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1. Introduction
The instability of the scalar sector of the Standard Model (SM) with respect to fermionic
and bosonic loop corrections in the presence of an ultraviolet cut-off scale has been the
driving motivation for the widespread expectation of TeV-scale new physics. Such new
physics is in reach for discovery at the LHC which sets the current experimental energy
frontier. Clean measurements in the charged-lepton flavour sector can also probe new
physics at high scales, in fact, at mass scales up to hundreds of TeV and above, albeit
the interpretation of a measurement in terms of mass scales is model-dependent. Such
measurements often involve rare processes or small deviations in abundant processes
(because they are scale-suppressed) and hence require large rates and high precision to
be observable. The experiments performing these measurements operate at the intensity
and precision frontier. Both, the energy and intensity/precision frontiers, are complementary domains of activity in modern particle physics research and so should be pursued in
common.
Although some deviations between experiment and SM expectation exist in the charged
flavour physics sector, none is presently significant enough to demonstrate evidence for
new physics. It is nevertheless important to follow up on them. Just as important are
the measurements for which, in our ignorance, one would have expected new physics
to show up but none has been seen. Indeed, many of the models that have been developed to stabilize the Higgs boson sector, or that suggest alternatives to it, predict new
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flavour-changing neutral currents, CP-violating phases, charged-lepton flavour violation,
electric dipole moments, anomalous magnetic moments, contributions to electroweak precision observables, etc. Their non-observation strongly constrains these models, though –
apart from very specific cases – does not exclude them. It does, however, affect their naturalness and the searches at the LHC, be they positive or not, will need to be scrutinized
in view of the results from the precision measurements.
I review the following searches for charged-lepton flavour violation, lepton electric
dipole moments and flavour-conserving CP violation. I also discuss recent progress in
τ -lepton physics and in the SM prediction of the muon anomalous magnetic moment.

2. Charged-lepton flavour violation
Flavour violation involving charged leptons (LFV) belongs to the class of flavourchanging neutral currents (FCNC), which are suppressed at tree-level in the SM where
they are mediated by γ and Z 0 bosons, but arise at loop level via weak charged currents
mediated by the W ± boson. The GIM mechanism [1] further suppresses loop-induced
FCNC in the quark sector, so that FCNC effects are generally small in the SM. Rare
FCNC processes such as Bs0 → μμ or K L0 → π 0 ν ν̄, but also inclusive b → s transitions
are therefore sensitive probes for new physics. The former mode is currently actively
investigated at the LHC [2,3].
Because flavour violation requires mixing between families, charged LFV exactly vanishes in the SM for massless neutrinos. Extending the SM to include neutrino masses
induces charged LFV via chirality flipping dipole amplitudes, which are however proportional to the fourth power in the ratio of neutrino mass splitting to W mass, giving, e.g.,
for the LFV decay μ → eγ a branching fraction of roughly 10−54 [4], depending on the
neutrino mixing angle θ13 . This is an unobservably tiny branching fraction so that the
search for charged LFV probes new physics without SM contamination.
Experimentally, no evidence for charged LFV has been found so far. It is searched for
in a variety of modes including the neutrinoless decays of a heavy lepton into a light one
under emission of a radiative photon, or of a heavy lepton into three light ones. Using
muonic atoms it is also possible to look for μ–e conversion in the electromagnetic field
of the nucleus. Finally, τ leptons provide a profuse field of LFV searches with 48 different final states studied so far (see ref. [5] for a recent summary). A chronological
overview of LFV limits is drawn in figure 1. It witnesses the many orders of magnitude improvement in the sensitivity obtained during half a century of LFV experiments.
The tightest absolute limits on LFV effects are obtained in μ decays and μ–e conversion
experiments. However, because different new physics phenomena induce different LFV
effects, a quantitative comparison between the limits is model-dependent.
The absence of charged LFV had important consequences in the early days of particle
physics when the concept of families was developed. Non-discovery of μ → eγ and
τ → μγ established that μ and τ were indeed new, elementary leptons, as opposed
to the excited states of composite lighter leptons. In analogy to the GIM mechanism,
the absence of μ → eγ also required to introduce the muon neutrino, prior to the νμ
discovery in 1962 [6], to cancel FCNC amplitudes [7].
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Figure 1. History of searches for selected lepton flavour-violating processes. Shown
are 90% CL upper limits, and the experiments setting the best current limits and future
prospectives for LFV searches in τ decays and μ–e conversion are indicated. This
graph has been modified from ref. [4].

Radiative lepton decays 1 → 2 γ proceed via dimension-5 left- and right-handed
radiative transition amplitudes. The branching fraction can be written in the form [4]
B(1 → 2 γ ) =


3α 
|AL |2 + |AR |2 · B(1 → 2 ν ν̄).
32π

(1)

For generic new physics at mass scale√ , one can parametrize the left- and right-handed
dipole amplitudes by AL = AR = 16 2π 2 /G F 2 , where G F is the Fermi constant and
is the scale of the LFV interaction. The 2002 upper limit of B(μ → eγ ) < 1.2 · 10−11 ,
obtained by the MEGA experiment at the Los Alamos Meson Physics Facility [8], thus
translates into the stringent bound
> 340 TeV [4], which is well beyond the LHC
reach. Decays involving virtual photons, such as 1 → 2 ¯2 2 and μ–e conversion, have
an additional rate suppression factor αQED , but also probe different physics processes.
Figure 2 depicts example graphs for R-parity conserving supersymmetric contributions
to the charged LFV processes μ → eγ (a) and μN → eN conversion (b). The predicted
rates depend on the value of the slepton mass mixing parameter involved ([9,10] and
references therein). LFV is also naturally present in R-parity violating models, where
the strength of the effects is governed by the size of trilinear lepton number violating
couplings involving sleptons and leptons (λ), and squarks, leptons and quarks (λ ) in the
supersymmetric superpotential [11].
2.1 A new limit on B(μ+ → e+ γ ) by the MEG experiment
The MEG experiment [12,13] uses the presently most powerful quasicontinuous muon
beam produced at the PSI (Switzerland) π E5 beam line. Positive 29 MeV surface muons
hit with 3 · 107 Hz rate a thin stopping target that is surrounded by the MEG detector.
The muon decay rate measured by MEG effectively has no time structure, because the
Pramana – J. Phys., Vol. 79, No. 5, November 2012
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Figure 2. Possible supersymmetric contributions to the transition dipole diagrams
mediating the LFV processes μ → eγ (a) and μN → eN conversion (b).

2.2 μs muon lifetime is long compared to the 50 MHz radiofrequency structure of the
proton cyclotron producing the muons. MEG consists of a positron spectrometer (drift
chamber) immersed in a gradient magnetic field that sweeps the produced positrons out of
the interaction region, a time-of-flight counter, and a 900 l liquid-xenon (LXe) scintillation
detector outside the magnet, measuring the photon incidence, time, and energy. The
solid-angle acceptance around the muon target is 10%.
The μ+ → e+ γ signal events are characterized by back-to-back, in-time monoenergetic (52.8 MeV) positron–photon pairs. Their measured energies, polar and zenith
opening angles, and time difference are used to separate them from backgrounds, which
are dominated by accidental coincidence of a positron from standard μ+ → e+ ν ν̄ decays
and a photon from radiative μ+ → e+ γ ν ν̄ decays, bremsstrahlung or positron annihilation in flight. The reliance on a precise back-to-back signature invalidates the use of
negative muons, which would form muonium atoms in the target that would smear out the
two-body kinematics. The dominance by accidental background (that increases quadratically with the muon intensity), motivates the use of a less intense continuous beam rather
than an intense pulsed beam. Ultimately, this background imposes a limitation on further
progress in this channel with the current experimental techniques.
In 2010, the MEG Collaboration has released a preliminary (unpublished) result from
the analysis of the 2009 data sample [14], comprising 6 · 1013 μ+ decays in the target.
More than – for the null hypothesis – expected events in the signal region were found,
leading to a larger than expected 90% CL limit on B(μ+ → e+ γ ) of 1.5 · 1011 , compared
6.1·1012 expected. MEG has reanalysed the 2009 data in 2011, confirming that the excess
of events is compatible with background only at the 8% level, and also included the larger
2010 dataset to a total μ+ yield of 1.8 · 1014 . The 2010 data benefitted from an improved
LXe waveform time resolution, but had slightly worse positron tracking resolution due to
larger noise levels in the drift chamber [15]. The two-dimensional energy, angular and
timing distributions of the selected events in the signal regions for the 2009 (figures 3a
and b), and 2010 datasets (figures 3c and d) are shown in figure 3. The 2010 data did
not reproduce the 2009 excess of signal-like events. MEG quotes the combined 90% CL
upper limit [15]
B(μ+ → e+ γ ) < 2.4 · 10−12 ,
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Pramana – J. Phys., Vol. 79, No. 5, November 2012

(2)

Charged-lepton flavour physics
58

2

2009 data

1.5

2009 data

1
teγ (nsec)

Eγ (MeV)

56
54
2
52

1

3

0.5
0

-0.5

2

1
3

-1

50

-1.5
48
50

51

(a)

52 53 54
Ee (MeV)

55

-2
-1

56

(b)

58

2

2010 data

1.5

56

2010 data

1
teγ (nsec)

Eγ (MeV)

-0.9995 -0.999 -0.9985 -0.998
cosΘeγ

54
52

0.5
0

1

-0.5
-1

2

50

-1.5
48
50

(c)

51

52 53 54
Ee (MeV)

55

-2
-1

56

(d)

-0.9995 -0.999 -0.9985 -0.998
cosΘeγ

Figure 3. MEG events (solid dots) in signal regions selected in 2009 (a and b) and
2010 (c and d). Shown are the measured photon vs. positron energies and time
difference vs. polar opening angle, respectively. The 1, 1.64 and 2σ signal likelihood contours are also drawn, and a few events with the highest signal likelihood are
numbered for each year. The figures are taken from ref. [15] (legend modified).

compared to an expected limit of 1.6·10−12 . This result is statistically limited. Systematic
uncertainties are dominated by inaccuracies in the likelihood model and normalization
factors that should partly decrease with more statistics. The MEG experiment continues
data taking in 2011 and 2012 to explore μ+ → e+ γ down to the design sensitivity of
several 10−13 .
The authors of ref. [16] have explored the potential of the MEG experiment (and others)
in terms of supersymmetric GUT SO(10) MSUGRA models, which embed the see-saw
mechanism and relate the neutrino Yukawa couplings to those of the up-quarks making
them naturally large [17] so that sizable LFV effects are introduced by the renormalization
group evolution. The ignorance of the Yukawa couplings between left- and right-handed
neutrinos is treated using two extreme scenarios: minimal (CKM-like) and maximal
(PMNS-like) mixing. Allowing MSUGRA parameter ranges of m 0 < 5 TeV, −3m 0 <
A0 < 3m 0 , μ = ±, it is found that the new MEG limit excludes the maximal mixing case
for large values of tan β irrespective of the m 1/2 value (see figure 6 in ref. [16]).
2.2 Muon-to-electron conversion
The capture of a muon in an atom and its neutrinoless conversion to an electron in the
recoil field of the nucleus is denoted as μ–e conversion (see figure 2b) for a supersymmetPramana – J. Phys., Vol. 79, No. 5, November 2012
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ric diagram of a μ–e conversion process. In a μ–e conversion experiment, slow negatively
charged muons are guided via gradient magnetic fields to hit a stopping target where they
are quickly captured by an atom (within ∼10−10 s) and cascade down to 1S orbitals. There,
the μ− either decays (with a rate of ∼5 · 105 Hz), is weakly captured by the nucleus which
undergoes β decay (exceeding the muon decay rate for heavy atoms), or converts in an
LFV process to an electron via virtual photon exchange with the nucleus. The μ–e conversion gives rise to a single monoenergetic electron of 104.96 MeV for Al atoms and
95.56 MeV for Au, where the deviation from the muon mass is due to the binding energy
of muonic atom and the recoil energy of nucleus. This simplicity and distinctive signature (very low background electron rate at 105 MeV, no accidentals for single-particle
signature) allows extremely high rates and thus a very sensitive measurement.
The experimental observable is the conversion-to-capture ratio
Rμe (A, Z ) =

(μ− + N (A, Z ) → e− + N (A, Z ))
,
(μ− + N (A, Z ) → all μ− captures)

(3)

where A and Z are the atomic mass and charge number, respectively. The dependence
of the ratio on the atom used can be exploited to distinguish new physics models after
a discovery. The denominator in eq. (3) requires the knowledge of the total number of
muon captures that can be measured from standard processes. Owing to the virtual interaction of the lepton and nucleus systems, μ–e conversion is sensitive to classes of contact
interaction models that do not contribute to μ → eγ . The conversion process might also
exhibit enhanced sensitivity to supersymmetric Higgs exchange, which can be used to
discriminate between models [18,19]. On the other hand, the sensitivity to generic chirality flipping dipole LFV amplitudes of new physics is reduced by factors 1/238, 1/342,
1/389 in branching ratios for Ti, Pb and Al targets, respectively [4,20,21]. This requires
a more precise measurement of Rμe (A, Z ) than that of B(μ → eγ ) for equal sensitivity,
and hence μ− rates of challenging 1011 Hz. Because no negative surface muon beams
can be used, the beam will have a broader momentum spectrum and is contaminated by
in-time particle backgrounds, mainly pions.
The best current limit on μ–e conversion has been obtained by the SINDRUM-II experiment at PSI in 2006 using a gold target. They found Rμe (Au) < 7 · 10−13 at 90% CL [22]
(see figure 1). The extrapolated MEG sensitivity of 10−13 for μ+ → e+ γ requires
Rμe (A, Z ) ∼ 10−16 . Such an accuracy is in reach of the proposed experiments Mu2e
(FNAL, USA) [23] and COMET (J-PARC, Japan) [24], which have both passed important approval steps. Their goal is to achieve a sensitivity down to (2–3) · 10−17 by the year
2018, which requires to produce a total of 5·1019 muons. The experimental approaches of
Mu2e and COMET are similar, albeit with some specific differences. Mu2e uses pulsed
beams of 0.6 MHz to eliminate prompt backgrounds (e.g., radiative pion capture), a pulse
extinction of 10−10 after 0.7 μs, and exploits the late muonic atom decays (τ ∼ 1 μs)
for the conversion measurement. A magnetic bottle traps pions produced by proton bombardment in a target, which decay into accepted muons. Gradient magnetic fields guide
the muons through an S-shaped beam line from the production to the stopping target to
increase the muon acceptance and momentum selection, and to evacuate loopers. Collimators reduce backgrounds from particles other than muons. For detection, the atoms
pass through a tracking detector and are stopped in a calorimeter. The decay electrons
describe a helix trajectory in the gradient field of a solenoid where their momentum is
1146
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precisely measured. The expected event yields for Rμ−e = 10−16 are ∼4 signal and 0.2
background events (dominated by radiative pion capture and decay-in-orbit muons). The
multiple ring structure at FNAL allows to run Mu2e without interfering with the NOvA
operation. COMET uses a C-shaped solenoid for improved muon momentum selection
prior to hitting the stopping target, and in addition a C-shaped detector section (before the
tracker) to eliminate low-energetic decay-in-orbit muons. Fascinating long-term upgrade
projects, using muon storage rings that can improve the μ–e conversion sensitivity by
two orders of magnitude, would be offered by an experiment at the Project-X proton
accelerator complex at FNAL [25] and by the PRISM/PRIME [26] at J-PARC (site not
fixed).

2.3 Lepton flavour violation in τ decays
The complexity of τ production in accelerators renders the search for LFV in τ decays
more challenging than for muons, which are conveniently produced from pion decays.
The best current sensitivity for τ → γ decays (charge averaged), based on a sample of
almost 1 billion single τ decays, is obtained by the BABAR experiment setting 90% CL
upper limits of 3.3 · 10−8 (for  = e) and 4.4 · 10−8 (μ) [27]. The most stringent upper
limit of 1.8 · 10−8 for LFV in τ decays has been obtained by the Belle experiment in the
mode τ → μρ 0 [28] (see ref. [5] for a full compilation of the results). Super-B projects in

m N1
m N2
m
0
0
m N1

Figure 4. Correlation between μ → eγ and τ → μγ branching fractions for various
values of the third-generation right-handed neutrino mass, m N3 , and the PMNS mixing
angle, θ13 , in a minimal supersymmetric see-saw model and assuming the MSUGRA
point SPS1a [10]. The shaded areas indicate the experimentally excluded regions
(figure taken from ref. [10] (modified)).
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Italy [29] and Japan [30], with anticipated integrated luminosities reaching up to 50 ab−1 ,
can improve the τ → γ sensitivity to a few 10−9 [31].
What is the expected sensitivity to new physics of τ → γ compared to μ → eγ ?
This question can be addressed in specific new physics models by comparing the predicted branching fractions as a function of the model parameters. Such a study has been
performed in ref. [10], the results of which, for a minimal supersymmetric see-saw model
and assuming the MSUGRA point SPS1a, is shown in figure 4. The various regions correspond to different assumptions for the heavy neutrino mass and the θ13 mixing angle.
If the recent T2K result [32] on νμ → νe appearance is confirmed (the significance of
the current νe appearance excess is evaluated to be 2.5σ ), θ13 should be larger than 5◦ ,
hence effectively excluding the m N3 = 1014 GeV case. A large mixing angle leads to
similar contributions to both LFV decays which renders the τ channel non-competitive.
Similar results are found in ref. [33], where also a study using SU(5) without righthanded neutrinos is performed exhibiting larger differences between the τ → γ and
μ → eγ branching fractions, although the predicted effects are smaller in general than
for supersymmetric GUT see-saw models.

3. Electric dipole moments
Elementary particles are predicted to be non-spherical, distorted by an electric dipole
moment (EDM). However, as for charged LFV, EDMs are predicted to be undetectably
tiny in the SM. Thus, any hint for a non-zero EDM would be a clean probe for physics
beyond the SM, and indeed many SM extensions predict EDMs that are detectable by
current experiments.
Electric dipole moments are CP-violating. The Hamiltonian of a system with magnetic
 is given by
moment, μ, and EDM, d, immersed in magnetic and electric fields, B and E,


H = −μ B · Ŝ − d E · Ŝ (describing a magnetic and electric Zeeman effect), where Ŝ is
the unit spin vector. Applying P and T transformations on H , we find that the product
B · Ŝ transforms even under both P and T , while E · Ŝ transforms odd under these so that,
assuming CPT invariance, a non-zero EDM is CP non-conserving.
All experiments searching for EDMs follow the same basic principle. A particle with
spin-1/2 immersed in magnetic and electric fields sees its spin vector precessing with
Larmor frequency ω↑↑ = 2(μB + dE)/h̄, where the arrows indicate that both B and E
fields have parallel orientation. Given the strong existing limits on d, a small value of
d ∼ 10−26 e cm in an electric field of 10 kV/cm induces a tiny precession frequency of
0.1 μHz. This frequency corresponds to a magnetic field strength of 20 pG for a neutron [34]. Given that already the magnetic field of the Earth amounts to 0.2–0.7 G, it
is obviously impractical to measure the E-induced offset and thus d directly. The effect
of B (if time-independent) can be cancelled by flipping the sign of the E field and thus
determining the frequency difference ω = ω↑↑ − ω↑↓ = 4dE/h̄. The sensitivity of the
experiment thus depends on the control of the B field variations between two E flips, and
on the E field strength. As we shall see later, the effective E field seen by the dipole can
be strongly amplified in paramagnetic atoms and molecules.
Figure 5 depicts the hierarchy of scales between CP-odd sources and generic classes
of observable EDMs [35]. On top, at TeV scale or beyond, the unknown source of CP
1148
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Figure 5. Hierarchy of scales between CP-odd sources and generic classes of
observable EDMs (figure inspired by refs [10,35,36]).

violation gives rise to lepton, light quark and colour EDMs at QCD scale, or a QCD θ
term. The latter term is the only dimension-four operator and is thus not scale-suppressed.
This and the empirical smallness of θ is what is known as the strong CP problem. The
EDMs formally belong to dimension-five operators, while most new physics models place
them at dimension six (generating chirality flips) so that the EDMs are quadratically suppressed by the new physics scale, which makes them naturally small for high-scale new
physics. The w term in figure 5 stands for a genuine dimension-six three-gluon operator. The Ci j terms are the coefficients of four-fermion operators, which are of dimension
six or, in models with chirality flips, of dimension eight. These CP-odd parameters are
either directly observable, as is the case of the lepton EDMs, or induce CP-odd operators at the nuclear scale. The most upfront observables at this scale are the neutron and
proton EDMs, which directly arise from CP-odd sources at the quark-gluon level. At the
atomic scale, when dealing with nuclei, ions, and atoms, CP-odd pion–nucleon interactions also must be considered (denoted gπNN in figure 5). When EDMs are studied at the
atomic scale, one distinguishes CP-odd effects induced in paramagnetic and diamagnetic
atoms or molecules. Paramagnetic atoms (named for their unpaired electrons, e.g., thallium) and molecules (e.g., ytterbium–fluorine), are mainly sensitive to the electron EDM
and CP-odd electron–nucleon couplings (denoted CS,P,T in figure 5). Diamagnetic atoms
(e.g. mercury) receive the same CP-odd contributions as paramagnetic atoms, but they are
strongly suppressed due to smaller Schiff shielding violation, so that contributions from
pion–nucleon scattering must also be considered.

3.1 Neutron and proton EDMs
A chronological overview of the neutron EDM measurements is shown in figure 6. The
development of ultracold neutron (UCN) facilities provided a large sensitivity boost in
Pramana – J. Phys., Vol. 79, No. 5, November 2012
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Figure 6. History of neutron EDM measurements. The vertical line indicates the
switch to ultracold neutron facilities. Also shown are ball-park ranges of generic
supersymmetry and SM predictions. For completeness one should also add solid-state
EDM effects to the atomic scale (figure taken from ref. [37] (modified)).

this very active research field. Techniques such as the use of in situ diamagnetic comagnetometers allowed to reduce systematic uncertainties due to magnetic field fluctuations.
The currently best limit of |dn | < 2.9 · 10−26 e cm at 90% CL has been obtained by the
Sussex-RAL-ILL experiment operating at the ILL-Grenoble, France [38]. We can use it
to illustrate the strong CP problem, |θ | ∼ |dn | · 2 · 1016 < 5 · 10−10 , and the supersymmetry problem, |dn | ∼ 10−23 e cm · (300 GeV/MSUSY )2 · sin φSUSY , where MSUSY and
φSUSY are the generic supersymmetry mass scale and CP-odd phase value, respectively
(see, e.g., [35]). Both parameters are subject to large suppression.
Further improvement in the neutron EDM sensitivity requires to increase the UCN
density, which can, for example, be achieved by using superfluid 4 He used to moderate
and store UCNs. Future experiments [36] aim at sensitivities of (in units of 10−26 e cm) 0.5
and 0.05 for the nEDM (by 2013) and n2EDM experiment at PSI (2016), respectively, 1
for PNPI at ILL (2012), 0.3 for CryoEDM at ILL (2016), 0.03 for nEDM at SNS-ORNL
(2020), 1 for nEDM at RCNP (2014), 0.1, and 0.01 for nEDM at TRIUMF (2017 and
>2020).
A fascinating perspective for the measurements of proton and/or light ion EDMs offers
new proposals at BNL, USA [39] and Jülich, Germany [39], with an anticipated sensitivity of 10−29 e cm [40]. The proposed experiments exploit a similar magic gamma trick as
used for the measurement of the muon anomalous magnetic moment in a homogeneous
magnetic field, but here applied to a radial electric field that keeps the particles on orbit.
A magic proton moment of 0.7 GeV leads to aligned proton spin and momentum vector
precession (ωa = 0), thus allowing a precise EDM measurement by monitoring any vertical spin precession vs. time. Assuming that the sensitivity to new physics is the same
for protons and neutrons, these certainly are must-explore experiments.
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3.2 Electron EDM
For many years, the electron EDM was dominated by the famous Berkeley measurement using thallium atoms that achieved in 2002 a 90% CL upper limit of |de | <
1.6 · 10−27 e cm [41]. Again, this limit cuts into the bulk predictions of, e.g., supersymmetry, left–right symmetric and multi-Higgs models, while the SM prediction lies
even several orders of magnitude below that for the neutron EDM. I shall describe here a
recent measurement performed at the IC-London, UK, using YbF molecules [42].
Paramagnetic atoms and molecules respond to a screening theorem by Schiff [43] that
implies a vanishing net EDM for a system built entirely from point-like, non-relativistic
constituents that interact only electrostatically. Schiff’s theorem is broken by magnetic
and relativistic interactions, and by finite size effects, i.e., a misalignment between the
distribution of charge and EDM in the atom or molecule. Schiff violation is stronger for
heavy atoms (growing as Z 3 ) and even stronger for polarizable molecules. It leads to an
enhancement of the applied electric field, with factors of roughly −585 for the spherical
thallium and 1.4 million for the dipolar YbF. The YbF factor is given for an external
E field of 10 kV/cm, not rising linearly with the strength of the field due to saturation
effects (see ref. [44] and references therein). Other advantages of YbF over Tl are smaller
systematic uncertainties, in particular those to motional magnetic fields. A shortcoming,
however, is the much smaller production rate of YbF.
The ICL YbF electron EDM experiment looks for a spin interferometer phase shift
of the F = 0, 1 YbF hyperfine levels when the electric field is reversed. The principle
of the table-top apparatus is depicted in figure 7 (taken from ref. [42]). Laser-ablated
YbF molecules populating both hyperfine levels are depleted from F = 1 states via laser
pumping using the 552 nm optical transmission line of YbF. The remaining molecules
in the F = 0 ground state enter a pair of electric field plates (magnetically shielded).
A tuned 170 MHz radiofrequency (RF) pulse transfers the molecules into the√F = 1
hyperfine level, where they form a coherent (|F = 1, m F = 1 + |1, −1 )/ 2 state.
While travelling some time T , the magnetic√and electric (if non-zero EDM) fields induce
a phase shift [42] (eiφ |1, 1 +e−iφ |1, −1 )/ 2, where φ = (μB B −de E eff )·T /h̄. Another
RF pulse projects the phase-shifted molecules back to F = 0 with state function (eiφ +
e−iφ )|0, 0 /2. A fluorescence pump detector counts the F = 0 population that has a
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Figure 7. Sketch of the ICL YbF electron EDM experiment [42] (modified). Pulsed
YbF molecules travel from the left to the right in between the electric field plates.
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rate proportional to cos2 φ. One can scan the counting rate and thus φ by modulating
the external magnetic field, and generate a tiny observable phase shift φ = 2de E eff T /h̄
by reversing the electric field. In practice, the B and E fields as well as several other
parameters of the apparatus are switched in a random sequence between each beam pulse
to track and minimize systematic correlations.
A total of 25 million YbF beam pulses, distributed throughout 6000 data blocks taken in
2010, give eight statistically independent measurements corresponding to manual reversal
states of the apparatus. Combined they yield de = (2.4 ± 5.7stat ± 1.5syst ) · 10−28 e cm,
and a 90% CL upper limit of |de | < 10.5 · 10−28 e cm. The systematic error is currently
dominated by the uncertainty in the uniformity of E between sign flips [42].
This pioneering measurement has great potential in spite of, yet, relatively little
improvement over the 2002 thallium result. The present result is statistically limited,
and systematic errors are expected to be reducible to a level of <10−29 e cm. The ICL
group aims at a factor of 10 sensitivity improvement within a few years, with the final
goal of reaching a factor of 100 improvement. Several other EDM experiments, based on
electron spin precession in atoms, molecules, molecular ions or solids are in progress.
4. Tau-lepton physics
The 20th anniversary of the Tau Workshop series which started at LAL-Orsay in 1990
was celebrated last year. During that period, there was magnificent progress in τ -lepton
physics through the LEP, CLEO, B-factory, BES, VEPP-2M, and neutrino experiments.
Early Tau Workshops concentrated on the consolidation of the τ as a standard lepton
without invisible decays and with universal couplings. Increased data samples as well as
better understanding and methods allowed the experiments to study electroweak and QCD
physics with τ leptons leading to precision measurements of fundamental SM parameters
such as sin2 θW , αS , and |Vus |.
Each of the four LEP experiments (1989–2000, CERN, Switzerland) collected a data
sample of roughly 165,000 Z → τ τ events, CLEO (1979–2008 at CESR, Cornell, USA)
already disposed of about 3.6 million τ pairs, albeit with less efficient and pure selection.
The B-factory experiments BABAR at SLAC, USA and Belle at KEK-B, Japan accumulated breathtaking 500 million and 900 million τ pairs, respectively. Consequently, these
experiments concentrate on rare modes and searches for new physics: lepton flavour violation in tau decays, charged weak current universality tests, rare branching fractions,
second class currents (isospin violation), and CP violation. Phenomenological work on
the determination of αS and |Vus | from τ branching fractions and spectral functions are
also actively pursued.
4.1 Tau branching fractions and tests of universality
The most recent summary of the τ branching fractions is available from the Heavy Flavour
Averaging Group (HFAG) [5] (see τ section). The dominant leptonic and hadronic τ
branching fractions have been measured to great precision at LEP while running at Z resonance. The ALEPH experiment in addition performed a global analysis of all τ hadronic
modes imposing unitarity [45]. The B-factory experiments also contributed with many
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new measurements, in particular improving the modes with kaons owing to their superior
particle identification capabilities. The PDG group [46] noticed a puzzling tendency when
comparing the total of 16 B-factory measurements (upper limits and exotic searches not
included) with their counterparts from LEP: all but one B-factory results lie systematically
below those from LEP (figure 8). This is a feature that requires further scrutiny.
The measurements of the branching fractions involving leptons allow to test the threegeneration universality of the charged weak current. The HFAG finds for the weak
coupling ratio |gμ /gε | obtained from the ratio of the τ → μν̄ν to τ → eν̄ν world
average branching fractions (corrected for mass-dependent effects) 1.0018 ± 0.0014 [5],
which is a factor of 7 more precise than the measurement of the corresponding on-shell
W leptonic branching fraction ratio [46]. It is of similar precision as the universality
tests performed in neutral current reactions at LEP, giving 0.28% from a comparison of
the Z →  branching fractions, and 0.13% from comparing the effective weak axial
coupling g A,e/Îij [47]. Universality of the ratios |gτ /gε | and |gτ /gμ | can be tested by comparing the measured τ leptonic branching fractions with the predicted ones using the τ
and muon lifetimes and correcting for mass and radiative effects. The HFAG computes
the world average ratios 1.0027 ± 0.0021 and 1.0008 ± 0.0021, respectively. Finally, the
ratio |gτ /gμ | can also be precisely determined with the ratio of τ → hν to h → μν
(h = π, K ) branching fractions, corrected for mass and radiative effects, which gives
0.9949 ± 0.0029. None of these tests reveals a significant deviation from universality.
4.2 Second class currents
In τ decays the charged weak current is classified according to its G-parity, where
J PG = 0−− , 1+− currents (π , a1 , . . . ) produce an odd number of pions in the final
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state, and J PG = 1−+ currents (ρ, . . . ) produce an even number of pions. These are
denoted first class currents. Second class currents [48] (SCC) have opposite spin-parity
J PG = 0+− , 0−+ , 1++ , or 1−− . They violate isospin symmetry and thus vanish in the
strict isospin limit. Their branching fractions are expected to be proportional to the u, d
quark mass difference-squared. Examples for SCC are the τ → ηπ ν and τ →→ ωπ ν
decays, which may be dominantly mediated by the a0 (980) and b1 (1235) resonances,
respectively. Estimates predict B(τ → ηπ ν) = (1.3 ± 0.2) · 10−5 (see refs [49,50] and
references therein). No SCC mode has been observed to date. The best current experimental limit, 9.9 · 10−5 at 90% CL, has been obtained by BABAR using the full available
statistics [51]. Since this search is not free of background, a much larger data sample is
required to be able to discover this mode if the branching fraction is as expected.
4.3 CP violation in τ decays
CP violation in τ decays with strangeness occurs in the SM via mixing-induced CP
violation in the neutral kaon system. The asymmetry
AQ =

(τ + → π + K S0 ν̄τ ) − (τ − → π − K S0 ν̄τ )
,
(τ + → π + K S0 ν̄τ ) + (τ − → π − K S0 ν̄τ )

(4)

is predicted to be ASM
2Re(εK ) = (0.33 ± 0.01)% [52]. Reference [53] (appeared
Q
after the conference) points out that this prediction for the K S0 -only terms contains a sign
mistake and that only when taking into account K S0 –K L0 interference, the positive sign is
approximately recovered. Deviations from ASM
Q should have new physics origin as is possible, e.g., in multi-Higgs models [54]. Results consistent with the SM were previously
found in D ± → K S0 π ± [55] and in an angular analysis of τ ± → π ± K S0 ν [56].
For the conference, BABAR released a new result for AQ [57] based on the full available dataset (476 fb−1 ). The analysis uses electron- and muon-tagged events (recoil side).
The raw asymmetry is corrected for different nuclear interaction cross-sections and for
feed-through from K S0 K ± (≥π 0 ) and K 0 K̄ 0 π ± ) decays, where ASM
Q is assumed for the
latter correction. BABAR finds AQ = (−0.45 ± 0.24 ± 0.11)%, which deviates by ∼3σ
from ASM
Q . However, as argued in ref. [53], the precise prediction of AQ as measured
by BABAR must account for the decay time interval over which it is measured, which
depends on the applied experimental conditions and analysis requirements.
4.4 Tau hadronic spectral functions and QCD
QCD studies using the τ hadronic width and spectral moments computed from the τ
hadronic spectral functions have traditionally been the most active field of phenomenological studies involving τ physics (see, e.g., ref. [58] for a review). In particular, the
measurements of the complete vector and axial-vector tau hadronic spectral functions by
ALEPH [45,59,60] and OPAL [61] triggered widespread interest. Most prominently, τ
decays allow an accurate determination of αS from the comparison of the non-strange τ
hadronic width, Rτ,V+A = 3.4771 ± 0.0084 [5], precisely obtained using unitarity and
universality from the measurements of the leptonic branching fraction and the τ lifetime,
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and subtracting the strangeness contribution, with the SM prediction from essentially
perturbative QCD. Small non-perturbative contributions are fitted from data using the
spectral moments. Quark-hadron duality violations are usually assumed to be negligible
due to the suppression of the spectral moments at the τ mass (see the critical discussion
in ref. [62]). The perturbative QCD prediction of Rτ,V+A benefits, as the electroweak
fit of the Z hadronic width, from an NNNLO calculation of the massless perturbative
Adler function [63]. Unfortunately, an ambiguity in the perturbative treatment does not
currently allow one to fully exploit the available precision [64–67].
From the combined fit of αS and the non-perturbative terms to Rτ,V+A and several spectral moments, and after renormalization group evolution from the τ to the Z mass, one
finds
αS (MZ ) = 0.1200 ± 0.0005exp ± 0.0008theo ± 0.0013CIPT/FOPT ± 0.0005evol ,
(5)
where the first error is experimental, the second theoretical, the third accounts for half
of the difference between the two perturbative treatments (denoted as contour-improved
and fixed-order perturbation theory, of which the average result is used as central value for
αS (MZ )), and the last error accounts for the evolution uncertainty (four-loop evolution [68]
with three-loop quark-flavour matching [69–71]). The non-perturbative contributions in
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(hence the discontinuities). The evolution is compared with independent measurements (taken from the compilation [73]), covering μ scales that vary more than two
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displays the τ decay result within errors (figure courtesy: Z Zhang).
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eq. (5) are taken from ref. [64]. Equation (5) is in excellent agreement with the NNNLO
result from the electroweak fit to (mainly) the Z hadronic width αS (MZ ) = 0.1193 ±
0.0028 [72], providing a precise test of the asymptotic freedom property of QCD. The
evolution path of αS (m 2τ ) is shown in figure 9a. The evolution is compared in this plot
with other αS determinations compiled in ref. [73].
4.5 Determination of |Vus |
The amount of net strangeness production in τ decays is directly proportional to the CKM
element |Vus |2 . Accurate extractions of this element have been performed using three
different methods: (i) comparing the measured branching fraction of the τ − → K − ν
decay with its SM prediction, which depends on the kaon decay constant taken from
lattice QCD and on radiative corrections, (ii) comparing the measured ratio of the τ − →
K − ν and τ − → π − ν branching fractions to the SM prediction, and (iii) comparing the
inclusive τ strange hadronic width with its SM prediction. The latter two methods also
depend on |Vud |2 .
The results for |Vus | obtained from these methods are shown figure 10a, and are compared to other evaluations and to the CKM fit result assuming unitarity. The figure is
taken from ref. [5]. The agreement between the τ inclusive result and the CKM fit is
marginal. The inclusive method uses the observable |Vus |2 = Rτ,S=1 /(Rτ,S=0 /|Vud |2 −
δ RτSM (αS , m s )), where the SM prediction of the mass-dependent term, δ RτSM (αS , m s ),
exhibits slow convergence in the perturbative series [74,75], which leads to hard-toquantify theoretical uncertainties. The inclusive method may also suffer from potentially
unmeasured modes, which are not included in the systematic uncertainties. Finally, the
trend to smaller branching fractions from the B-factory experiments has a non-negligible
impact. Without the B-factory data, |Vus | from the inclusive determination will increase
to ∼0.2213. A precise measurement of the full strange spectral function by the B-factory
experiments should help one to test the inclusive method.
Figure 10b shows the experimental results on Vus vs. Vud compared to the CKM fit
constraint [76]. Good agreement with unitarity of the first row is observed.
5. Anomalous magnetic moment of the muon
 =
For elementary leptons, , the Dirac equation predicts a magnetic moment, M

(g e/2m  ) · S, with gyromagnetic ratio g = 2 [77]. Quantum fluctuations lead to a
small calculable deviation from g = 2, parametrized by the anomalous magnetic moment
a ≡ (g − 2)/2. That quantity can be accurately measured and, within the SM, precisely
predicted. Hence, comparison of experiment and theory tests the SM at its quantum loop
exp
level. A deviation in a from the SM expectation would signal effects of new physics,
with current sensitivity reaching up to mass scales of O(TeV) for  = μ [78,79]. Considering the expected quadratic dependence of new physics contributions on the lepton
exp
mass [78], and the current experimental uncertainties on a , the muon g − 2 is roughly
50 times more sensitive to new physics than the electron one [79a], while the tau g − 2
has not yet been measured to significant precision. For recent and very thorough muon
g − 2 reviews, see refs [85,86].
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5.1 Experimental result
The E821 experiment at Brookhaven National Lab (BNL), USA, studied the precession
of μ+ and μ− in a uniform external magnetic field perpendicular to the muon spin and
orbit plane as they circulated in a cyclotron. At a magic muon momentum of 3.09 GeV (or
magic γ = 29.3), and negligible μ EDM, the observed difference between spin precession
frequency and cyclotron frequency, ωa is independent of the focussing electric field and
is given by ωa = aμ Be/m μ c. Following a doubly blinded analysis strategy, E821 found
the charge averaged result [87–89] as
aμexp = (11 659 208.9 ± 5.4 ± 3.3) · 10−10 ,

(6)

where the first error is statistical and the second is systematic. This result represents about
a factor of 14 improvement over the classic CERN experiments of the 1970s [90].
5.2 Standard Model prediction
The SM prediction for aμSM is conveniently divided into three parts (see figure 11 for
representative Feynman diagrams)
aμSM = aμQED + aμEW + aμhad .

(7)

The QED part includes all photonic and leptonic (e, μ, τ ) loops starting with the classic α/2π Schwinger contribution [91]. It has been computed through four loops and
estimated at the 5-loop level [92–97]. Employing α −1 = 137.035999084 ± 51, determined [80,92–98] from the electron ae measurement, leads to aμQED = (116 584 718.09 ±
0.15) · 10−11 , where the error results from uncertainties in the coefficients of the
perturbative series and in α. Loop contributions involving heavy W ± , Z , or Higgs particles are collectively labelled as aμEW. They are suppressed by at least a factor of
(α/π)·(m μ/m W)2 4 ·10−9 . At 1-loop order, one finds aμEW [1-loop] = 194.8 · 10−11 [99].
Two-loop corrections are found to be relatively large and negative, aμEW [2-loop] =
(−40.7 ± 1.0 ± 1.8) · 10−11 [100–106], where the errors stem from quark triangle
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loops and the assumed Higgs mass range between 100 and 500 GeV. The 3-loop leading logarithms are negligible [100,107], O(10−12 ), implying the total weak contribution
aμEW = (154 ± 1 ± 2) · 10−11 .
5.3 Hadronic contribution
Hadronic loop contributions to aμSM give rise to its main theoretical uncertainties. At
present, those effects are not calculable from first principles, but such an approach, at
least partially, may become possible as lattice QCD matures (see [108] for a lattice calcuSM,n =2
lation using two-flavour QCD which results, however, in an underestimate of aμ f ).
Instead, one currently relies on a dispersion relation approach to evaluate the lowest-order
hadronic vacuum polarization contribution, aμhad,LO , from the corresponding cross-section
measurements and predictions [109,110]
 2  ∞
1 α
K (s) (0)
had,LO
R (s) ,
=
ds
(8)
aμ
3 π
s
m 2π
where R (0) (s) denotes the ratio of the bare cross-section for e+ e− annihilation
√ into
hadrons to the point-like muon-pair cross-section at the centre-of-mass energy s. The
function K (s) ∼ 1/s gives a strong weight to the low-energy part of the integral [111],
such that aμhad,LO is dominated by the ρ 0 (770) → π + π − resonance.
There has been a huge, 20-year long effort by experimentalists and theorists to reduce
the error on aμhad,LO . It featured improved e+ e− cross-section data from the Novosibirsk,
Russia accelerator facilities, more use of perturbative QCD to replace inaccurate data
points, the development of the radiative return technique which allows to exploit crosssection data from the high-luminosity  and B factories, and the use of precise τ hadronic
spectral functions by applying isospin symmetry. The computation of the integral (8) proceeds in different
steps. Exclusive cross-section measurements are summed up to obtain
√
R (0) (s) for s ≤ 1.8 GeV. Unmeasured modes are estimated from measured ones using
isospin relations. Perturbative QCD can be used to predict R (0) (s) away from the quark
thresholds in the quark–antiquark continuum. Comparisons of the QCD predictions with
inclusive data, where available, exhibit good agreement with theory. The so-called global
quark-hadron duality approximation is helpful here, which uses the fact that essentially
perturbative QCD can be used to predict integrals over hadronic spectral functions if a
large enough spectrum is integrated over and if the end-point of the integral is not too
far from the continuum regime. The same concept is used to extract αS from τ decays.
Experimental data are used for the evaluation of eq. (8) in the charm–anticharm resonance
region beyond the opening of the D D̄ threshold.
A significant improvement in the knowledge of the low-energy e+ e− cross-sections
was obtained by realizing [112,113] that the high luminosity available at the modern 
and B factories made it possible to exploit events with hard initial-state photon√radiation
+ −


to
√ measure the cross-section of the process e e → hadrons (s ) at any energy s below
s, the centre-of-mass energy of the experiment. The measurement of the corresponding
radiative process is required,
where the photon is emitted by the colliding electrons so
√
that s  = s(1 − 2E γ / s), where E γ is the centre-of-mass energy of the radiated photon. Figure 12b shows the e+ e− → π + π − (γ ) cross-section measured by BABAR using
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Figure 12. (a) Ratio of measured cross-section for e+ e− → μ+ μ− (γ ) to the NLO
QED prediction. The band is the result of a fit. It includes statistical and systematic
errors. (b) Measured cross-section for e+ e− → π + π − (γ ) vs. the effective centre-ofmass energy. The data have been unfolded from detector effects. The various known
ρ resonances as well as the ρ–ω mixing edge are clearly visible (figure taken from
ref. [114] (modified)).

this technique [114]. The measurement is systematics dominated, with errors ranging
between 0.5 and 1.4%. Figure 12a shows the ratio of the e+ e− → μ+ μ− (γ ) cross-section
between data and the prediction from QED. Good agreement is observed, demonstrating
that all relevant efficencies and acceptance requirements (trigger, photon, tracking, particle identification, kinematic fit, acceptance) are understood. The comparison of different
cross-section data [115] revealed a discrepancy between the most precise measurements
by BABAR and KLOE [116,117]. In summer 2011, KLOE presented a new preliminary
measurement [118] of the two-pion cross-section employing, as was done by BABAR,
the π π(γ )/μμ(γ ) ratio for which radiation, luminosity, and vacuum polarization corrections, as well as several acceptance-related systematic uncertainties cancel. The ratio
crucially relies on a well-understood π/μ separation in the detector. The analysis used
239 pb−1 of data, giving 3.4(0.9) million π π(γ )(μμ(γ )) events, and achieved an overall
systematic precision of 1%. Good agreement with the previous KLOE results is found so
that the observed discrepancy with BABAR is corroborated.
Precise BABAR data available for several higher multiplicity modes with and without kaons help to discriminate between older, less precise and sometimes contradicting
measurements. Figure 13 shows as an example the cross-section measurements and their
averages for the e+ e− → π + π − 2π 0 and e+ e− → K + K − π + π − channels. In several
occurrences, the older measurements overestimate the cross-sections in comparison with
BABAR, which contributes to the reduction in the newer evaluations of the hadronic loop
effects. The BABAR data also greatly help to improve the estimates of unmeasured modes
via isospin constraints from measured ones [115].
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Figure 13. Cross-section data for the e+ e− final states π + π − 2π 0 (a) and
K + K − π + π − (b). The BABAR data [119,120] improve the precision and resolve
inconsistencies among earlier datasets (figure taken from ref. [115]).

Summing the contributions from all the available σ (e+ e− → hadrons) modes and those
evaluated with perturbative QCD, the integral (8) gives [115]
aμhad,LO = (6923 ± 42 ± 3) · 10−11 ,

(9)

where the first error is experimental (dominated by systematic uncertainties), and the
second due to perturbative QCD. New multihadron data from the BABAR experiment
have increased the constraints on unmeasured exclusive final states leading to a small
reduction in the hadronic contribution compared to previous evaluations.
Alternatively, one can use precise vector spectral functions from τ → ντ + hadron
decays [121] that are related to isovector e+ e− → hadron cross-sections by isospin
symmetry. The τ data are subject to very different systematic uncertainties compared
to the e+ e− data, thus providing a valuable cross-check. Replacing e+ e− data in the
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two-pion and four-pion channels by the corresponding isospin-transformed τ data, and
applying isospin-violating corrections (QED radiative corrections, charged versus neutral
meson mass splitting and electromagnetic decays, giving aμhad,LO = (−3.2 ± 0.4)%) one
finds [115]
aμhad,LO = (7015 ± 42 ± 19 ± 3) · 10−11 (τ ),

(10)

where the first error is experimental, the second estimates the uncertainty in the isospinbreaking corrections applied to the τ data, and the third error is due to perturbative
QCD. The current discrepancy between the e+ e− and τ -based determinations of aμhad,LO
has been reduced to 1.8σ with respect to earlier evaluations. New e+ e− and τ data
from the B-factory experiments BABAR and Belle have increased the experimental
information. Re-evaluated isospin-breaking corrections have also contributed to this
improvement [122]. BABAR reported good agreement with the τ data in the most
important two-pion channel [114]. The remaining discrepancy with the older e+ e− and τ
datasets may be indicative of problems with one or both datasets. It may also suggest the
need for additional isospin-violating corrections to the τ data.
Higher order, O(α 3 ), hadronic contributions are obtained from dispersion relations
using the same e+ e− → hadrons data [121,123,124], giving aμhad,NLO [Disp] = (−98.4 ±
0.6) · 10−11 , along with model-dependent estimates of the hadronic light-by-light scattering contribution [125], aμhad,NLO [LBL], motivated by large-NC QCD [126–129]. Following ref. [127], one finds for the sum of the two terms aμhad,NLO = (7 ± 26) · 10−11 , where
the error is dominated by the light-by-light contribution.
Adding all SM contributions gives the e+ e− data-based SM prediction
aμSM = (116 591 802 ± 2 ± 42 ± 26) · 10−11 ,

(11)

where the errors are due to the electroweak, lowest-order hadronic, and higher-order
hadronic contributions, respectively. The difference between experiment and theory,
exp
aμ = aμ − aμSM = (287 ± 63 ± 49) · 10−11 (with all errors combined in quadrature),
represents an interesting but not yet conclusive discrepancy of ∼3.6σ . All the recent estimates for the hadronic contribution compiled in figure 14 exhibit similar discrepancies.
Switching to τ data reduces the discrepancy to 2.4σ , assuming that the isospin-violating
corrections are under control within the estimated uncertainties.
An alternate interpretation is that aμ may be a new physics signal with supersymmetric particle loops. Such a scenario is quite natural, since generically, supersymmetric
models predict [78] an additional contribution to aμSM of order


100 GeV 2
SUSY
−11
± 130 · 10
·
tan β ,
(12)
aμ
m SUSY
where m SUSY is a representative supersymmetric mass scale and tan β 3–40 is a potential enhancement factor. Supersymmetric particles in the mass range of 100–500 GeV
could be the source of the deviation aμ . If so, those particles can be directly observed at
the next generation of high-energy colliders. New physics effects [78] other than supersymmetry can also explain a non-vanishing aμ . A recent popular scenario involves the
‘dark photon’, a relatively light hypothetical vector boson from the dark matter sector
that couples to our world of particle physics through mixing with the ordinary photon [131,132]. As a result, it couples to ordinary charged particles with strength ε · e
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Figure 14. Compilation of recently published results for aμ (in units of 10−11 ), subtracted by the central value of the experimental average (6). The shaded band indicates
the experimental error. The SM predictions are taken from JN [86], DHMZ [115],
and HMNT [123]. Note that the quoted errors do not include the uncertainty on the
subtracted experimental value (figure from ref. [130]).

dark photon

giving rise to an additional muon anomalous magnetic moment contribution aμ
=
(α/2π )·ε2 F(m V /m μ ), where F(x) is a monotonously falling function with F(0.1) = 0.8,
F(1) = 0.2. For values of ε ∼ (1–2) · 10−3 and m V ∼ 10–100 MeV, the dark photon,
which was originally motivated by cosmology, can provide a viable solution to the muon
g −2 discrepancy. Searches for the dark photon in that mass range are currently underway
at Jefferson Lab, USA, and MAMI in Mainz, Germany.
Unfortunately, and despite the significant experimental and theoretical progress, the
situation of the muon g − 2 stays inconclusive. Proposals for new experiments based on
different experimental approaches exist at FNAL [133] and J-PARC [134]. The FNAL
proposal continues the established magic-γ technique, but with higher proton rate than at
BNL and less protons per bunch, a 900 m pion decay line (BNL: 80 m) leading to a smaller
pion flash at the muon ring injection, zero-degree muons giving a 5–10 times larger muon
yield per proton, and 5–10 times as many muons stored per hour than at the BNL experiment. In addition, improved detectors against signal pile-up, new electronics, and a better
shimming to reduce B-field variations should lead to a 2.5(3) times smaller systematic
error on the B-field (ωa ). The experiment targets a 20 times better statistical error, and a
final systematic error of 1.6 · 10−10 . The J-PARC proposal anticipates similar precision
without a focussing electric field and hence there is no need to choose a particular magic
γ . Ultraslow muons ( pμ ∼ 2.3 keV), generated from laser-ionized muonium atoms, are
used which have a transverse momentum dispersion that is significantly smaller than the
longitudinal momentum, allowing the beam to circulate in the storage ring without the
focussing field.
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6. Conclusions
All of us are passionately following the LHC experiments in their direct searches for electroweak symmetry-breaking remnants and new physics at the TeV-scale energy frontier.
Probing new physics orders of magnitude beyond that scale, and helping to decipher possible TeV-scale new physics discovered at the LHC requires hard work on the intensity
and precision frontiers.
Charged leptons offer an important spectrum of possibilities. Charged-lepton flavour
violation and electric dipole moment measurements have SM-free signals, and current
experiments and mature proposals promise orders of magnitude sensitivity improvement
over the state-of-the-art. The muon anomalous magnetic moment may already witness a
deviation from the SM. New physics models often strongly correlate all these sectors of
paricle physics.
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