/search/hep-ph?searchtype=author&query=Greljo%2C+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Kamenik%2C+J+F
https://arxiv.org/search/hep-ph?searchtype=author&query=Ko%C5%A1nik%2C+N
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Coupling to RH q

coupling to LH q

<- Leptoquark 

Mixed-Chiral term

Same-chiral term

Same-chiral term Mixed-chiral term

X
X

- General coupling of the scalar LQ to charged 

leptons

- Contribution to the AMM of a lepton

Scalar leptoquarks 
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Mixed-Chiral term

Same-chiral term

- Flavoured sign-dependence of the correction must 

come from the mixed-chiral term (loop functions have 

no lepton flavour structure)

- If  pulls from the SM are in opposite directions, 

scalar LQ that generate both anomalies must be 

mixed-chiral

- Mixed-chiral correction may also be enhanced by 

quark mass

Deviation from SM prediction Significance

�aCs
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Scalar leptoquarks
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A no-go theorem for (g-2)_e/mu ?
See e.g. Crivellin et al 1807.11484, Doršner, Fajfer, Saad 2006.11624 

- Rather large contributions to the anomalous 

magnetic moment of both leptons

- Quite strong constraints from charged LFV 

involving first and second generation leptons

- Eight orders of magnitude above the present bound

https://arxiv.org/abs/2006.11624
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Scalar LQs for (g-2)_e/mu 
- However, if the intermediate particles coupling 

are inequivalent, we can avoid this constraint

- Couple the same LQ to different SM up-type 

quarks: single scalar LQs can explain both the 

muon and electron g-2

Bigaran, I., Volkas, R.R, arXiv: 2002.12544

https://arxiv.org/abs/2002.12544
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LS1
int =

�
Lc
L�LQQL + ecR�euuR

�
S†
1 + h.c.,
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Recalling that:

EWSB and rotating fields 
into mass-eigenstates

Re�euRu 7! ySeu, Le�LQLu 7! ySLQ,

L†
e�LuRu 7! yRLu, L†

e�eQLu 7! yReQ.

<latexit sha1_base64="/1qc33Aph1T8zzCc/vqSjepsyzs="></latexit>

LS1 � ySLQ
ij

h
ecL,iuL,j � Vjk ⌫cL,idL,k

i
S†
1

+ySeu
ij ecR,iuR,jS

†
1 + h.c.,

<latexit sha1_base64="4fW2knifCX+YHNGGG+IVVJX7wUQ="></latexit>

‘Up-type’

1. 

‘Down-type’

Re�euRu 7! ySeu, Le�LQLd 7! y0SLQ,

<latexit sha1_base64="zT0nU0iGU7iuvxeIGnJBaY3tk9o="></latexit>

LS1 � y0SLQ
ij

h
V †
jke

c
L,iuL,k � ⌫cL,idL,j

i
S†
1

+ySeu
ij ecR,iuR,jS

†
1 + h.c.,

<latexit sha1_base64="KHVAl2z3b11Ta/xh40nh3on+ZL0="></latexit>

2.

Avoiding cLFV? A lesson in bases
- Couplings between left-handed up/down type quarks and leptons are not uniquely 

defined. 
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‘Up-type’

1. 

‘Down-type’

Re�euRu 7! ySeu, Le�LQLd 7! y0SLQ,

<latexit sha1_base64="zT0nU0iGU7iuvxeIGnJBaY3tk9o="></latexit>

LS1 � y0SLQ
ij

h
V †
jke

c
L,iuL,k � ⌫cL,idL,j

i
S†
1

+ySeu
ij ecR,iuR,jS

†
1 + h.c.,

<latexit sha1_base64="KHVAl2z3b11Ta/xh40nh3on+ZL0="></latexit>

2.

Simple1. 

2.

ySLQ
13

<latexit sha1_base64="kZybxKjkGYTO3v/kv8M1eONjFig=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiFw8eWrQf0May2W7apZtN2N0IIeRvePGgiFf/jDf/jds2B219MPB4b4aZeV7EmdK2/W0VVlbX1jeKm6Wt7Z3dvfL+QVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uRm6neeqFQsFA86iagb4JFgPiNYG6mfDFLnPHtM7++a2aBcsav2DGiZODmpQI7GoPzVH4YkDqjQhGOleo4daTfFUjPCaVbqx4pGmEzwiPYMFTigyk1nN2foxChD5IfSlNBopv6eSHGgVBJ4pjPAeqwWvan4n9eLtX/lpkxEsaaCzBf5MUc6RNMA0JBJSjRPDMFEMnMrImMsMdEmppIJwVl8eZm0z6pOrXrRrFXq13kcRTiCYzgFBy6hDrfQgBYQiOAZXuHNiq0X6936mLcWrHzmEP7A+vwBq0aRdA==</latexit>

y0
SLQ
1j V †

j3

<latexit sha1_base64="KdQWZxiSNX/DZkc9T7TWXYcnzdc=">AAACCXicbVC7TsNAEDyHVwgvAyXNiQhBFdkQBGUEDQVFIshDShzrfD4nl5wfujsjWZZbGn6FhgKEaPkDOv6GS+ICEkZaaTSzq90dJ2JUSMP41gpLyyura8X10sbm1vaOvrvXEmHMMWnikIW84yBBGA1IU1LJSCfiBPkOI21nfD3x2w+ECxoG9zKJiOWjQUA9ipFUkq3DNDnO7NQcZf307raRwVY/7bloMCBcyaOzzNbLRsWYAi4SMydlkKNu6189N8SxTwKJGRKiaxqRtFLEJcWMZKVeLEiE8BgNSFfRAPlEWOn0kwweKcWFXshVBRJO1d8TKfKFSHxHdfpIDsW8NxH/87qx9C6tlAZRLEmAZ4u8mEEZwkks0KWcYMkSRRDmVN0K8RBxhKUKr6RCMOdfXiSt04pZrZw3quXaVR5HERyAQ3ACTHABauAG1EETYPAInsEreNOetBftXfuYtRa0fGYf/IH2+QOZHJpJ</latexit>

LH coupling between electron and top-quark

=0

=0 Messy

Avoiding cLFV? A lesson in bases

- If we choose a down-type basis, it would be very hard 

to avoid large (top-mass enhanced) corrections to 

cLFV  and  generate both g-2’s 

- Note that only couplings to up-type quarks with 

charged leptons here are mixed-chiral
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e
µ

⌧

<latexit sha1_base64="ZNDUvMAhs3TlE8PSS26VZqiKVl8=">AAAB/XicdVDLSgMxFM34rPU1PnZugkVwNSSlo4Vuim5cVrAP6Awlk2ba0MyDJCPUofgrblwo4tb/cOffmD4EFT1w4XDOvdx7T5AKrjRCH9bS8srq2npho7i5tb2za+/tt1SSScqaNBGJ7AREMcFj1tRcC9ZJJSNRIFg7GF1O/fYtk4on8Y0ep8yPyCDmIadEG6lnHzKv5tWgF2VwTjTJYM8uIQeduRVchchxEa5i15CyixEqQ+ygGUpggUbPfvf6Cc0iFmsqiFJdjFLt50RqTgWbFL1MsZTQERmwrqExiZjy89n1E3hilD4ME2kq1nCmfp/ISaTUOApMZ0T0UP32puJfXjfTYdXPeZxmmsV0vijMBNQJnEYB+1wyqsXYEEIlN7dCOiSSUG0CK5oQvj6F/5NW2cEVx72ulOoXizgK4Agcg1OAwTmogyvQAE1AwR14AE/g2bq3Hq0X63XeumQtZg7AD1hvn0N5k9Y=</latexit>

u c t

<latexit sha1_base64="WCn5BGgYwk5IGkBVR5Her00TEf4=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GpLS0UI3RTcuK9gHdMaSSTNtaOZBklHK0P9w40IRt/6LO//GdFpBRQ/cy+Gce8nN8RPBlUbowyqsrK6tbxQ3S1vbO7t75f2DjopTSVmbxiKWPZ8oJnjE2pprwXqJZCT0Bev6k8u5371jUvE4utHThHkhGUU84JRoI92m0G24DUjzrgflCrLRmVPDdYhsB+E6dgypOhihKsQ2ylEBS7QG5Xd3GNM0ZJGmgijVxyjRXkak5lSwWclNFUsInZAR6xsakZApL8uvnsETowxhEEtTkYa5+n0jI6FS09A3kyHRY/Xbm4t/ef1UB3Uv41GSahbRxUNBKqCO4TwCOOSSUS2mhhAqubkV0jGRhGoTVMmE8PVT+D/pVG1cs53rWqV5sYyjCI7AMTgFGJyDJrgCLdAGFEjwAJ7As3VvPVov1utitGAtdw7BD1hvn5iwkUw=</latexit>

Model 1

Model 2

Scalar LQs for (g-2)_e/mu 
- Contribution to g-2 of the electron via a charm quark 

coupling

- Contribution to g-2 of the muon via a top quark coupling

- Four new couplings, one new mass in each model

Full phenomenology study in 2002.12544 (real) and 2110.03707 (complex, also EDMs) 

https://arxiv.org/abs/2002.12544
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1. The problem  
2. A solution 
3. What we learn from the solution, even if  

anomalies “disappear”…
What we learn from the solution, even if  
anomalies “disappear”…

Overview 
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- Anomalies come and go, and some stay longer than 

others. Some stay forever and are no longer called “new 

physics” … (neutrino masses?)

- The work done to model-build for these anomalies tells 

us important lessons about the structure of BSM models

- Many of these models have multiple purposes: pheno 

studies tell us where effects of these models can appear 

in various low- and high-energy probes

- We need lepton flavour violation beyond the SM!

What have we learned



Thank you for listening
See  2002.12544 and 2110.03707  for further details
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https://arxiv.org/abs/2002.12544
https://arxiv.org/abs/2110.03707
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• But: consider also the (dirac) lepton masses and how this is 
modified by chirally-enhanced one-loop corrections. 

• The self-energies could account for the masses, but shouldn’t 
warrant overly correcting the “tree-level” terms

We enforce that the modification to the lepton (electron or 
muon) mass cannot be greater than 100%

�m

mTree
 1

<latexit sha1_base64="LwRM1A3a9An+/+wQnYqWWTPtuJA=">AAACD3icbVC7TsNAEDyHd3gZKGlORCCqyEZBUCKgoAxSApHiKDpf1nDKnW3u1ojI8h/Q8Cs0FCBES0vH33B5FLxGWmk0s6vdnTCVwqDnfTqlqemZ2bn5hfLi0vLKqru2fmGSTHNo8kQmuhUyA1LE0ESBElqpBqZCCZdh/2ToX96CNiKJGzhIoaPYVSwiwRlaqevuBJFmPA9OQSKjiha56gYId5g3NEBR0EDCDfW7bsWreiPQv8SfkAqZoN51P4JewjMFMXLJjGn7XoqdnGkUXEJRDjIDKeN9dgVtS2OmwHTy0T8F3bZKj0aJthUjHanfJ3KmjBmo0HYqhtfmtzcU//PaGUaHnVzEaYYQ8/GiKJMUEzoMh/aEBo5yYAnjWthbKb9mNiC0EZZtCP7vl/+Si72qX6vun9cqR8eTOObJJtkiu8QnB+SInJE6aRJO7skjeSYvzoPz5Lw6b+PWkjOZ2SA/4Lx/AeC3nI4=</latexit>

The lepton g-2 problem with mixed-chiral scalars

�m

<latexit sha1_base64="Hphor6Ccy2huj7LqOGWICeZp8UM=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgkfYMNwIbCcKqQwEtoLRzdRvPaHSPI4ezDhBX9JBxEPOqLFSu3uLwlAie+WKW3VnIMvEy0kFctR75a9uP2apxMgwQbXueG5i/Iwqw5nASambakwoG9EBdiyNqETtZ7N7J+TEKn0SxspWZMhM/T2RUan1WAa2U1Iz1IveVPzP66QmvPIzHiWpwYjNF4WpICYm0+dJnytkRowtoUxxeythQ6ooMzaikg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NICBgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx+HcY+l</latexit>





°1.0 °0.5 0.0 0.5 1.0

Re(yReQ
12 )

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

R
e(

yR
L

u
12

)

mR2 = 2 TeV

¢me

¢aCs
e

¢aRb
e

°1.0 °0.5 0.0 0.5 1.0

Re(yReQ
12 )

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

R
e(

yR
L

u
12

)

mR2 = 6 TeV

¢me

¢aCs
e

¢aRb
e

°1.0 °0.5 0.0 0.5 1.0

Re(yReQ
12 )

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

R
e(

yR
L

u
12

)

mR2 = 4 TeV

¢me

¢aCs
e

¢aRb
e

Plots shown as e.g. for R2

Constraint on the LQ mass from electron g-2 and correction to electron mass m� . 3.12 TeV

<latexit sha1_base64="6sIQy80rB3Ff7NHWYNZHBe+YaE4=">AAACCnicbVA9SwNBEN3zM8avU0ub1SBYhbsYUbAJ2lhGyBfkQtjbTJIlu3fH7pwYjtQ2/hUbC0Vs/QV2/hsvH4UmPhh4vDfDzDw/ksKg43xbS8srq2vrmY3s5tb2zq69t18zYaw5VHkoQ93wmQEpAqiiQAmNSANTvoS6P7gZ+/V70EaEQQWHEbQU6wWiKzjDVGrbR6rtRX1BPQnGGKHoWd4teFcewgMmFaiNsm075+SdCegicWckR2Yot+0vrxPyWEGAXDJjmq4TYSthGgWXMMp6sYGI8QHrQTOlAVNgWsnklRE9SZUO7YY6rQDpRP09kTBlzFD5aadi2Dfz3lj8z2vG2L1sJSKIYoSATxd1Y0kxpONcaEdo4CiHKWFci/RWyvtMM45peuMQ3PmXF0mtkHeL+fO7Yq50PYsjQw7JMTklLrkgJXJLyqRKOHkkz+SVvFlP1ov1bn1MW5es2cwB+QPr8weVCJmP</latexit>

Electron g-2 with mixed-chiral scalars
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• We allow muon couplings to be complex, muon EDM is not yet highly constrained (current 
constraint not visible on plot,                e.cm)
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• By looking at just the combination of g-2 (central value) with 
the muon mass correction constraint:

Plot shown as e.g. for R2

Muon g-2 with mixed-chiral scalars

** Note for the plot: shaded bands in y show the region which would be still  *not* 
observable at the respective experiment 

< 10�19
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• Benchmark values of  ξ 23: capable of  satisfying the g-2 
value for either R2 or S1 

• For benchmark masses, combining the muon mass with 
g-2 leads to a prediction for muon EDM —within 
reach of  upcoming experiments
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Muon g-2 with mixed-chiral scalars

** Note for the plot: shaded bands in y show the region which would be still  *not* 
observable at the respective experiment 
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Phenomenological study
• An example of  this, is via the study of  the left-handed couplings:

See  2002.12544 and 2110.03707  for further detail

https://arxiv.org/abs/2002.12544
https://arxiv.org/abs/2110.03707

