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(See A. Pich’s course at TAE 2018 and his several reviews on the topic available in inspires)
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Nuclear b decay

Electromagnetic
interaction in 
the H atom

Proton made up 
of quarks bond by
gluon exchanges
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Matter content

l = e , m, t; qu = u, c, t; qd = d, s, b 

Generates
flavor

Gauge symmetry & its breaking

nl R
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Both in terms of 
flavor or mass

eigenstates

In terms of flavor
eigenstates

In terms of mass
eigenstates
VCKM/UPMNS

appear

Unitary if no 
extra matter
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BASICS

They arise at 
one-loop in the
SM (quantum 
phenomena)

What are the
one-loop

diagrams in the
SM for K0 → m m ?
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BASICS

Wolfenstein
parametrization
is very useful for
grasping easily
the associated

Physics

It is
mathematically
analogous for
leptons (for

massive
neutrinos)
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It is
mathematically
analogous for
leptons (for

massive
neutrinos)
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This illustrates
how an EFT works

E

L

EFT

‘Fundamental’ 
Theory

Can you derive 
this dependence
with dimensional 

analysis?

This
dependence

is
fundamental 
for LU tests
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Only leptonic Only leptonicSemileptonic
Complementary Complementary
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Difficult to 
explain
without
spoiling

other ratios

Rad Cors
not

properly
understood

How can this be 
possible?

(I will discuss its
Lorentz structure

tomorrow)

Belle-II 
Physics
Book
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Inclusive analysis of t decay width
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UNITARITY

See, however, arXiv: 
1807.10197(hep-ph)

Inclusive analysis of t decay width
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Inclusive analysis of 
t decay width
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Neutral current
couplings of leptons
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Neutral current
couplings of leptons

Experimental determination of the previous coefficients is possible:
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Neutral current
couplings of leptons

At the Z-peak (LEP), these simplify and get related:
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Neutral current
couplings of leptons

With polarized e-beams (SLC) one can further measure:
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Neutral current
couplings of leptons

Combined
analysis of 
LEP & SLD

And the
Higgs boson

was
discovered

immediately
, where

hinted by
these plots



CONTENTS

• m and e anomalous magnetic moments (am, ae): Are BOTH anomalies real?

• Charged lepton flavor violation: Any observation is New Physics
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am & ae : Are BOTH anomalies real?
Light-by-lightVacuum

polarization

ml = gl e/(2 ml) Sl, gl = 2 (1+al), al = a/(2 p)+…
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am & ae : Are BOTH anomalies real?
Until half a year ago, there was just ONE possible anomaly, summarized as: ml = gl e/(2 ml) Sl, gl = 2 (1+al), al = a/(2 p)+…

But the picture has drastically changed as an exp. in Berkeley announced a new ultraprecise measurement of a using
interferometry techniques (ScienceMag Vol. 360, Issue 6385, pp. 191-195). They have really measured the mass of the Cs 133 
atom and used to determine a.

Knowing a, ae is a series in a (Aoyama, Hayakawa, Kinoshita & Nio, PRL 109, 11807 (2012) & PRD 96 019901 (2017)).
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am & ae : Are BOTH anomalies real?
Until half a year ago, there was just ONE possible anomaly, summarized as: ml = gl e/(2 ml) Sl, gl = 2 (1+al), al = a/(2 p)+…

But the picture has drastically changed as an exp. in Berkeley announced a new ultraprecise measurement of a using
interferometry techniques (ScienceMag Vol. 360, Issue 6385, pp. 191-195). They have really measured the mass of the Cs 133 
atom and used to determine a.

(Matter-wave interferometry)

Statistical error/Systematical error ~ 4/3
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am & ae : Are BOTH anomalies real?
Until half a year ago, there was just ONE possible anomaly, summarized as: ml = gl e/(2 ml) Sl, gl = 2 (1+al), al = a/(2 p)+…

Statistical Error/Systematical error ~ 3

Harvard

Parker, Yu, Zhong, Estey & Müller (ScienceMag (2018) Vol. 360, Issue 6385, pp. 191-195). 

Aoyama, Hayakawa, Kinoshita & Nio (PRL 109 (2012) 11807, PRD 96 (2017) 019901). 

Hanneke, Fowler & Gabrielse (PRL 100 (2008) 120801). 
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am & ae : Are BOTH anomalies real?
Now there seem to be a couple of conflicting anomalies, summarized as: ml = gl e/(2 ml) Sl, gl = 2 (1+al), al = a/(2 p)+…

In general, ‘natural’ NP models tend to contribute to al with the same sign for l=e, m. Particularly, the Berkeley result rules out
dark photon explanations of the am anomaly at the 99%C.L.
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am & ae : Are BOTH anomalies real?
Now there seem to be a couple of conflicting anomalies, summarized as: ml = gl e/(2 ml) Sl, gl = 2 (1+al), al = a/(2 p)+…

In general, ‘natural’ NP models tend to contribute to al with the same sign for l=e, m. Particularly, the Berkeley result rules out
dark photon explanations of the am anomaly at the 99%C.L.

Parker, Yu, Zhong, Estey & Müller (ScienceMag
(2018) Vol. 360, Issue 6385, pp. 191-195). 
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am & ae : Are BOTH anomalies real?
Now there seem to be a couple of conflicting anomalies, summarized as: ml = gl e/(2 ml) Sl, gl = 2 (1+al), al = a/(2 p)+…

In general, ‘natural’ NP models tend to contribute to al with the same sign for l=e, m. Particularly, the Berkeley result rules out
dark photon explanations of the am anomaly at the 99%C.L.

Axial-vector mediators (that could
explain ae) are also ruled out.

Parker, Yu, Zhong, Estey & Müller (ScienceMag
(2018) Vol. 360, Issue 6385, pp. 191-195). 
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am & ae : Are BOTH anomalies real?
Now there seem to be a couple of conflicting anomalies, summarized as: ml = gl e/(2 ml) Sl, gl = 2 (1+al), al = a/(2 p)+…

In general, ‘natural’ NP models tend to contribute to al with the same sign for l=e, m. Particularly, the Berkeley result rules out
dark photon explanations of the am anomaly at the 99%C.L. Axial-vector mediators (that could explain ae) are also ruled out.

My personal view: Dae is not that significant and will be reduced with more precise measurements of ge.
Dam is mainly a result of present insufficient knowledge of the hadronic non-perturbative contributions.
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am & ae : Are BOTH anomalies real?
Light-by-lightVacuum

polarization
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am & ae : Are BOTH anomalies real?

Uncertainty on a
Only QED matters for ae!!

This gives a reasonable UL 
for heavy NP contributions

They can’t explain Dae at one-loop
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am & ae : Are BOTH anomalies real?
In the muon case the theoretical uncertainty is completely dominated by the hadronic contributions
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am & ae : Are BOTH anomalies real?
In the muon case the theoretical uncertainty is completely dominated by the hadronic contributions

Fourfold
improvement

on error by
FNAL in 2021!!

Muon g-2 
Theory
Initiative
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am & ae : Are BOTH anomalies real?
In the muon case the theoretical uncertainty is completely dominated by the hadronic contributions
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am & ae : Are BOTH anomalies real?
In the muon case the theoretical uncertainty is completely dominated by the hadronic contributions

Current developments are focused on improving HVP determination (data-driven & lattice) &
the HLbL part (efforts directed towards data-driven determination, lattice and other analytic approaches:

large-Nc, ChPT, DSE, Rational approximants, …)
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am & ae : Are BOTH anomalies real?
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RBC & UKQCD Colls.
PRL 121 (2018) 
no.2, 022003 Lattice

QCD

R=shad/slep

measurements

Combined

See also Meyer & 
Wittig’s review

1807.09370

Belle-II 
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am & ae : Are BOTH anomalies real?
In the muon case the theoretical uncertainty is completely dominated by the hadronic contributions

Current developments are focused on improving HVP determination (data-driven & lattice) &
the HLbL part (efforts directed towards data-driven determination, lattice and other analytic approaches:

large-Nc, ChPT, DSE, Rational approximants, …)

Guevara, Roig & Sanz-Cillero, JHEP’18

(It supersedes previous result by Roig, Guevara & López-Castro PRD’14)

Hoferichter et. al. PRL & JHEP ‘18

Masjuan & Sánchez-Puertas PRD’17
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p0 gives the most important contribution



am & ae : Are BOTH anomalies real?
In the muon case the theoretical uncertainty is completely dominated by the hadronic contributions

Guevara, Roig & Sanz-Cillero, JHEP’18

(It supersedes previous result by Roig, Guevara & López-Castro PRD’14)

Hoferichter et. al. PRL & JHEP ‘18

Masjuan & Sánches-Puertas PRD’17

am
p0,HLbL = (6.11+0.23)10-10

K. Raya, Bashir & Roig, DSE, to appear soon…
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p0 gives the most important contribution
Belle-II 
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What about at?
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arXiv:1810.06699 (hep-ph)

A.S. Fomin, A.Yu. Korchin, A. Stocchi, S. Barsuk, P. Robbe

The sensitivity of al to heavy NP scales as ml
2/MNP

2 so t is the most interesting one theoretically. However, tt ~ 3.10-11 s makes
impossible measurement as for the m or e.

Eidelman & Passera ‘07
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arXiv:1810.06699 (hep-ph)

A.S. Fomin, A.Yu. Korchin, A. Stocchi, S. Barsuk, P. Robbe

Eidelman & Passera ‘07
But it will still only be probing the

Schwinger contribution

The sensitivity of al to heavy NP scales as ml
2/MNP

2 so t is the most interesting one theoretically. However, tt ~ 3.10-11 s makes
impossible measurement as for the m or e.



CHARGED LEPTON FLAVOR VIOLATION (cLFV):
Any observation is New Physics
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CHARGED LEPTON FLAVOR VIOLATION (cLFV):
Any observation is New Physics

cLFV is forbidden in the limit of massless neutrinos (Lepton flavor is conserved).
cLFV smallness is due to neutrinos running in the loop (GIM suppression) and the KLN 

theorem (no IR divs associated with intermediate or final-state particles can appear).

Analogously, a similar suppresion has to arise in other cLFV processes.
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CHARGED LEPTON FLAVOR VIOLATION (cLFV):
Any observation is New Physics

cLFV is forbidden in the limit of massless neutrinos (Lepton flavor is conserved).
cLFV smallness is due to neutrinos running in the loop (GIM suppression) and the KLN 

theorem (no IR divs associated with intermediate or final-state particles can appear).

Analogously, a similar suppresion has to arise in other cLFV processes. However

It has been cited over the years as the SM prediction by ATLAS, BaBar, Belle & CMS despite it violates KLN Theorem.
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CHARGED LEPTON FLAVOR VIOLATION (cLFV):
Any observation is New Physics

Diagrams with
2 n propagators

dominate
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CHARGED LEPTON FLAVOR VIOLATION (cLFV):
Any observation is New Physics

Two different analytical evaluations: With Feynman parameters & with PaVe functions.
Two different numerical computations: Fully numerical with PaVe and after expansion around mn=0.
We have kept for the first time external momenta & masses: This changes results by at least one order of magnitude (depending
on the channel). Petcov’s formulae are reproduced when external p’s are neglected.
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CHARGED LEPTON FLAVOR VIOLATION (cLFV):
Any observation is New Physics

(* Updated input)

Are there other processes where the inaccuracy of neglecting external momenta and masses may become an issue?
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CHARGED LEPTON FLAVOR VIOLATION (cLFV):
Any observation is New Physics
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Belle-II 
could
improve
two orders
of 
magnitude
w.r.t. 
BaBar & 
Belle (it
depends
on the
channel)
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CHARGED LEPTON FLAVOR VIOLATION (cLFV):
Any observation is New Physics
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(see Marcela’s poster for
unconventional searches)



SEMILEPTONIC TAU DECAYS:
From the Fermi-like theory to the SMEFT
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SEMILEPTONIC TAU DECAYS:
From the Fermi-like theory to the SMEFT

Apparent non-conservation of energy & angular momentum & violation of the spin-statistics
connection in nuclear b decays lead Pauli postulate the n.

Fermi implemented a vector contact interaction (QED-like) between fermion currents as a 
theory for b decays including the n.

With a modern perspective, Fermi’s theory is only one of the possible contributions allowed by
symmetries in the EFT framework and applies also to leptonic lepton decays and semileptonic
decays involving light quarks (u,d,s).

(e Gn ne)(nm Gn m) + h.c.
m

nm

e

nene

m

nm

ne

W

-1/(Q2-MW
2)~1/MW

2

‘Fundamental theory’
SM

EFT
Fermi-like theory
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SEMILEPTONIC TAU DECAYS:
From the Fermi-like theory to the SMEFT

Apparent non-conservation of energy & angular momentum & violation of the spin-statistics
connection in nuclear b decays lead Pauli postulate the n.

Fermi implemented a vector contact interaction (QED-like) between fermion currents as a 
theory for b decays including the n.

With a modern perspective, Fermi’s theory is only one of the possible contributions allowed by
symmetries in the EFT framework and applies also to leptonic lepton decays and semileptonic
decays involving light quarks (u,d,s).

m

nm

e

nene

m

nm

ne

W

-1/(Q2-MW
2)~1/MW

2

‘Fundamental theory’
SM

EFT
Fermi-like theory

q

mc

SM

Fermi theory
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SEMILEPTONIC TAU DECAYS:
From the Fermi-like theory to the SMEFT

With an even more modern perspective (in apparent absence of NP up to a few TeVs) we can 
consider the SM itself as an EFT: SMEFT (Büchmuller-Wyler ‘85; Grzadkowski, Iskrzynski, Misiak
& Rosiek ’10, …)

v

L

BSM

SM

(See Cirigliano, Jenkins & González-Alonso Nucl.Phys. B830 (2010) 95-115 for semileptonic
decays involving light quarks in SMEFT)
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SEMILEPTONIC TAU DECAYS:
From the Fermi-like theory to the SMEFT

With an even more modern perspective (in apparent absence of NP up to a few TeVs) we can 
consider the SM itself as an EFT: SMEFT (Büchmuller-Wyler ‘85; Grzadkowski, Iskrzynski, Misiak
& Rosiek ’10, …)
Proceeding this way (Garcés, Hernández-Villanueva, López-Castro & PR, JHEP 1712 (2017) 027):

1st pointed out that t→nt hads could be competitive with nuclear b
& radiative p decay in restricting NP in charged weak currents
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SEMILEPTONIC TAU DECAYS:
From the Fermi-like theory to the SMEFT

Garcés, Hernández-Villanueva, López-Castro & PR, JHEP 1712 (2017) 027 1st pointed out that t→nt hads could be competitive
with nuclear b & radiative p decay in restricting NP in charged weak currents

t→nt h p: For eS

t→nt p p : For eT in Miranda & PR, 1806.09547
Previous decay channels + inclusive analysis + t→nt p + am

pp in Cirigliano, Falkowski, González-Alonso & Rodríguez-Sánchez, 
1809.01161

Hadronization from Escribano et 
al. PRD’16 & Dumm & PR EPJC’13
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SEMILEPTONIC TAU DECAYS:
From the Fermi-like theory to the SMEFT

& b decays

(input)

3
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To appear in JHEP 
(see Álex poster)

Analysis for Kp decay modes is in progress (see Javier’s poster)
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MICHEL PARAMETERS IN LEPTONIC LEPTON DECAYS:
Not only muons matter
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(and related
processes)

El’
max

MICHEL PARAMETERS IN LEPTONIC LEPTON DECAYS:
Not only muons matter
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MICHEL PARAMETERS IN LEPTONIC LEPTON DECAYS:
Not only muons matter

El’
max

Michel parameters for muon decay (unpolarized daugther lepton, 5 additional independent parameters if measured)
They are bilinear combinations of the effective gn

ew couplings.
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MICHEL PARAMETERS IN LEPTONIC LEPTON DECAYS:
Not only muons matter Assumes LU

A. Pich, Prog.Part.Nucl.Phys. 75 (2014) 41-85

Charged leptons Physics: Precision BSM probes Pablo Roig (Cinvestav)

Belle-II 
Physics
Book



MICHEL PARAMETERS IN LEPTONIC LEPTON DECAYS:
Not only muons matter

Low-E parameter
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MICHEL PARAMETERS IN LEPTONIC LEPTON DECAYS:
Not only muons matter

Achieving competitive accuracy in the Michel parameters carrying information on the daughter lepton
polarization is difficult in tau decays. Since the photon it emits is sensitive to this information, Michel 

parameters have been/are being measured using radiative tau decays at Belle.

m → e e+ e- nm ne was discovered by SINDRUM (‘85) & m → e g nm ne by MEG (‘16)
but Michel parameters were not measured.

The corresponding Michel parameters have been measured in t → l g nt nl

And will be published soon for t → l l´+ l´- nm ne using our Michel parameters formalism (A. Flores-Tlalpa, Gabriel López-Castro & 
PR, JHEP 1604 (2016) 185) (mention private communication)
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I have not discussed other very interesting NP searches that can be performed through charged leptons physics. Namely:

- Electron & muon electric dipole moments

 m e → m e for am
HVP,LO

- Dark photons (for obvious reasons)

- LU anomalies in semileptonic decays of heavy mesons

- Antimatter gravity with muonium

- LNV

- LFV in nuclei

- Baryogenesis through leptogenesis

- …
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Physics
Book



SUMMARY

• m and e anomalous magnetic moments (am, ae): Are BOTH anomalies real?

• Charged lepton flavor violation: Any observation is New Physics

• Semileptonic tau decays: From the Fermi-like theory to the SMEFT

• Michel parameters in leptonic lepton decays: Not only muons matter
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Charged leptons Physics are Precision BSM probes. Some examples:



SUMMARY

• m and e anomalous magnetic moments (am, ae): Are BOTH anomalies real?

• Charged lepton flavor violation: Any observation is New Physics

• Semileptonic tau decays: From the Fermi-like theory to the SMEFT

• Michel parameters in leptonic lepton decays: Not only muons matter

Looking for NP, go as leptonic (clean) as possible
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Charged leptons Physics are Precision BSM probes. Some examples:
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