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block of data, are fed back to the switched parameters to keep them
switching around their optima.
Our measurement is derived from 6,194 blocks of data taken in

2010, comprising 25 million molecular beam pulses, together with
many subsidiary measurements used to search for systematic errors.
To analyse the data, we select the central 130ms of each probe pulse
(Fig. 2) and normalize it pulse by pulse to the pump !uorescence. This
minimizes the e"ect o# uctuations of the molecular beam intensity.
We calculate howmuch of the gated, normalized !uorescence signal is
correlated with all 512 possible combinations of the modulated para-
meters. These correlations are called ‘channels’ and are denoted by {X},
whereX indicates the parameter (or parameter combination) being
modulated. The EDM phase shift, normalized to the shift from the
small magnetic $eld stepdB, is {E?B}/{dB}. The other channels are
valuable in elucidating the operation of the apparatus. Throughout the
investigation the EDM values were concealed by adding a $xed
unknown o"set, which was only removed once the data collection
and analysis were complete.
The EDM values obtained from the set of blocks are almost normally

distributed but there tend to be a few more points in the wings of the
distribution than in a normal distribution. The same is true of other
quantitieso$nterest thatweextract fromthedata. For all thesequantities,
we calculate the 5% trimmedmean19, a simple robust statistic that drops
the largest and smallest 5%of the data.We use the bootstrapmethod20 to
determine the associated statistical uncertainty. For non-normal distri-
butions, these methods give more reliable measures than the mean and
standard error.
Fluctuations in the ambientmagnetic$eldof the laboratory inevitably

have some component that is, by chance, synchronous with the switch-
ing pattern ofE. This contributes a little to the noise in the EDM, as
shown in Fig. 4, thoughnot to the long-time average value.We suppress

this excess noise by correcting the EDM, block by block, according to
themagnetic $eld readings of a magnetometer (Methods). The central
value and statistical uncertainty of this magnetic $eld correction are
given in Table 1. The correction has a negligible e"ect on the central
value of the EDM but reduces the statistical error by 3.5%.
We $nd that the phase of the interferometer shifts linearly with the

detunings of the r.f. pulses at a rate of (2836 6) 3 102 9 radHz2 1 for
the $rst r.f. pulse, and (2 946 5) 3 102 9 radHz2 1 for the second r.f.
pulse. If the magnitude of the electric $eld changes whenE is reversed,
then through the Stark shift, the r.f. transition frequency changes. This
results in a change in the interferometer phase that correlates withE,
mimicking the EDM phase. This systematic error can be corrected
using the information contained in every block of data. The phase
change resulting from a detuning of the $rst r.f. pulse is measured
by {nrf1?B}, and the change in the detuning resulting from the change
in electric $eld magnitude is measured by {nrf1?E}. The product of
these two channels, together with a calibration factor that we have
measured, determines the EDM-like phase due to theE-correlated
detuning of the $rst r.f. transition, andweuse this to apply a correction
to each block of data. A similar correction is made for the second r.f.
pulse. The central values and statistical uncertainties of the two r.f.
phase corrections are given in Table 1. As an additional check, we
mademeasurements inwhichwedeliberately change the r.f. frequency
whenwe switchE. We see that the resulting systematic error is entirely
removed once the corrections are applied to these data, thus verifying
the correction procedure.
There are several sources of systematic uncertainty on the EDM

measurement that must be considered. First, there may be systematic
e"ects, other than the r.f.-induced phases described above, caused by a
change in $eld magnitude whenE reverses. We investigate this by
changing the $eld magnitude intentionally bydE when the $eld
switches. Once the r.f. phase corrections are applied to these data,
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Figure 2 | Fluorescence from a typical beam pulse, measured on the probe
detector.

0

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Applied phase from B

N
or

m
al

iz
ed

 si
gn

al
 (a

rb
itr

ar
y 

un
its

)

π 2π 3π 4π–4π –3π –2π –π

Figure 3 | Interferometer fringes produced by magnetic !eld scan. Dots
indicate the probe !uorescence normalized to the pump !uorescence. The line
is the $t to the cosine-squared model.
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Figure 4 | Themagnetic !eld correlatedwith the E reversal, measured at the
"uxgate magnetometer, versus the EDM values. A slope is evident. The
majority ofmeasurements are not signi$cantly perturbed by themagnetic $eld,
but a small fraction do bene$t from correction.

Table 1 | Summary of applied corrections and uncorrected system-
atic uncertainties

Correction Statistical Systematic

Magnetic-!eld correction 2 0.3 1.7 , 0.1
rf1 phase correction 5.0 0.9 , 0.1
rf2 phase correction 0.5 0.7 , 0.01
Uncorrected dE e"ects – – 1.1
V uncertainty – – 0.1
{nrf1 0.1––noitalerroc}

30.0––esahpcirtemoeG
Leakage currents – – 0.2
Shield magnetization – – 0.25
v 3 E 5000.0––tceffe

The units are 10 2 28 e cm. The statistical uncertainty on the corrections gives ameasure of their random
spread over the whole data set. In the !nal analysis the corrections are applied block-by-block, so these
statistical uncertainties are naturally incorporated in the !nal EDM statistical uncertainty. The
systematic uncertainty in the corrections is negligible.
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Clean measurements in the charged-lepton flavour sector can 
probe new physics at scales up to hundreds of TeV and above 

Some deviations in flavour sector seen — none large enough 
to claim discovery — but very interesting to be followed up  

For this talk, I have been asked to discuss: 

1.  Charged-lepton flavour violation 

2.  Lepton electric dipole moments and CP violation 

3.  Recent tau physics results 

4.  Muon anomalous magnetic moment 

+ Conclusions 

E821 at BNL 
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Charged-Lepton Flavour Violation 

MEG simulation  

Absence of the decays µ → eγ and τ → µγ established, in the early days, 
that µ and τ were new elementary leptons, and not electron excitations 

In analogy to the GIM mechanism, absence of µ → eγ also required to 
introduce the muon neutrino to cancel flavour changing neutral currents 
(Feinberg 1958, prior to νµ discovery in 1962) 
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Figure 1
Record of selected lepton !avor violation searches.

cascade down to 1S orbitals. There, they can undergo (a) ordinary decaywith a rate of 5× 105 s− 1,
(b) weak capture, µ − p νµn (which exceeds the ordinary decay rate for nuclei with Z > 6), or
(c) coherent !avor changing conversion, µ − N e− N . The last of these reactions has already
been signi"cantly constrained using various targets. Indeed, the ratio of conversions to capture,

Table 1 A sample of various charged lepton !avor violating reactions

Reaction Current bound Reference Expected Possible
B (µ+ e+ γ ) < 1.2 × 10− 11 28 2 × 10− 13 2 × 10− 14

B (µ± e± e+ e− ) < 1.0 × 10− 12 37 – 10− 14

B (µ± e± γ γ ) < 7.2 × 10− 11 92 – –
R (µ− Au e− Au) < 7 × 10− 13 15 – –
R (µ− Al e− Al) – 10− 16 10− 18

B (τ ± µ± γ ) < 5.9 × 10− 8 Table 2 O (10− 9)
B (τ ± e± γ ) < 8.5 × 10− 8 Table 2 O (10− 9)
B (τ ± µ± µ+ µ− ) < 2.0 × 10− 8 Table 2 O (10− 10)
B (τ ± e± e+ e− ) < 2.6 × 10− 8 Table 2 O (10− 10)
Z 0 e± µ < 1.7 × 10− 6 90
Z0 e± τ < 9.8 × 10− 6 90
Z0 µ± τ < 1.2 × 10− 5 91
K 0
L e± µ < 4.7 × 10− 12 74 10− 13

D0 e± µ < 8.1 × 10− 7 78 10− 8

B 0 e± µ < 9.2 × 10− 8 79 10− 9

Data from current experimental bounds, expected improvements from existing or funded
experiments, and possible long-term advances.

318 Marciano · Mori · Roney
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Charged-Lepton Flavour Violation 

Only null observation to date 

… MEG 

SINDRUM-II 

BABAR / Belle 
… 

MEGA 

Mu2e / COMET 

Super-B (50 ab–1) 

Spectacular perspective ! 
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Minimal SM: mν = 0 à  strictly zero transitions between lepton flavours 

SM extension to  mν ≠ 0 à  unobservable tiny LFV rates predicted (GIM) 
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Generic NP contribution 
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where AL(R) are radiative transition dipole 
amplitudes (dim-5 amplitude) 

For generic new physics, parametrise: 

  
A

L
= A

R
=

16 2π 2

G
F
Λ

NP
2

 ⇒  Λ
NP
> 300 TeV

Also: BRNP(µ → eee) ~ αQED × BRNP(µ → eγ)  

Chirality flip 

à  Search for charged-LFV probes new physics without SM contamination ! 
Prior best limit on µ+ → e+γ by MEGA experiment (LAMPF, 1999): B < 1.2×10–11  

MEGA, PRL 
83, 1521 (1999) 
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Minimal SM: mν = 0 à  strictly zero transitions between lepton flavours 

SM extension to  mν ≠ 0 à  unobservable tiny LFV rates predicted (GIM) 

à  Search for charged-LFV probes new physics without SM contamination ! 
Prior best limit on µ+ → e+γ by MEGA experiment (LAMPF, 1999): B < 1.2×10–11  
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PSI πE5 produces 29 MeV surface µ+ at 3×107 Hz rate hitting on thin stopping target 

Signal reconstruction: 

•  Stopped µ+ beam: monoenergetic  

•  Back-to-back and in-time e—γ	



•  Exploit Eγ, Ee, Teγ, θeγ, φeγ in combined fit 

Background sources: 

•  Radiative µ+ → e+γ νν (RMD) 

•  Accidental photon coincidence from RMD, 
bremsstrahlung, or e+ annihilation in flight 

ANRV358-NS58-12 ARI 18 September 2008 23:47

Muon beam

COBRA magnet

Thin
superconducting

coil

Liquid xenon
scintillation

detector

Timing
counter
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target

e+
e+

Drift
chamber

γ

γ

1 m

Drift
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Figure 3
Schematic layout of the Muon to Electron and Gamma (MEG) experiment. Used with permission of the
MEG Collaboration.

the liquid xenon detector are key to the success of the experiment. Point-like 241Am α sources
deposited on wires (36) and the 7Li( p, γ )8Be reaction provided by a Cockcroft-Walton proton
accelerator are used for frequent monitoring and calibration, while 55-MeV γ rays from the pion
charge exchange reactionπ − p π 0n provide the absolute energy calibration.

It is expected that MEG will reach a 90%-CL expected upper limit sensitivity of 1 − 2× 10− 13

in two to three years. Possible detector upgrades to maximize the available beam intensity, 1×
108 muons s− 1, which may further increase with the accelerator upgrade, are being investigated;
researchers aim to achieve a 10− 14 sensitivity.

As no accelerator facility has a higher intensity dc muon beam than PSI, and as there are
presently no innovative ideas for experiments to make use of such a high-intensity beam, it seems
unlikely that any experiment will exceed 10− 14 in a µ + e+ γ search in the foreseeable future.

Figure 4
Photograph of the inside of the Muon to Electron and Gamma (MEG) liquid xenon photon detector as
photomultiplier tubes are assembled. Used with permission of the MEG Collaboration.

www.annualreviews.org Charged Lepton Flavor Violation 325
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Sketch of MEG 
experiment 

10% solid angle 
coverage 55 Collaborators 
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MEG display of µ+ → e+γ 
candidate event 

Stopping target 

γ 
e+ 
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MEG (Sawada), PoS ICHEP2010, 263 (2010) PoS(ICHEP 2010)263

Analysis of the MEG experiment to search for + e+ decays Ryu Sawada

The sensitivity is estimated as an average upper limit at 90 % e level (C.L.) from an
ensemble of a large number of simulation experiments to be 6.1× 10− 12. The upper limits in Te
sidebands is 4 6× 10− 12, and is consistent with the sensitivity.

Events around the analysis region were unmasked after the calibration, the optimization of the
analysis algorithms and the background study in the sidebands are completed. Figure 1 shows a
distribution of events after unmasking.

A physics analysis was performed on events in 48 ≤ E ≤ 58 MeV, 50 ≤ Ee ≤ 56 MeV, |Te | ≤
0.7 nsec, | e | ≤ 50 mrad and | e | ≤ 50 mrad.
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Figure 1: Event distribution in the analysis region. The contours show 1, 1.64 and 2 regions of the signal
PDF, which cover 39, 74 and 87 % of probability, respectively. (a) Photon and positron energy. Cuts to
select about 90 % of time and angle signal PDF are applied for the plot. (b) Cosine of opening angle and
time difference. Cuts to select about 90 % of photon and positron energy signal PDF are applied for the plot.
Highly ranked events in terms of the relative signal likelihood are numbered correspondingly.

Figure 2 shows projections of the g result to each variable. The g was done on 370
observed events, and the best estimates in the analysis window are Nsig = 3.0 and NRMD = 35+ 24− 22.
The best estimate of NRMD is consistent with the expectation estimated from the E sideband to
be 32± 2. The e interval was evaluated using the d classical frequentist method[4].
Systematic uncertainties are included by g parameters of PDFs in s of Monte Carlo
simulations to calculate e levels. The upper limit of the number of signals is 14.51,
and Nsig = 0 is included in the interval. Using the norminalization factor, the upper limit of the
branching ratio is set as

B ( + e+ )
B ( + e+ ¯ )

< 1.5× 10− 11 at 90 % C.L.

1The best estimate and the upper limit of Nsig range from 3 to 4.5 and from 12 to 14.5, respectively, depending on
the analysis methods.

3

Selection variables: photon energy (Eγ), positron energy (Ee), time difference (Teγ ), polar and zenith angles (θeγ, φeγ ) 

Events selected in 
analysis regions 

Contours show 1, 
1.64, 2σ regions 
of signal PDF 

Unbinned maximum likelihood fit gave slight signal excess and 90% 
CL upper limit: 

  
BR(µ+ → e+γ ) <

1.5 ⋅10−11  (observed)

6.1⋅10−12   (expected for no signal)

⎧
⎨
⎪

⎩⎪

* two months stable data taking in 2009 

Numbers classify events according 
to highest signal likelihood 
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FIG. 1: Event distributions in the analysis region of (a) E γ vs
E e and (b) teγ vs cosΘ eγ for 2009 data and of (c) E γ vs E e and
(d) teγ vs cosΘ eγ for 2010 data. The contours of the PDFs
(1-, 1.64- and 2- σ) are shown and the same events in the two
plots are numbered correspondingly, by decreasing ranking in
terms of the relative signal likelihood, S/ ( f R R + f B B ).

during the physics data-taking. A correction to the pre-
scaling factor due to positron pile-up in the TC is taken
into account. Another method for computing the nor-
malization uses RMD events in the E γ side-band and the
theoretical branching ratio of the RMD. The normaliza-
tions calculated by these two independent methods are
in good agreement and are combined to give the normal-
ization factor with a 7% error.
The sensitivity of the experiment with a null signal hy-

pothesis is evaluated by taking the median of the distri-
bution of the upper limit on the branching ratio obtained
over an ensemble of toy MC experiments. The rates of
RMD and BG events, as measured in the side-bands, are
assumed in the simulated experiments. The branching
ratio sensitivity at 90% con!dence level (C.L.) is found
to be 3.3 × 10− 12 (2 .2 × 10− 12 ) for the 2009 (2010) data
sample and 1.6 × 10− 12 when 2009 and 2010 are com-
bined. These sensitivities are consistent with the upper
limits obtained by the likelihood analyses in several com-
parable analysis regions of the teγ side-bands.
After calibrations, optimization of the analysis algo-

rithms and background studies in the side-bands are com-
pleted, the likelihood analysis in the analysis region is
performed. In Figures 1 we present the distributions,
for the 2009 and 2010 data samples respectively, showing

Branching ratio
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p
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FIG. 2: Pro"le likelihood ratios as a function of the µ+ e+ γ
branching ratio for 2009, 2010 and the combined 2009 + 2010
data sample.

the events seen in the analysis region projected in the E γ
vs E e and teγ vs cosΘeγ planes, Θ eγ being the opening
angle between the γ -ray and the positron. In plots ( a)
and (c) a selection that is 90% e#cient on the signal is
applied to teγ and cosΘeγ respectively ( |teγ | < 0.28 ns
and cosΘeγ < − 0.9996) ; in plots ( b) and ( d) a selection
in E e which is 90% e#cient on the signal and a selec-
tion in E γ which is 73% e#cient on the signal inside the
analysis window are applied (52 .3 < E e < 55MeV and
51 < E γ < 55MeV). The contours of the signal PDF
are also drawn and events with high signal likelihood are
numbered in a decreasing order of relative signal likeli-
hood, S/ ( f R R + f B B ), f R = 0 .1 and f B = 0 .9 being the
fractions of the RMD and the BG measured in the side-
bands, respectively. High signal likelihood events were
thoroughly checked and found to be randomly distributed
in time and detector acceptance.
The observed pro!le likelihood ratios as a function of

the branching ratio for 2009, 2010 and the combined data
sample are shown in Fig. 2 [22]. The analysis of the full
data sample gives a 90% C.L. upper limit of 2 .4× 10− 12 ,
which constitutes the most stringent limit on the exis-
tence of the µ+ e+ γ decay, superseding the previous
limit by a factor of 5. The 90% C.L. intervals as well as
the best estimate of the branching ratio for 2009 and 2010
data separately are also given in Table I. The 2009 data
set, which gives a positive best estimate for the branch-
ing ratio, is consistent with the hypothesis B = 0 with
an 8% probability.
The systematic uncertainties for the parameters of the

PDFs and the normalization factor are taken into account
in the calculation of the con!dence intervals by $uctuat-
ing the PDFs according to the uncertainties. The largest

MEG arXiv:1107.5547, T. Mori at EPS-HEP-2011 
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(1-, 1.64- and 2- σ) are shown and the same events in the two
plots are numbered correspondingly, by decreasing ranking in
terms of the relative signal likelihood, S/ ( f R R + f B B ).
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into account. Another method for computing the nor-
malization uses RMD events in the E γ side-band and the
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tions calculated by these two independent methods are
in good agreement and are combined to give the normal-
ization factor with a 7% error.
The sensitivity of the experiment with a null signal hy-

pothesis is evaluated by taking the median of the distri-
bution of the upper limit on the branching ratio obtained
over an ensemble of toy MC experiments. The rates of
RMD and BG events, as measured in the side-bands, are
assumed in the simulated experiments. The branching
ratio sensitivity at 90% con!dence level (C.L.) is found
to be 3.3 × 10− 12 (2 .2 × 10− 12 ) for the 2009 (2010) data
sample and 1.6 × 10− 12 when 2009 and 2010 are com-
bined. These sensitivities are consistent with the upper
limits obtained by the likelihood analyses in several com-
parable analysis regions of the teγ side-bands.
After calibrations, optimization of the analysis algo-

rithms and background studies in the side-bands are com-
pleted, the likelihood analysis in the analysis region is
performed. In Figures 1 we present the distributions,
for the 2009 and 2010 data samples respectively, showing
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FIG. 2: Pro"le likelihood ratios as a function of the µ+ e+ γ
branching ratio for 2009, 2010 and the combined 2009 + 2010
data sample.

the events seen in the analysis region projected in the E γ
vs E e and teγ vs cosΘeγ planes, Θ eγ being the opening
angle between the γ -ray and the positron. In plots ( a)
and (c) a selection that is 90% e#cient on the signal is
applied to teγ and cosΘeγ respectively ( |teγ | < 0.28 ns
and cosΘeγ < − 0.9996) ; in plots ( b) and ( d) a selection
in E e which is 90% e#cient on the signal and a selec-
tion in E γ which is 73% e#cient on the signal inside the
analysis window are applied (52 .3 < E e < 55MeV and
51 < E γ < 55MeV). The contours of the signal PDF
are also drawn and events with high signal likelihood are
numbered in a decreasing order of relative signal likeli-
hood, S/ ( f R R + f B B ), f R = 0 .1 and f B = 0 .9 being the
fractions of the RMD and the BG measured in the side-
bands, respectively. High signal likelihood events were
thoroughly checked and found to be randomly distributed
in time and detector acceptance.
The observed pro!le likelihood ratios as a function of

the branching ratio for 2009, 2010 and the combined data
sample are shown in Fig. 2 [22]. The analysis of the full
data sample gives a 90% C.L. upper limit of 2 .4× 10− 12 ,
which constitutes the most stringent limit on the exis-
tence of the µ+ e+ γ decay, superseding the previous
limit by a factor of 5. The 90% C.L. intervals as well as
the best estimate of the branching ratio for 2009 and 2010
data separately are also given in Table I. The 2009 data
set, which gives a positive best estimate for the branch-
ing ratio, is consistent with the hypothesis B = 0 with
an 8% probability.
The systematic uncertainties for the parameters of the

PDFs and the normalization factor are taken into account
in the calculation of the con!dence intervals by $uctuat-
ing the PDFs according to the uncertainties. The largest

2009 2009 

2010 2010 However, not 
reproduced in 
2010 data 

Total of 1.8×1014 µ+ decays in the target, 
2010 about twice statistics of 2009 Excess in 2009 

data confirmed by 
reanalysis  
(Background-only p-
value: 8%) 
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FIG. 1: Event distributions in the analysis region of (a) E γ vs
E e and (b) teγ vs cosΘ eγ for 2009 data and of (c) E γ vs E e and
(d) teγ vs cosΘ eγ for 2010 data. The contours of the PDFs
(1-, 1.64- and 2- σ) are shown and the same events in the two
plots are numbered correspondingly, by decreasing ranking in
terms of the relative signal likelihood, S/ ( f R R + f B B ).

during the physics data-taking. A correction to the pre-
scaling factor due to positron pile-up in the TC is taken
into account. Another method for computing the nor-
malization uses RMD events in the E γ side-band and the
theoretical branching ratio of the RMD. The normaliza-
tions calculated by these two independent methods are
in good agreement and are combined to give the normal-
ization factor with a 7% error.
The sensitivity of the experiment with a null signal hy-

pothesis is evaluated by taking the median of the distri-
bution of the upper limit on the branching ratio obtained
over an ensemble of toy MC experiments. The rates of
RMD and BG events, as measured in the side-bands, are
assumed in the simulated experiments. The branching
ratio sensitivity at 90% con!dence level (C.L.) is found
to be 3.3 × 10− 12 (2 .2 × 10− 12 ) for the 2009 (2010) data
sample and 1.6 × 10− 12 when 2009 and 2010 are com-
bined. These sensitivities are consistent with the upper
limits obtained by the likelihood analyses in several com-
parable analysis regions of the teγ side-bands.
After calibrations, optimization of the analysis algo-

rithms and background studies in the side-bands are com-
pleted, the likelihood analysis in the analysis region is
performed. In Figures 1 we present the distributions,
for the 2009 and 2010 data samples respectively, showing
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FIG. 2: Pro"le likelihood ratios as a function of the µ+ e+ γ
branching ratio for 2009, 2010 and the combined 2009 + 2010
data sample.

the events seen in the analysis region projected in the E γ
vs E e and teγ vs cosΘeγ planes, Θ eγ being the opening
angle between the γ -ray and the positron. In plots ( a)
and (c) a selection that is 90% e#cient on the signal is
applied to teγ and cosΘeγ respectively ( |teγ | < 0.28 ns
and cosΘeγ < − 0.9996) ; in plots ( b) and ( d) a selection
in E e which is 90% e#cient on the signal and a selec-
tion in E γ which is 73% e#cient on the signal inside the
analysis window are applied (52 .3 < E e < 55MeV and
51 < E γ < 55MeV). The contours of the signal PDF
are also drawn and events with high signal likelihood are
numbered in a decreasing order of relative signal likeli-
hood, S/ ( f R R + f B B ), f R = 0 .1 and f B = 0 .9 being the
fractions of the RMD and the BG measured in the side-
bands, respectively. High signal likelihood events were
thoroughly checked and found to be randomly distributed
in time and detector acceptance.
The observed pro!le likelihood ratios as a function of

the branching ratio for 2009, 2010 and the combined data
sample are shown in Fig. 2 [22]. The analysis of the full
data sample gives a 90% C.L. upper limit of 2 .4× 10− 12 ,
which constitutes the most stringent limit on the exis-
tence of the µ+ e+ γ decay, superseding the previous
limit by a factor of 5. The 90% C.L. intervals as well as
the best estimate of the branching ratio for 2009 and 2010
data separately are also given in Table I. The 2009 data
set, which gives a positive best estimate for the branch-
ing ratio, is consistent with the hypothesis B = 0 with
an 8% probability.
The systematic uncertainties for the parameters of the

PDFs and the normalization factor are taken into account
in the calculation of the con!dence intervals by $uctuat-
ing the PDFs according to the uncertainties. The largest
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FIG. 1: Event distributions in the analysis region of (a) E γ vs
E e and (b) teγ vs cosΘ eγ for 2009 data and of (c) E γ vs E e and
(d) teγ vs cosΘ eγ for 2010 data. The contours of the PDFs
(1-, 1.64- and 2- σ) are shown and the same events in the two
plots are numbered correspondingly, by decreasing ranking in
terms of the relative signal likelihood, S/ ( f R R + f B B ).

during the physics data-taking. A correction to the pre-
scaling factor due to positron pile-up in the TC is taken
into account. Another method for computing the nor-
malization uses RMD events in the E γ side-band and the
theoretical branching ratio of the RMD. The normaliza-
tions calculated by these two independent methods are
in good agreement and are combined to give the normal-
ization factor with a 7% error.
The sensitivity of the experiment with a null signal hy-

pothesis is evaluated by taking the median of the distri-
bution of the upper limit on the branching ratio obtained
over an ensemble of toy MC experiments. The rates of
RMD and BG events, as measured in the side-bands, are
assumed in the simulated experiments. The branching
ratio sensitivity at 90% con!dence level (C.L.) is found
to be 3.3 × 10− 12 (2 .2 × 10− 12 ) for the 2009 (2010) data
sample and 1.6 × 10− 12 when 2009 and 2010 are com-
bined. These sensitivities are consistent with the upper
limits obtained by the likelihood analyses in several com-
parable analysis regions of the teγ side-bands.
After calibrations, optimization of the analysis algo-

rithms and background studies in the side-bands are com-
pleted, the likelihood analysis in the analysis region is
performed. In Figures 1 we present the distributions,
for the 2009 and 2010 data samples respectively, showing

Branching ratio
0 5 10 15

-1210

p
LR

-2
 ln

 

0
1
2
3
4
5
6
7
8
9

10
2009
2010
2009 + 2010

FIG. 2: Pro"le likelihood ratios as a function of the µ+ e+ γ
branching ratio for 2009, 2010 and the combined 2009 + 2010
data sample.

the events seen in the analysis region projected in the E γ
vs E e and teγ vs cosΘeγ planes, Θ eγ being the opening
angle between the γ -ray and the positron. In plots ( a)
and (c) a selection that is 90% e#cient on the signal is
applied to teγ and cosΘeγ respectively ( |teγ | < 0.28 ns
and cosΘeγ < − 0.9996) ; in plots ( b) and ( d) a selection
in E e which is 90% e#cient on the signal and a selec-
tion in E γ which is 73% e#cient on the signal inside the
analysis window are applied (52 .3 < E e < 55MeV and
51 < E γ < 55MeV). The contours of the signal PDF
are also drawn and events with high signal likelihood are
numbered in a decreasing order of relative signal likeli-
hood, S/ ( f R R + f B B ), f R = 0 .1 and f B = 0 .9 being the
fractions of the RMD and the BG measured in the side-
bands, respectively. High signal likelihood events were
thoroughly checked and found to be randomly distributed
in time and detector acceptance.
The observed pro!le likelihood ratios as a function of

the branching ratio for 2009, 2010 and the combined data
sample are shown in Fig. 2 [22]. The analysis of the full
data sample gives a 90% C.L. upper limit of 2 .4× 10− 12 ,
which constitutes the most stringent limit on the exis-
tence of the µ+ e+ γ decay, superseding the previous
limit by a factor of 5. The 90% C.L. intervals as well as
the best estimate of the branching ratio for 2009 and 2010
data separately are also given in Table I. The 2009 data
set, which gives a positive best estimate for the branch-
ing ratio, is consistent with the hypothesis B = 0 with
an 8% probability.
The systematic uncertainties for the parameters of the

PDFs and the normalization factor are taken into account
in the calculation of the con!dence intervals by $uctuat-
ing the PDFs according to the uncertainties. The largest

2010 2010 

Excess in 2009 
data confirmed by 
reanalysis  
(Background-only p-
value: 8%) 

However, not 
reproduced in 
2010 data 

  
BR(µ+ → e+γ ) <

2.4 ⋅10−12   (observed)

1.6 ⋅10−12   (expected for no signal)

⎧
⎨
⎪

⎩⎪
90% CL (Feldman-

Cousins) upper limit: 

2009 2009 
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FIG. 1: Event distributions in the analysis region of (a) E γ vs
E e and (b) teγ vs cosΘ eγ for 2009 data and of (c) E γ vs E e and
(d) teγ vs cosΘ eγ for 2010 data. The contours of the PDFs
(1-, 1.64- and 2- σ) are shown and the same events in the two
plots are numbered correspondingly, by decreasing ranking in
terms of the relative signal likelihood, S/ ( f R R + f B B ).

during the physics data-taking. A correction to the pre-
scaling factor due to positron pile-up in the TC is taken
into account. Another method for computing the nor-
malization uses RMD events in the E γ side-band and the
theoretical branching ratio of the RMD. The normaliza-
tions calculated by these two independent methods are
in good agreement and are combined to give the normal-
ization factor with a 7% error.
The sensitivity of the experiment with a null signal hy-

pothesis is evaluated by taking the median of the distri-
bution of the upper limit on the branching ratio obtained
over an ensemble of toy MC experiments. The rates of
RMD and BG events, as measured in the side-bands, are
assumed in the simulated experiments. The branching
ratio sensitivity at 90% con!dence level (C.L.) is found
to be 3.3 × 10− 12 (2 .2 × 10− 12 ) for the 2009 (2010) data
sample and 1.6 × 10− 12 when 2009 and 2010 are com-
bined. These sensitivities are consistent with the upper
limits obtained by the likelihood analyses in several com-
parable analysis regions of the teγ side-bands.
After calibrations, optimization of the analysis algo-

rithms and background studies in the side-bands are com-
pleted, the likelihood analysis in the analysis region is
performed. In Figures 1 we present the distributions,
for the 2009 and 2010 data samples respectively, showing
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FIG. 2: Pro"le likelihood ratios as a function of the µ+ e+ γ
branching ratio for 2009, 2010 and the combined 2009 + 2010
data sample.

the events seen in the analysis region projected in the E γ
vs E e and teγ vs cosΘeγ planes, Θ eγ being the opening
angle between the γ -ray and the positron. In plots ( a)
and (c) a selection that is 90% e#cient on the signal is
applied to teγ and cosΘeγ respectively ( |teγ | < 0.28 ns
and cosΘeγ < − 0.9996) ; in plots ( b) and ( d) a selection
in E e which is 90% e#cient on the signal and a selec-
tion in E γ which is 73% e#cient on the signal inside the
analysis window are applied (52 .3 < E e < 55MeV and
51 < E γ < 55MeV). The contours of the signal PDF
are also drawn and events with high signal likelihood are
numbered in a decreasing order of relative signal likeli-
hood, S/ ( f R R + f B B ), f R = 0 .1 and f B = 0 .9 being the
fractions of the RMD and the BG measured in the side-
bands, respectively. High signal likelihood events were
thoroughly checked and found to be randomly distributed
in time and detector acceptance.
The observed pro!le likelihood ratios as a function of

the branching ratio for 2009, 2010 and the combined data
sample are shown in Fig. 2 [22]. The analysis of the full
data sample gives a 90% C.L. upper limit of 2 .4× 10− 12 ,
which constitutes the most stringent limit on the exis-
tence of the µ+ e+ γ decay, superseding the previous
limit by a factor of 5. The 90% C.L. intervals as well as
the best estimate of the branching ratio for 2009 and 2010
data separately are also given in Table I. The 2009 data
set, which gives a positive best estimate for the branch-
ing ratio, is consistent with the hypothesis B = 0 with
an 8% probability.
The systematic uncertainties for the parameters of the

PDFs and the normalization factor are taken into account
in the calculation of the con!dence intervals by $uctuat-
ing the PDFs according to the uncertainties. The largest
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FIG. 1: Event distributions in the analysis region of (a) E γ vs
E e and (b) teγ vs cosΘ eγ for 2009 data and of (c) E γ vs E e and
(d) teγ vs cosΘ eγ for 2010 data. The contours of the PDFs
(1-, 1.64- and 2- σ) are shown and the same events in the two
plots are numbered correspondingly, by decreasing ranking in
terms of the relative signal likelihood, S/ ( f R R + f B B ).

during the physics data-taking. A correction to the pre-
scaling factor due to positron pile-up in the TC is taken
into account. Another method for computing the nor-
malization uses RMD events in the E γ side-band and the
theoretical branching ratio of the RMD. The normaliza-
tions calculated by these two independent methods are
in good agreement and are combined to give the normal-
ization factor with a 7% error.
The sensitivity of the experiment with a null signal hy-

pothesis is evaluated by taking the median of the distri-
bution of the upper limit on the branching ratio obtained
over an ensemble of toy MC experiments. The rates of
RMD and BG events, as measured in the side-bands, are
assumed in the simulated experiments. The branching
ratio sensitivity at 90% con!dence level (C.L.) is found
to be 3.3 × 10− 12 (2 .2 × 10− 12 ) for the 2009 (2010) data
sample and 1.6 × 10− 12 when 2009 and 2010 are com-
bined. These sensitivities are consistent with the upper
limits obtained by the likelihood analyses in several com-
parable analysis regions of the teγ side-bands.
After calibrations, optimization of the analysis algo-

rithms and background studies in the side-bands are com-
pleted, the likelihood analysis in the analysis region is
performed. In Figures 1 we present the distributions,
for the 2009 and 2010 data samples respectively, showing
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FIG. 2: Pro"le likelihood ratios as a function of the µ+ e+ γ
branching ratio for 2009, 2010 and the combined 2009 + 2010
data sample.

the events seen in the analysis region projected in the E γ
vs E e and teγ vs cosΘeγ planes, Θ eγ being the opening
angle between the γ -ray and the positron. In plots ( a)
and (c) a selection that is 90% e#cient on the signal is
applied to teγ and cosΘeγ respectively ( |teγ | < 0.28 ns
and cosΘeγ < − 0.9996) ; in plots ( b) and ( d) a selection
in E e which is 90% e#cient on the signal and a selec-
tion in E γ which is 73% e#cient on the signal inside the
analysis window are applied (52 .3 < E e < 55MeV and
51 < E γ < 55MeV). The contours of the signal PDF
are also drawn and events with high signal likelihood are
numbered in a decreasing order of relative signal likeli-
hood, S/ ( f R R + f B B ), f R = 0 .1 and f B = 0 .9 being the
fractions of the RMD and the BG measured in the side-
bands, respectively. High signal likelihood events were
thoroughly checked and found to be randomly distributed
in time and detector acceptance.
The observed pro!le likelihood ratios as a function of

the branching ratio for 2009, 2010 and the combined data
sample are shown in Fig. 2 [22]. The analysis of the full
data sample gives a 90% C.L. upper limit of 2 .4× 10− 12 ,
which constitutes the most stringent limit on the exis-
tence of the µ+ e+ γ decay, superseding the previous
limit by a factor of 5. The 90% C.L. intervals as well as
the best estimate of the branching ratio for 2009 and 2010
data separately are also given in Table I. The 2009 data
set, which gives a positive best estimate for the branch-
ing ratio, is consistent with the hypothesis B = 0 with
an 8% probability.
The systematic uncertainties for the parameters of the

PDFs and the normalization factor are taken into account
in the calculation of the con!dence intervals by $uctuat-
ing the PDFs according to the uncertainties. The largest

2009 2009 

2010 2010 

Excess in 2009 
data confirmed by 
reanalysis 

However, not 
reproduced in 
2010 data 

  
BR(µ+ → e+γ ) <

2.4 ⋅10−12   (observed)

1.6 ⋅10−12   (expected for no signal)

⎧
⎨
⎪

⎩⎪
90% CL (Feldman-

Cousins) upper limit: 

Systematic uncertainties in PDF and normalisation factors      
are small and will partly decrease with more statistics 

MEG continues data taking in 2011+2012 to explore              
µ+→e+γ up to the design sensitivity of O(a few 10–13)  
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Calibbi et al., hep-ph/0605139 

  
BR(µ+ → e+γ ) <

2.4 ⋅10−12   (observed)

1.6 ⋅10−12   (expected for no signal)

⎧
⎨
⎪

⎩⎪
90% CL (Feldman-

Cousins) upper limit: 

BR
(µ

 →
 e
γ)

  [
 1

0–
11

 ]
 

m1/2   [ GeV ] 

MSUGRA with tanβ = 40,  
m0 < 5 TeV, −3m0 < A0 < 3m0, µ = ± 

PMNS case 

CKM case 

MEG 2009+2010 

MEG 2009–2012 

Interpretation in terms of 
SUSY-GUT SO(10) MSUGRA 
models: 

•  CKM case:  min. mixing 
•  PMNS case:  max. mixing 
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Neutrinoless muon capture: µ → e conversion via recoil against nucleus: µ–N → e–N 

  
R
µe

(A,Z) =
Γ(µ− + N(A,Z)→ e− + N(A,Z))

Γ(µ− + N(A,Z)→ all muon captures)

Best current limit from SINDRUM-II (PSI): Rµe(Au) < 7×10–13 (90% CL) SINDRUM-II EPJ C 47, 337 (2006) 

Observable: 

ex.: SUSY(*) 

 q  q

  χ
0

 µ   e

γ

Principle:  

1.  Stopped muon captured by atom 

2.  There: decay or capture or µ—e conversion 

3.  Conversion gives single monoenergetic electron       
(104.96 MeV for Al, 95.56 MeV for Au)  

Simplicity and distinctive signature (very low background e rate at 105 MeV) 
allows extremely high rates and thus very sensitive measurement 

Dependence on A, Z, can 
be exploited to distinguish 
NP models after discovery 

~ αQED 

(*) Also: possible enhanced sensitivity to SUSY Higgs exchange compared to µ → eγ (Kitano et al., hep-ph/0308021) à use to discriminate between models 
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A muon converts to en electron while recoiling against a nucleus: µ–N → e–N 

  
R
µe

(A,Z) =
Γ(µ− + N(A,Z)→ e− + N(A,Z))

Γ(µ− + N(A,Z)→ all muon captures)

Best current limit from SINDRUM-II (PSI): Rµe(Au) < 7×10–13 (90% CL) SINDRUM-II EPJ C 47, 337 (2006) 

Observable: 

ex.: SUSY 

 q  q

  χ
0

 µ   e

γ

Principle:  

1.  Stopped muons captured by atoms 

2.  There: decay or capture or m—e conversion 

3.  Conversion gives single monoenergetic electron       
(105.1 MeV for Au)  

Simplicity and distinctive signature (no accidentals) allows extremely high rates 
and thus sensitive measurement 

New physics sensitivity compared to µ → eγ for generic 
dipole dominance models ~390 times lower for Al target 
[ Classes of models involving µ—N exchange may enhance µ—e conversion over µ → eγ ] 

à   BR(µ → eγ) < 10–13 requires Rµe(Al) < 3×10–16 

Forthcoming experiments: Mu2e @ FNAL, COMET @ J-PARC  
Goal: sensitivity down to ~2×10–17 with data-taking by 2018 
[ Requires 5×1019 muons – approaching #grains of sand on earth… (R. Bernstein, Pittsburgh 2011) ] 

Se, e.g., Cirigliano et al., arXiv:0904.0957 
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•  Pulsed Beam: eliminate prompt backgrounds (e.g., radiative π capture), 0.6 MHz,           
10–10 pulse extinction after 0.7 µs, use late muonic atom decays (τ ~1 µs) for measurement 

•  Gradient B-fields: guide muons, increase muon acceptance, evacuate loopers 

•  Detection: atoms pass through tracker and stop in calorimeter, e– helix in gradient field 

•  Expected backgrounds: Rµe = 10–16 à ~4 signal / 0.2 bkg. events (RPC, decay-in-orbit) 

•  Multiple ring structure at FNAL: no interference with NOvA running 

See: http://mu2e.fnal.gov/ and, e.g.,  
R. Bernstein, Pittsburgh Seminar, Feb 2011 Production: magnetic bottle traps 

π’s which decay into accepted µ’s  

Transport: S-shape eliminates 
backgrounds and selects p(µ–) 

M
u2

e 
fe

at
ur

es
 

Detector: stopping target, 
tracking and calorimeter 
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Production  
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US$ 200 M total cost at CD-0 
D

ata taking 

(TDR) 

~130 Collaborators 

Project-X proton 
source upgrade may 
improve additional 2 
orders of magnitude 
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LFV in tau decays (= neutrinoless tau decays) is searched for in a large variety 
of modes at the B-factories with sensitivity to different new physics scenarios 

ANRV358-NS58-12 ARI 18 September 2008 23:47
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)
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Figure 7
B (µ+ e+ γ ) versus B (τ ± µ± γ ) in a constrained minimal supersymmetric model (MSSM) with three
right-handed massive neutrinos for three values of the heaviest right-handed neutrino,mN3 and four values
of θ13, for a particular choice of model parameters (48). Used with permission of the authors.

been collecting data at the (4S) since 1999. PEP-II ceased operations in 2008, whereas KEKB’s
operations will pause for three or four years beginning in 2009 or later in order to implement
an upgrade to higher luminosity. The time-dependent B meson CP violation studies require the
beams to have di!erent energies in order to introduce a time dilation from the Lorentz boost. This
does not a!ect themeasurements involving theτ , but it is an e!ect that must be taken into account
in the analyses. The BaBar (49) and Belle (50) detectors are remarkably similar; the only major
di!erence pertains to the technology used to identify charged particles. Belle uses a threshold
Cherenkov detector together with time of "ight and tracker dE/dx (see Figure 8 for a schematic),
whereas BaBar mainly relies on a ring-imaging Cherenkov detector augmented by dE/dx in the
trackers. With more than 1 ab − 1 of data currently being collected between the two experiments
and the e+ e− τ + τ − cross section being 0.919 nb (51), the world sample of τ leptons produced
at the e+ e− colliders now exceeds 109, which allows for experimental probing of LFV processes
at theO (10− 7) to O (10− 8) levels.

The general approach of the analyses is to select τ pair events with the appropriate charged-
particle topology, removing non-τ events with as minimal an impact as possible on the signal
ef#ciency. This is accomplished by dividing the candidate event into hemispheres in the center of
mass, where each hemisphere contains either theτ + or the τ − decay products. Each hemisphere
is then considered a possible candidate for the LFV decay under consideration. This can be seen
in the BaBar detector’s display of a simulated e+ e− τ + τ − ; τ + e+ ν̄τ νe; τ − µ − γ event
(depicted in Figure 9 ). Unlike standard model τ decays, which have at least one neutrino, the
LFV decay products have a combined energy E X equal to the energy of the τ . This energy is
approximately equal to the beam energy in the center of mass,

√
s/2, and the decay products’

mass (m X ) is equal to that of the τ . A two-dimensional signal region in the m X versus E plane

330 Marciano · Mori · Roney
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Heavy Flavour Averaging Group, Summer 2010 
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BABAR: PRL 104, 021802 (2010) PRL 104, 021802 (2010) 

10–8 sensitivity reached 

Belle’s new limits almost ready, but not quite for LP 2011 
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Electric Dipole Moments 

© PSI 

Elementary particles are predicted to be non-spherical, distorted by an electric 
dipole moment (EDM) 

However, as for charged lepton flavour violation, EDMs are predicted to be 
undetectably tiny in the SM 

Thus, any hint for a non-zero EDM would be physics beyond the SM, and indeed 
many SM extensions predict EDMs that are detectable by current experiments 

   H = −µ

B ⋅ Ŝ − d


E ⋅ Ŝ

EDM is CP-
nonconserving: 

   

P(

B ⋅ Ŝ) =


B ⋅ Ŝ

T(

B ⋅ Ŝ) =


B ⋅ Ŝ

   

P(

E ⋅ Ŝ) = − 


E ⋅ Ŝ

T(

E ⋅ Ŝ) = − 


E ⋅ Ŝ

For magnetic moment: 

For EDM: 



22 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

Electric Dipole Moments 
EDM is CP-
nonconserving: 
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   H = −µ

B ⋅ Ŝ − d


E ⋅ Ŝ

d 

µ 

+ 
– 

E B 

Precession frequency: 

   
ω

↑↑
=

2µB + 2dE


Flip E field and measure 
frequency difference: 

   
Δω = ω

↑↑
− ω

↑↓
=

4dE


d ~ 5 × 10–28 ecm gives:  
Δf ~1 nHz in 10 kV/cm field 

Effective E field can be polarisation 
amplified (up to 106) in molecules  
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Pospelov-Ritz, hep-ph/0504231  
Raidal et al., arXiv:0801.1826 
K. Kirch talk at PANIC-2011 
Michael Romalis 

Hierarchy of scales between CP-odd sources and generic classes of observable EDMs 

TeV 

QCD 

nuclear 

atomic 

Energy 

Fundamental CP-odd source 

  
de,dµ,dτ

Muon EDM 

EDMs of paramagnetic 
atoms (Tl, Rb, Cs) and 
molecules (YbF, PbO, HfF+) 

  CS,P ,T

  
Cqe,Cqq

EDMs of nuclei and 
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EDMs of diamagnetic 
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Best bound: 10.5 × 10−28 (YbF) Best bound: 2 × 10−28 (199Hg) 

dn < 2.9 × 10−26 

< 1.9 × 10−19 

Solid 
states 
EDMs 
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Neutron EDM 

   Best limit:  |dn| < 2.9 × 10–26 ecm [ Sussex-RAL-ILL Collaboration, PRL 97, 131801 (2006) ] 

90% CL limits given 
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Neutron EDM 

   Best limit:  |dn| < 2.9 × 10–26 ecm [ Sussex-RAL-ILL Collaboration, PRL 97, 131801 (2006) ] 

90% CL limits given 
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Strong CP problem: |dn| limit translates into |θ| ~ |dn|· 2×1016 < 5×10–10   

SUSY CP problem:   |dn| ~ 10–23 ecm · (300 GeV / mSUSY)2 · sinφSUSY  

– 

UCN Beams 
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Group No. of people Sensitivity 
[10–26 ecm] 

Due date 

nEDM at PSI 
n2EDM  

~50 0.5                    
0.05 

2013 
2016 

PNPI at ILL ~10–20 1 2012 

CryoEDM at ILL ~25 0.3 2016 

nEDM at SNS-ORNL ~90 0.03 2020 

nEDM at RCNP 
         at TRIUMF 

~35 1 
0.1 
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2014 
2017 
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90% CL limits given 

First nEDM data this year? 
[ Zsigmond at EPS-2011 ] 

Neutron EDM 

   Best limit:  |dn| < 2.9 × 10–26 ecm [ Sussex-RAL-ILL Collaboration, PRL 97, 131801 (2006) ] 
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Proton / Deuterium EDM 

Proposals at BNL, USA and Juelich, Germany for storage ring based pEDM 
measurement with sensitivity: 10–29 ecm 

COSY/IKP, Jülich/Germany deuteron ring: JEDI BNL, USA: proton “magic” ring 

Radial E field, aligned spin and momentum vectors at magic momentum (0.7 GeV for protons) 

Similar new physics sensitivity as for neutrons, but better precision! 

See, e.g., Y. Semertzidis at Patras Workshop, 2011 
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New best limit using YbF 
molecules at Imperiel College, UK 
[ Hudson et al., Nature 473, 493 (2011) ] 

de < 16 x 10–28 ecm 

Goal of YbF exp. at IC 

Electron EDM  

90% CL limits given 

de < 10.5 x 10–28 ecm 
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Graph taken from: B. Sauer, IC 

Regan et al., PRL 88, 071805 (2002) 

Hudson et al., Nature 473, 493 (2011) 

Prior best limit obtained using 
Thallium (Tl) atoms at Berkeley  
[ Regan et al., PRL 88, 071805 (2002) ] 
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Electron EDM – new measurement using paramagnetic YbF molecules 

Hudson et al., Nature 473, 493 (2011) 

Schiff theorem: nonrelativistic system of electrostatically interacting charged 
particles (eg, atom) is fully shielded with respect to external E fields 

Broken by magnetic, relativistic interactions and extended nucleons 

à Effective EDM: dZ ~ (η2 Z 

3) × de 

dZ 

µ 

E B 
•  Enhanced in heavy atoms / molecules 

•  dTl ~ 585 × de (exploited by Berkeley Tl experiment, 2002 

•  dYbF ~ 1.4×106 × de (for 11 kV/cm field; earlier saturation than Tl) 

Also systematic error advantage of YbF molecules over Tl 
(motional magnetic field) 

But: much smaller production rate than Tl 

YbF exp. looks for spin interferometer phase shift of 
F = 0,1 YbF hyperfine levels when E field is reversed 
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Hudson et al., Nature 473, 493 (2011) 

YbF experiment, 2010 data 
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block of data, are fed back to the switched parameters to keep them
switching around their optima.
Our measurement is derived from 6,194 blocks of data taken in

2010, comprising 25 million molecular beam pulses, together with
many subsidiary measurements used to search for systematic errors.
To analyse the data, we select the central 130ms of each probe pulse
(Fig. 2) and normalize it pulse by pulse to the pump !uorescence. This
minimizes the e"ect o# uctuations of the molecular beam intensity.
We calculate howmuch of the gated, normalized !uorescence signal is
correlated with all 512 possible combinations of the modulated para-
meters. These correlations are called ‘channels’ and are denoted by {X},
whereX indicates the parameter (or parameter combination) being
modulated. The EDM phase shift, normalized to the shift from the
small magnetic $eld stepdB, is {E?B}/{dB}. The other channels are
valuable in elucidating the operation of the apparatus. Throughout the
investigation the EDM values were concealed by adding a $xed
unknown o"set, which was only removed once the data collection
and analysis were complete.
The EDM values obtained from the set of blocks are almost normally

distributed but there tend to be a few more points in the wings of the
distribution than in a normal distribution. The same is true of other
quantitieso$nterest thatweextract fromthedata. For all thesequantities,
we calculate the 5% trimmedmean19, a simple robust statistic that drops
the largest and smallest 5%of the data.We use the bootstrapmethod20 to
determine the associated statistical uncertainty. For non-normal distri-
butions, these methods give more reliable measures than the mean and
standard error.
Fluctuations in the ambientmagnetic$eldof the laboratory inevitably

have some component that is, by chance, synchronous with the switch-
ing pattern ofE. This contributes a little to the noise in the EDM, as
shown in Fig. 4, thoughnot to the long-time average value.We suppress

this excess noise by correcting the EDM, block by block, according to
themagnetic $eld readings of a magnetometer (Methods). The central
value and statistical uncertainty of this magnetic $eld correction are
given in Table 1. The correction has a negligible e"ect on the central
value of the EDM but reduces the statistical error by 3.5%.
We $nd that the phase of the interferometer shifts linearly with the

detunings of the r.f. pulses at a rate of (2836 6) 3 102 9 radHz2 1 for
the $rst r.f. pulse, and (2 946 5) 3 102 9 radHz2 1 for the second r.f.
pulse. If the magnitude of the electric $eld changes whenE is reversed,
then through the Stark shift, the r.f. transition frequency changes. This
results in a change in the interferometer phase that correlates withE,
mimicking the EDM phase. This systematic error can be corrected
using the information contained in every block of data. The phase
change resulting from a detuning of the $rst r.f. pulse is measured
by {nrf1?B}, and the change in the detuning resulting from the change
in electric $eld magnitude is measured by {nrf1?E}. The product of
these two channels, together with a calibration factor that we have
measured, determines the EDM-like phase due to theE-correlated
detuning of the $rst r.f. transition, andweuse this to apply a correction
to each block of data. A similar correction is made for the second r.f.
pulse. The central values and statistical uncertainties of the two r.f.
phase corrections are given in Table 1. As an additional check, we
mademeasurements inwhichwedeliberately change the r.f. frequency
whenwe switchE. We see that the resulting systematic error is entirely
removed once the corrections are applied to these data, thus verifying
the correction procedure.
There are several sources of systematic uncertainty on the EDM

measurement that must be considered. First, there may be systematic
e"ects, other than the r.f.-induced phases described above, caused by a
change in $eld magnitude whenE reverses. We investigate this by
changing the $eld magnitude intentionally bydE when the $eld
switches. Once the r.f. phase corrections are applied to these data,
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Figure 2 | Fluorescence from a typical beam pulse, measured on the probe
detector.
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Figure 4 | Themagnetic !eld correlatedwith the E reversal, measured at the
"uxgate magnetometer, versus the EDM values. A slope is evident. The
majority ofmeasurements are not signi$cantly perturbed by themagnetic $eld,
but a small fraction do bene$t from correction.

Table 1 | Summary of applied corrections and uncorrected system-
atic uncertainties

Correction Statistical Systematic

Magnetic-!eld correction 2 0.3 1.7 , 0.1
rf1 phase correction 5.0 0.9 , 0.1
rf2 phase correction 0.5 0.7 , 0.01
Uncorrected dE e"ects – – 1.1
V uncertainty – – 0.1
{nrf1 0.1––noitalerroc}

30.0––esahpcirtemoeG
Leakage currents – – 0.2
Shield magnetization – – 0.25
v 3 E 5000.0––tceffe

The units are 10 2 28 e cm. The statistical uncertainty on the corrections gives ameasure of their random
spread over the whole data set. In the !nal analysis the corrections are applied block-by-block, so these
statistical uncertainties are naturally incorporated in the !nal EDM statistical uncertainty. The
systematic uncertainty in the corrections is negligible.

RESEARCHLETTER

4 9 4 | N A T U R E | V O L 4 7 3 | 2 6 M A Y 2 0 1 1

Macmillan Publishers Limited. All rights reserved©2011
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Hudson et al., Nature 473, 493 (2011) 

we !nd no evidence of any residual systematic EDM that depends on
dE. The upper bound on the gradient of any such systematic, with
respect todE, is 2 113 102 28ecm/(V cm2 1). In the r.f. regions we
measure asymmetriesdE of approximately 100mV cm2 1 and we take
this to be typical throughout the interaction region. Combining this
level of asymmetry with the worst-case slope above gives a systematic
uncertainty of 1.13 102 28ecm (Table 1).
Electric-!eld-plate potentials that are not symmetric around the

ground potential are another possible source of systematic error. We
characterize this in terms of the mean potentialV of the two electric
!eld plates relative to the surrounding grounded apparatus. Near the
edges of the plates, the !eld does not point entirely alongẑ, but the
direction of the !eld reverses perfectly as long asV 5 0. However,
when V = 0 the reversal is imperfect, and this, coupled with other
imperfections, may result in a systematic error. We investigate this
by deliberately applying large mean potentials ofV 5 2 1,000.5 V and
V 5 1 1,015.0 V, and we !nd from this data a systematic shift with a
slope of (0.0996 0.016)3 102 28ecmV2 1. The plate potentials used
for our data set are measured to have a mean voltage o" ess than 1 V.
This results in a systematic uncertainty of 0.13 102 28ecm.
A study of the data taken at non-zeroV revealed an unexplained

correlation between themeasured EDMand the frequency detuning of
the !rst r.f. pulse. Unlike the e#ect described above, this systematic
e#ect does not depend ondE. We see no evidence of the e#ect in the
data taken atV 5 0. Nonetheless, by considering the worst-case cor-
relation consistent with theV ~ 0 data, and the measured average
frequency detuning of the !rst r.f. pulse, we calculate a conservative
systematic uncertainty of 13 102 28ecm.
The direction of the electric !eldin the rest frame of the molecules

rotates slightly as they move through the apparatus. This induces a geo-
metric interferometer phase that can result in a systematic error21. We
calculate anupper limit on this e#ect(seeSupplementary Information)of
33 102 30ecm.
Magnetic !elds generated inside the magnetic shields that reverse

with the electric !eld are a potential source of systematic error. These
magnetic !elds are not well sensed by the magnetometers, which are
outside the inner layer of magnetic shielding. We consider the three
mechanisms that could generate such !elds:
(1) Leakage current to the high-voltage plates. The current "owing to
or from each electric !eld plate is monitored22 throughout the experi-
ment. The component that reverses synchronously withE is less than
1 nA averaged over the EDM data set. A most conservative estimate
(see Supplementary Information) of the possible false EDM given by
these currents is 0.23 102 28ecm.
(2) Inner-shield magnetization. It is possible that the plate-charging cur-
rentscouldmagnetizetheshields,generatingamagnetic!eldthat reverses
with E. We have determined this !eld by pulsing a hundred times the
normal current through a similar shield set-up on the bench and mea-
suring the resulting !eld with a "uxgate magnetometer. We deduce that
thefalseEDMduetoshieldmagnetizationis(2 0.166 0.17)3 102 28ecm.
As this is consistent with zero, we do not make any correction to the
measured EDM, but allow a systematic uncertainty of 0.253 102 28ecm.
(3) Motional magnetic !eld. The laboratory-frame electric !eld has a
magnetic component in the rest frame of themoleculesBm5 E 3 v/c2,
wherev is the velocity of the molecules with respect to the apparatus.
This can produce a false EDM if there is also a stray magnetic !eldBy.
This was a limiting systematic error in ref. 7. The e#ect is strongly
suppressed in our case because of the large (8MHz) tensor Stark
splitting of theF 5 1manifold, which renders themolecule insensitive
tomagnetic !elds in thex–yplane, as discussed in ref. 8. Our strayBy is
everywhere less than 30 nT, which gives a calculated false EDM o" ess
than 53 102 32ecm. We have also checked empirically that the addi-
tion of a 500 nT transverse !eld produces no evident e#ect.
A number of other consistency checks and searches for systematic

errors were made and are described in detail in the Supplementary
Information.

In addition to the computer-controlled switches, we make three
manual reversals. The high-voltage connections are swapped to
reverseE , the magnet wires are interchanged to reverseB and the
r.f. cables are swapped to reverse the direction of r.f. propagation along
the !eld plates. These manual changes are made infrequently—
typically one switch per day—and they are valuable in identifying
and eliminating systematic e#ects. Roughly equal numbers of blocks
are taken in all eight of the manual states. When we divide the data
according to these manual-reversal states and analyse each data set
separately, the EDMs obtained are consistent with one another, as
shown in Fig. 5. We also divide the data according to the polarization
angles of the pump and probe and !nd no correlation with either.
Combining the systematic uncertainties in quadrature yields the

!nal resultde5 (2 2.46 5.7stat6 1.5syst) 3 102 28ecm, where the !rst
uncertainty is statistical (68%symmetric con!dence interval23) and the
second systematic. This is consistent with zero and with the previous
best measurement7. The result is 54 times more precise than our pre-
vious measurement8. Treating the statistical and systematic errors on
equal terms, we can extract an upper bound on the size of the EDM of
jdej , 10.53 102 28ecmwith 90%con!dence. This is 1.5 times smaller
than the previous upper limit7.
Our error is dominated by the statistical uncertainty of the measure-

ment. The limiting systematic errors in themeasurement are su$ciently
well understood thatwe can readily reduce them to the102 29ecm range.
Our experiment leads the way in the application of cold molecule
techniques to precision measurement and we are well placed to take
advantage of recent advances in the preparation24–26 and control27 of
cold molecules to improve ourmeasurement precision. This will allow
us to probe for new particle physics at tens of tera-electronvolts.

METHODS SUMMARY
Pulses of YbF are emitted by the source17 every 40ms and travel through the
magnetically shielded apparatus (Fig. 1) at a speed of 590ms2 1. The pump
detector depletes and detects theF 5 1 population while the probe detector mea-
sures theF 5 0 population. Two r.f.p-pulses, separated by the free-evolution time
T , and tuned to the Stark-shifted hyper!ne interval near 170MHz, coherently
transfer molecules between theF 5 0 andF 5 1 states. The primary signal is the
detectedF 5 0 population, which is proportional to cos2w. The electron EDM is
obtained from the part ofw that correlates with the sign ofE, which in turn is
obtained from the signal correlating with the sign ofE?B.
To measure this correlation, and a rich set of other signal correlations, the

machine is put into a new state between each beam pulse. There are nine switched
parameters, andhence 512di#erent switch combinations; each is set eight times in
every data block (a group of 4,096 pulses). For each block, the switching sequence
is chosen at random from a set of possible sequences; all of these switchB fre-
quently to eliminate magnetic !eld noise, switchE infrequently to minimize the
dead time associated with this switch, and switchE?B aperiodically to eliminate
signal drifts from this channel28. Between oneblock and thenext, the relative phase
of the two r.f. pulses is randomly changed, the linear polarizations of pump and
probe are randomly rotated, and the central values of the magnetic !eld, the laser
frequency, and the frequencies and amplitudes of the two r.f. pulses, are adjusted
towards their ideal values.
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Figure 5 | EDM values for each manual-reversal state of the machine. The
error bars indicate the 68% con!dence level. The most important manual
reversal is the electric-!eld reversal: the !rst four points correspond to one
electric-!eld con!guration, and the last four to the other. The solid and dashed
lines show the mean value and its statistical error.
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EDM values for each* manual-
reversal state of the experiment 
(after removing “blinding” offset) 

   de = (–2.4 ± 5.7stat ± 1.5syst) × 10–28 ecm  

|de|< 10.5 × 10–28 ecm  (90% CL)  

Statistics dominated  

Largest systematic effect from E-field uncertainties 

RF detuning phase shift and E reversal Stark shift 
corrected YbF experiment, 2010 data 

*Swaps of HV, magnet and RF cables 

#Counts ~ cos2φ	



φ = 0 

Cold YbF (590 m/s, 25 Hz pulses) 

Static E, B fields: 
±10 kV/cm, 13 nT 
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Pioneering measurement with great potential in spite of 
relatively little improvement over Tl result from 2002 

Measurement statistically limited, systematic errors 
reducible to < 10−29 ecm 

Factor of 10 sensitivity improvement within a few 
years, final goal is factor of 100 

Several other EDM experiments, based on electron spin 
precession in atoms, molecules, molecular ions or 
solids, in progress 
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Tau-Lepton Physics 

ALEPH 
Z → τ 

+τ — candidate 

Fantastic combination work done 
by HFAG group – I will use a lot of 
their work here ! 
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Last year was the 20th anniversary of the Tau Workshops (started in 1990 at Orsay) 

During this period there was magnificent progress in tau physics through the LEP, 
CLEO, B-factories, BES, VEPP-2M, and neutrino experiments 

Early meetings concentrated on consolidation of tau as a standard lepton without 
invisible decays and with universal couplings (precision experiments) 

Increased data samples and better methods allowed to study electroweak and QCD 
physics leading to precision measurements of fundamental SM parameters, such as 
sin2θW, αS, |Vus| 

CESR at Cornell, USA 
1979—2008 

LEP at CERN 
1989—2000 

~3.6 M ττ 
produced for 
CLEO-I/II 

~165,000 
Z→ττ per 
experiment 
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Huge samples of roughly 500 M and 900 M tau pairs collected by BABAR and Belle  

Experiments concentrate on rare modes and searches for new physics: 

•  Lepton flavour violation in tau decays 

•  Weak current universality tests (0.14% precision reached!), rare branching fractions 

•  “Second class currents” (isospin violation) 

•  CP violation 

•  Phenomenological work on determination of αS and |Vus| (à V. Lubicz’, T. Gershon’s talks)          

from tau branching fractions and spectral functions still actively pursued 

KEK-B at KEK, Japan PEP-2 at SLAC, USA 

B/τ Factories 
at KEK and 
SLAC 

LEGO model of Belle 
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Large amount of new branching fraction measurement by BABAR and Belle. 
Significant improvement in modes with kaons (but also a few inconsistencies) 
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General trend observed between earlier and BABAR/Belle measurements  
à not understood; leads, a.o., to smaller strange hadronic width of tau 	





37 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

Probe new physics by testing the universality of charged weak couplings using 
tau branching fractions into leptons and tau lifetime 
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|gµ /ge| |gτ /gµ| |gτ /ge| 

Down to 0.14% test of e—µ universality, compared to ~0.28% from ΓZ→ee/µµ,  
and 0.13% for the effective weak axial coupling gA,e/µ	



LEP+SLC, Phys. Rept. 427, 257 (2006) 
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“Second class currents” have spin-parity JPG = 0+−, 0−+, 1++ or 1−− and 
are proportional to u/d quark mass difference-squared  

à  vanish in strict isospin limit 

  B(τ → ν + ηπ) < 9.9 ⋅10−5  at 90% CL

See, e.g., Nussinov-Soffer, arXiv:0806.3922 
and references therein 

BABAR, arXiv:1011.3917 

Branching ratios expected to be of order 10−5 

Published BABAR limit with full statistics (470 fb−1) 

Other second class current modes that are studied involve η’π and 
ωπ final states 
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Due to mixing-induced CPV in Ko system (εK), expect to see decay rate asymmetry 

BABAR finds AQ = (−0.45 ± 0.24 ± 0.11) %, which deviates ~3σ from SM	



BaBar-PUB-11/009 

  
A

Q
=
Γ(τ + → K

S
π +ν

τ
) − Γ(τ − → K

S
π −ν

τ
)

∑
≈ 2Re ε

K
= (+0.33 ± 0.01)%

Bigi-Sanda, PLB 625, 47 (2005) 

Deviations in AQ should have NP origin as possible in, eg, multi-Higgs models  Kühn-Mirkes, PLB, 398, 407 (1997) 

Results consistent with the SM found in D± → KSπ± [ BABAR, PRD 83, 071103 (2011) ] 
and in angular analysis of τ ± → KSπ ±ν [ Belle, arXiv:1101.0349 ] 

New preliminary analysis of AQ in τ ± → KSπ ±(≥ 0πo)ν from BABAR using 476 fb–1 

•  Electron and muon tags used 

•  Correction for different nuclear interaction cross sections of Ko and Ko 

•  Dominant systematic error from selection bias measured from data (stat. error) 

•  Raw asymmetry corrected for KSK±(≥ 0πo)ν and KoKoπ ± feed-through (assuming SM AQ) 
— 

— 
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ALEPH

The measurement of complete vector and axial-vector tau hadronic spectral 
functions by ALEPH and OPAL triggered enormous activity on QCD studies  

ALEPH: EPJ C4, 409 (1998): 5th most cited ALEPH paper 

ALEPH, hep-ex/0506072  
updated: Davier et al., arXiv:0803.0979 

Precision determination of αS from 
comparison of tau hadronic width 
with essentially pQCD  

Nonperturbative contributions measured from data 
using “spectral moments” and found very small 

  
R
τ ,V +A

= 3.4771± 0.0084  (δσ = 0.24%)

H
FA

G
, 2011 

Benefits, as EW fit of Z hadronic width, 
from NNNLO perturbative calculation  

Unfortunately, ambiguity in perturbative treatment does currently not allow 
to fully exploit the available precision  

Baikov et al., arXiv:0801.1821 

See, e.g.: Davier et al., arXiv:0803.0979; Beneke-Jamin, arXiv:0806.3156; 
Menke, arXiv:0904.1796, and others 
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4-loop RGE evolution of αs(µ), 3-loop quark flavour matching From combined fit of Rτ and 
spectral moments:  

  αs(MZ) = 0.1200  ±  0.0005exp
 ±  0.0008theo
 ±  0.0013CIPT/FOPT
 ±  0.0005evol 
 (0.0017tot) 

 Central value is arithmetic mean between 
CIPT and FOPT, with half the difference as 
syst. error 

Excellent agreement with 
NNNLO result from EW fit 

  αs(MZ) = 0.1193 ± 0.0028  
   

Modified from: Davier et al., arXiv:0803.0979 

Baak et al., arXiv:1107.0975 

Precise test of asymptotic 
freedom property of QCD  

Courtesy: Z. Zhang. Compilation from Bethke, arXiv:0908.1135 

0.1183 ± 0.0008 
(QQ states / Lattice) 
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|us|V
0.2 0.21 0.22 0.23

CKM Unitarity
 0.0010!0.2255 

 s inclusive) HFAG Fit (
 0.0022!0.2168 

)   )/( K  HFAG Fit (
 0.0022!0.2239 

) K  HFAG Fit (
 0.0032!0.2203 

Hyperon decays
 0.0050!0.2260 

 decaysl2FlaviaNet K
 0.0013!0.2252 

 decaysl3FlaviaNet K
 0.0013!0.2254 

HFAG-Tau
Summer 2011

Inclusive analysis uses: 

 Dependence on |Vud|, and theoretical 
dependence on αS and ms (problematic 
behaviour of perturbative series) 

 May miss yet unmeasured modes, 
compatibility can be tested with full 
strange spectral function 

 Trend of smaller branching ratios from 
B-factories. Without B-factory data,         
|Vus| would increase to ~0.2213. 

Almost competitive accuracy 
with lepton K decays à 
unexpected in earlier days ! 

   

  

V
us

2
=

R
τ ,S

R
τ ,V +A

V
ud

2
− δR

τ
Theory(α

S
,m

s
)

Δ  = 3.6σ*	



Dependence 
on decay 
constants 
(Lattice QCD) 

(*)3.3σ when using unitarity constraint for BK) 
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Indirect

->/->K and l2/l2K

 decays

->K and l2K

l3K

Direct

All

|
ud

|V
0.950 0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990

|
us

|V

0.210

0.215

0.220

0.225

0.230

excluded area has CL > 0.95EPS 11

CKM
f i t t e r

V. Niess at EPS 2011 

Unitarity 
constraint 

First row of CKM matrix shows 
good agreement with unitarity 
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Anomalous Magnetic Moment 

E821 at BNL 

Gyromagnetic factor g = 2 is modified by loop contributions 

“Anomalous” 
magnetic moment:    

a =
g − 2

2
=
α
2π

+ ...= 0.001161…
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•  In lowest order, where mass effects appear, contributions 
from heavy virtual particles scale as m2

e /µ  :  

 aµ should be roughly 50 times more sensitive to NP than ae ! 

γ 

µ ? •  Loose about a factor of 800 in experimental precision 

The experimental precision for aµ will be worse than for ae, so why do it ? 

aτ even more sensitive, but insufficient experimental accuracy 
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Loop contributions: 

Weak 

h
W W

Z

h

h
W W

Z

h

QED 

h
W W

Z

h

SUSY... ? 

h
W W

Z

h

h
W W

Z

h

 χ χ

 ν

   

  χ
0

   

... or some unknown 
type of new physics ? 

h
W W

Z

h

? 

Hadronic 

h
W W

Z

h

h
W W

Z

h
“Light-by-light 
scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 
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Measuring	
  (g	
  –	
  2)µ	
  

  


ωa =

e
mc

aµ


B

For polarized muons moving in a uniform B field (perp. to muon spin and 
orbit plane), and vertically focused in E quadrupole field, the observed 
difference between spin precession frequency and cyclotron frequency is: 

The experiment measures directly (g – 2)/2 ! 

At “magic γ with pµ = 3.09 GeV  
and assuming, µEDM = 0 ! 

One actually measures: aµ = R/(λ − R), R = ωa/ωp, λ = µµ/µp 
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
ωa =

e
mµc

aµ


B

Difference between spin preces-
sion and cyclotron frequency: 

obtained from fit to:  

B-field from precise NMR probe 

Observed positron rate in 
successive 100µs periods 

Plot taken from: E821 (g –2), hep-ex/0202024   
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Measuring	
  (g	
  –	
  2)µ	
  

…still statistics dominated ! 

E821, PRD 73, 072003 (2006) 

World average (2006 – final BNL-E821 report):  

aµ = 11 659 208.9 (5.4) (3.3) × 10−10 
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Confron2ng	
  Experiment	
  with	
  Theory	
  	
  
The Standard Model prediction of aµ is decomposed in its physical contributions: 

of which the 
hadronic 
contribution 
has the largest 
uncertainty: 

  
aµ

SM = aµ
QED + aµ

had + aµ
weak

  

aµ
QED = (11 658 471.809 ± 0.015) ×10−10

aµ
had = (693.0 ± 4.9) ×10−10

aµ
weak = (15.4 ± 0.2) ×10−10
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Hadronic	
  Contribu2on	
  

µ 

γ 

γ 

h
a
d 

had 

γ 
  

aµ
had,LO =

α2

3π 2
ds

m
π0
2

∞

∫    K(s)
s

   R(s)

  

12π Im∏γ (s) = σ
(0)[e+e− →hadrons]
σ (0)[e+e− → µ+µ− ]

≡R(s)

 Im[                   ] ∝ |                 had |2 

•  Cannot be computed from first principles due to low-energy hadronic effects 

•  Fortunately, one can benefit from analyticity and unitarity to obtain real part of photon 
polarisation function from dispersion relation over total hadronic cross section data 
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aµ
had,LO =

α 2

3π 2 ds
m
π0
2

∞

∫  K(s)
s

 R(s)

Huge 20-years effort by experimentalists and theorists to reduce error 
on lowest-order hadronic part 

•  Improved e+e– cross section data from Novisibirsk (Russia) 

•  More use of perturbative QCD 

•  Technique of “radiative return” allows to use data from Φ and B factories 

•  Isospin symmetry allows us to also use τ  hadronic spectral functions 
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use QCD 

  

aµ
had,LO =

α 2

3π 2 ds
4mπ

2

∞

∫
K(s)

s
R(s)

Plot not fully up to date – for illustration only 
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use QCD 

  

aµ
had,LO =

α 2

3π 2 ds
4mπ

2

∞

∫
K(s)

s
R(s)

Due to the strongly decaying integration 
kernel, 73% of dispersion integral stems 

from π+π‒ channel, which must be 
obtained from experiment  

Plot not fully up to date – for illustration only 
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use QCD 

  

aµ
had,LO =

α 2

3π 2 ds
4mπ

2

∞

∫
K(s)

s
R(s)

At low energy, the inclusive hadronic 
cross section is obtained by summing up 
to 26 exclusively measured final states, 
and by estimating unmeasured modes 

using isospin symmetry 

Plot not fully up to date – for illustration only 
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use QCD 

  

aµ
had,LO =

α 2

3π 2 ds
4mπ

2

∞

∫
K(s)

s
R(s)

Perturbative QCD can be used away 
from the quark thresholds in the 

continuum region 

Agreement between Data 
(BES) and pQCD (within 
correlated systematic errors) 

Plot not fully up to date – for illustration only 
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use QCD 

  

aµ
had,LO =

α 2

3π 2 ds
4mπ

2

∞

∫
K(s)

s
R(s)

Experimental data must be used in the 
charm anti-charm resonance region 

Plot not fully up to date – for illustration only 
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use QCD 

  

aµ
had,LO =

α 2

3π 2 ds
4mπ

2

∞

∫
K(s)

s
R(s)

Perturbative QCD can be used 
beyond the charm 

use QCD 

Plot not fully up to date – for illustration only 
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6

trum, after the latter is corrected using data for all known
detector and reconstruction di!erences. The generator is
also corrected for its known NLO de"ciencies using the
comparison to PHOKHARA . The ratio is consistent with
unity from threshold to 3 GeV /c 2 , (Fig. 1 (a)). A "t to a
constant value yields ( χ 2/n df = 55 .4/ 54; ndf =number of
degrees o! reedom)

σdata
µµγ ( γ )

σNLO QED
µµγ ( γ )

− 1 = (40 ± 20 ± 55 ± 94) × 10− 4 , (2)

where the errors are statistical, systematic from this anal -
ysis, and systematic from L ee , respectively. The QED
test is thus satis"ed within an overall accuracy of 1.1%.

To correct for resolution and FSR e!ects, an unfold-
ing of the background-subtracted and e#ciency-corrected
mππ distribution is performed. A separate mass-transfer
matrix is created using simulation for the ρ central and
tail regions; this provides the probability that an event
generated in a

√
s interval i is reconstructed in a mππ

interval j . The matrix is corrected using data to account
for the larger rate of events with poorer mass resolution.
Performance and robustness of the unfolding method [17]
have been assessed using test models. For the 2-MeV
intervals, the signi"cant elements of the resulting covari -
ance matrix lie near the diagonal over a typical range of
6 − 8MeV, which corresponds to the energy resolution.

The results for the e+ e− π+ π− (γ ) bare cross sec-
tion [18] including FSR, σ0

ππ ( γ ) (
√
s ), are given in Fig. 1

(b). Prominent features are the dominant ρ resonance,
the abrupt drop at 0 .78 GeV due to ρ− ω interference, a
clear dip at 1 .6 GeV resulting from higher ρ state inter-
ference, and additional structure near 2 .2 GeV. System-
atic uncertainties are estimated from the precision of the
data-MC comparisons and from the measurement proce-
dures used for the various e#ciencies. They are reported

TABLE I: Relative systematic uncertainties (in 10 − 3 ) on the
e+ e− π+ π− (γ ) cross section by

√
s intervals (in GeV) up

to 1.2 GeV. The statistical part of the e!ciency uncertainties
is included in the total statistical uncertainty in each int erval.

Source of CM Energy Interval (GeV)
Uncertainty 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.9 0.9-1.2
trigger/ "lter 5.3 2.7 1.9 1.0 0.5

tracking 3.8 2.1 2.1 1.1 1.7
π-ID 10.1 2.5 6.2 2.4 4.2

background 3.5 4.3 5.2 1.0 3.0
acceptance 1.6 1.6 1.0 1.0 1.6

kinematic "t ( χ 2 ) 0.9 0.9 0.3 0.3 0.9
correlated µµ ID loss 3.0 2.0 3.0 1.3 2.0
ππ/µµ non-cancel. 2.7 1.4 1.6 1.1 1.3
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FIG. 1: (a) The ratio of the measured cross section for
e+ e− µ+ µ− γ (γ ) to the NLO QED prediction. The
band represents Eq. (2). (b) The measured cross section for
e+ e− π+ π− (γ ) from 0.3 to 3GeV. (c) Enlarged view of the
ρ region in energy intervals of 2 MeV. The errors are from the
combined diagonal elements of the statistical and systemat ic
covariance matrices.

in Table I for 0 .3 <
√
s < 1.2 GeV. Although larger

outside this range, the systematic uncertainties do not
exceed statistical errors over the full spectrum for the
chosen energy intervals.

The lowest-order contribution of the ππ(γ ) intermedi-
ate state to the muon magnetic anomaly is given by

aππ ( γ ) ,LO
µ =

1
4π3

∞

4m 2
π

ds K (s ) σ0
ππ ( γ ) (s ) , (3)

where K (s ) is a known kernel [19]. The integration uses
the measured cross section and the errors are computed
using the full statistical and systematic covariance ma-
trices. The systematic uncertainties for each source are
taken to be fully correlated over all mass regions. The
integrated result from threshold to 1 .8 GeV is

aππ ( γ ) ,LO
µ = (514 .1 ± 2.2 ± 3.1) × 10− 10 , (4)

where the errors are statistical and systematic. This
value is larger than that from a combination of previ-
ous e+ e− data [5] (503 .5± 3.5), but is in good agreement
with the updated value from τ decay [5] (515.2 ± 3.4).

In summary, the cross section for the process e+ e−
π+ π− (γ ) has been measured in the energy range from 0.3
to 3 GeV, using the ISR method. The result for the ππ
hadronic contribution to aµ has a precision comparable
to that of the combined value from existing e+ e− experi-
ments. However, the BABAR central value is larger, which
reduces the deviation of the direct aµ measurement from
the Standard Model prediction.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and

BABAR, PRL 103, 231801 (2009) 

Systematic uncertainty: 
0.5—1.4%  

Hard γ radiated in initial state 

Virtual 
photon γ* 
with Mγ*< s 

mµµ  [GeV/c2] 
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systematic uncertainties that are 
correlated between data points 

Davier et al., EPJ C 71, 1515 (2011) 
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So far KLOE published small and large-angle photon scattering results based 
on ππ(γ) data only, ie, requiring explicit insertion of QED radiator function  

New result at EPS-2011 using ππ(γ) / µµ(γ) ratio (as BABAR) 

•  Many corrections cancel: radiation, luminosity, vacuum polarisation 

•  However, crucially relies on well understood π / µ separation 

•  Statistics: 2002 data (239 pb–1): 0.87 M µµ(γ) / 3.4 M ππ(γ) events 

•  Overall, excellent 1% systematic error achieved (BABAR: 0.5—1.0%) 

G. Venanzoni (KLOE)  at EPS 2011 

Band depicts KLOE 10 errors 

Preliminary 

Good agreement found! 
This corroborates the 
earlier KLOE results and 
thus the discrepancy with 
BABAR (and τ data)  
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BABAR measured (almost) all the 
exclusive e+e– → hadrons modes 

Many inconsistencies resolved 

Huge impact on hadronic 
vacuum polarisation calculation 

   [GeV]s
1.2 1.4 1.6 1.8 2 2.2 2.4

C
ro

ss
 s

ec
tio

n 
  [

nb
]

0

2

4

6

8

10

12

14

16 M3N
CMD
DM1
BABAR
Average

   [GeV]s
1.2 1.4 1.6 1.8 2 2.2 2.4

C
ro

ss
 s

ec
tio

n 
  [

nb
]

0

2

4

6

8

10

12

14

16
  e

+e− → π +π−π +π−π 0

   [GeV]s
1.4 1.6 1.8 2 2.2 2.4

C
ro

ss
 s

ec
tio

n 
  [

nb
]

0
1
2
3
4

5
6
7
8
9 DM1

DM2
BABAR
Average

   [GeV]s
1.4 1.6 1.8 2 2.2 2.4

C
ro

ss
 s

ec
tio

n 
  [

nb
]

0
1
2
3
4

5
6
7
8
9

 e
+e− →K +K −π +π−

   [GeV]s
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

C
ro

ss
 s

ec
tio

n 
  [

nb
]

0

10

20

30

40

50

60 ND
M3N
DM2

OLYA
SND
BABAR
Average

   [GeV]s
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

C
ro

ss
 s

ec
tio

n 
  [

nb
]

0

10

20

30

40

50

60   e
+e− → π +π−π 0π 0

Davier et al., EPJ C 71, 1515 (2011) 
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Integration of data points requires much care: 
•  interpolation, averaging, correlations, biases, … 
à Consistent approach using pseudo-MC simulation 

  e
+e− → hadrons
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What do the Tau data tell us? 
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•  In practice, used for 2π and 4π channels with isospin rotation 

•  Tau spectral functions measured by ALEPH, Belle, CLEO, OPAL  

•  Excellent precision of tau data. Branching ratio (ie, spectral 
function normalisation) for τ → ππoν known to 0.4%.  

•  Invariant mass spectrum requires unfolding using detector 
simulation, which is however under good control  

•  Main experimental challenge: abundance and shape modeling of 
feed-through from other tau final states 

•  Main theoretical challenge: isospin breaking  
 Radiative corrections, charged vs. neutral mass splitting and electromagnetic 
decays: (–3.2 ± 0.4)% correction to aµhad 
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Hadronic LO term: 

Hadronic NLO terms: 

Vacuum polarization (1-loop) + additional photon or VP insertion  

•  Computed akin to LO part via dispersion integral with modified kernel function 

  
aµ

had,NLO = −9.8(0.1) ×10−10

  
aµ

had,LBL = +10.5(2.6)×10−10

Light-by-light scattering 

•  Dispersion relation approach not possible (4-point function) 

•  Model-dependent calculations 

  

aµ
had,LO[e+e− ] = (692.3 ± 4.2ee+QCD) ×10−10

aµ
had,LO[τ ] = (701.5 ± 3.5τ ±1.9SU(2) ± 2.4ee+QCD) ×10−10

Davier et al., EPJ C 71, 1515 (2011) 

Hagiwara et al. 2010 (and others) 

Prades-deRafael-Vainshtein (and others) 

Δ(τ — e+e–) = 19.5 ± 8.3 (2.4σ) 

•  Lattice results may be in reach (LO HVP (u+d quarks only) computed to 3% accuracy ???) 

Jansen et al., arXiv:1103.4818 
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Difference: experiment — SM 

aµ 
exp  –  aµ 

SM = (28.7 ± 8.0) × 10 
–10 

     Æ  3.6 ”standard deviations“ (e+e–) 

     Æ  2.4 ”standard deviations“ (τ) 

BNL E821 (2004): 
aµ

exp = (11 659 208.9 ± 6.3) ×10 
–10 

Status: summer 2011 (published results shown only) 

-700 -600 -500 -400 -300 -200 -100 0

a!  –  a!    exp " 10–11

BN
L-E821 2004

JN 09 (e+e–-based)

DHMZ 10 ( -based)

DHMZ 10 (e+e–)

HLMNT 11 (e+e–)

BNL-E821 (world average)

–299 # 65

–195 # 54

–287 # 49

–261 # 49

0 # 63

Davier et al., EPJ C 71, 1515 (2011)   

aµ
SM[e+e− ] = (11 659 180.2 ± 4.2had,LO ± 2.6NLO ± 0.2QED+weak ) ×10−10

aµ
SM[τ ] = (11 659 189.4 ± 4.7had,LO ± 2.6NLO ± 0.2QED+weak ) ×10−10
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Amount of discrepancy in ballpark of 
SUSY with mass scale of several 100 GeV 

  
Δaµ

SUSY ≈ +13 ⋅10−10 sgn(µ) 100 GeV
mSUSY

⎛

⎝⎜
⎞

⎠⎟

2

tanβ

But strong mSUSY limits from LHC require large tanβ	



Alternative recent scenario 
involves “dark photons” 

à Light vector boson from dark matter 
sector coupling to SM through mixing 
with photon 

Coupling to charged particles with 
strength ε·e 

Pospelov, PRD 80, 095002 (2009) 
Tucker-Smith and Yavin, PRD 83, 101702 (2011) 

  
Δaµ

dark γ ≈
α
2π

ε 2 ⋅F
mdark γ

mµ

⎛

⎝
⎜

⎞

⎠
⎟

which, for ε ≈ 0.001—0.002 and             
mdark γ ≈ 10—100 MeV, can provide a 
solution for the discrepancy 

Searches for the dark photon in that 
mass range are currently underway at 
Jefferson Lab, USA, and MAMI in Mainz, 
Germany 
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440 GeV  (2011) [Preliminary]-1=0.87 fbL

 masst~309 GeV  (2010) [arXiv:1103.1984]-1=34 pbL

 massb~294 GeV  (2010) [arXiv:1103.1984]-1=34 pbL

 massg~562 GeV  (2010) [arXiv:1103.1984]-1=34 pbL

 mass!"
136 GeV 

 (2010) [arXiv:1106.4495]-1=37 pbL

 massg~560 GeV  (2010) [arXiv:1107.0561]-1=36 pbL

 massq~558 GeV  (2010) [arXiv:1103.6208]-1=35 pbL

 massq~690 GeV  (2010) [arXiv:1103.6214]-1=35 pbL

) < 80 GeV)0
1$
"(m mass (for g~540 GeV  (2011) [Preliminary]-1=1.03 fbL

) < 600 GeV)b~(m mass (for g~720 GeV  (2011) [ATLAS-CONF-2011-098]-1=0.83 fbL

 massg~800 GeV  (2011) [Preliminary]-1=1.04 fbL

 massq~850 GeV  (2011) [Preliminary]-1=1.04 fbL

 massg~ = q~1.075 TeV  (2011) [Preliminary]-1=1.04 fbL

 massg~ = q~980 GeV  (2011) [Preliminary]-1=1.04 fbL

Only a selection of the available results leading to mass limits shown*

-1 = (0.034 - 1.04) fbLdt'
 = 7 TeVs

ATLAS
Preliminary

ATLAS Searches* - 95% CL Lower Limits (Lepton-Photon 2011)
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Unfortunately, the situation stays 
non-conclusive 

But: current discrepancy still 
limited by experimental uncertainty 

Fortunately, 
improvements are 

in view !   

Proposal for new 
experiment E989 at 
FNAL with precision 
target of 1.6 ·10–10 

Alternative proposal of similar precision at 
J-PARC without magic γ and no E field, 
requiring ultra-slow muons generated 
from laser-ionised muonium atoms 

Final E989 proposall:  
http://gm2.fnal.gov/public_docs/proposals/Proposal-APR5-Final.pdf 

LOI: KEK_J-PARC-PAC2009-06 
See also, e.g., Naohito SAITO (KEK), Seminar at DESY 2011 
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Proposal for new experiment E989 at Fermilab with precision 
target of 1.6 ·10–10 (factor ~20 increase in statistics) 

Fermilab 
E989 
http://gm2.fnal.gov 

•  Relocate E821 (BNL) storage ring to Fermilab (12 T weight) 

•  Continue “magic-gamma” technique 

•  Interlink several proton rings at Fermilab 
•  Higher proton rate, less protons per bunch than at BNL 

•  900 m pion decay line (BNL: 80 m) à less pion “flash” at muon ring injection 

•  Zero-degree muons à 5—10 times larger muon yield per proton as BNL 

•  5—10 times as many muons stored per hour as BNL  

•  Improved detectors against signal pileup, new electronics, better 
shimming to reduce B-field variations, more improvements over BNL 

 à Expect ~2.5 (3) times reduced systematic error on B-field (ωa) 

•  Can run parasitic to main injector experiments (e.g. NOVA) 

•  Experiment approved Jan 2011 

Final E989 proposall: http://gm2.fnal.gov/public_docs/proposals/Proposal-APR5-Final.pdf 
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Proposal for new experiment E989 at Fermilab with precision 
target of 1.6 ·10–10 (factor ~20 increase in statistics) 

Fermilab 
E989 
http://gm2.fnal.gov 

•  Relocate E821 (BNL) storage ring to Fermilab (12 T weight) 

•  Continue “magic-gamma” technique 

•  Interlink several proton rings at Fermilab 
•  Higher proton rate, less protons per bunch than at BNL 

•  900 m pion decay line à less pion background at muon ring injection 

•  zero-degree muons à 5—10 times larger muon yield per proton as BNL 

•  5—10 times as many muons stored per hour as BNL  

•  Improved detectors against signal pileup, new electronics, better 
shimming to reduce B-field variations, more improvements over BNL 

 à Expect ~2.5 (3) times reduced systematic error on B-field (ωa) 

•  Can run parasitic to main injector experiments (e.g. NOVA) 

•  Experiment approved Jan 2011 

Final E989 proposall: http://gm2.fnal.gov/public_docs/proposals/Proposal-APR5-Final.pdf 

Helicopter transports coil to barge 

Projected E989 timeline as of Feb 2011 
[L. Roberts at INT workshop, Seattle, 28 Feb 2011] 
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E821 at BNL 

Summary 

We all are passionately following ATLAS and CMS in their direct 
searches for EW 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 
requires to work hard on the intensity and precision frontiers 

Charged leptons offer an important spectrum of possibilities: 

―  LFV and EDM measurements have SM-free signals 

―  Current experiments and mature proposals promise orders of   
magnitude sensitivity improvements  

―  The muon g–2 may already show a deviation from the SM 

―  New physics models usually strongly correlate these sectors  
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Total of 1.8×1014 µ+ decays in the target, 2010 about twice statistics of 2009 

•  Improved time resolution in 2010, but slightly worse tracking resolution (noise) 

•  Precision improvements over prelim. 2009 analysis: calibration & alignment, gradient 
B-field (0.2%), more data-driven performance measurements 

•  Blind unbinned maximum likelihood analysis using Eγ, Ee, Teγ, θeγ, φeγ with PDFs 
mostly derived from data, fitting signal + RMD + accidental bkg. components 
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Figure 2.9:
unpolarized µ+ e+ νeν̄µ decay (Michel
spectrum). A radiative correction due to
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COMET, TDR, KEK Report 2009-10 and update (courtesy: Y. Kuno)  

3.1. INTRODUCTION TO THE COMET EXPERIMENT 31

Detector Section

Pion-Decay and
Muon-Transport Section

Pion Capture Section
A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Stopping 
Target 

Production 
Target 

Figure 3.1: Schematic layout of the muon beamline and detector for the proposed search
for µ− − e− conversion, the COMET experiment.

the occurrence of beam-related background events, a pulsed proton beam utilizing a
beam extinction system is proposed. Since muons in muonic atoms have lifetimes of
the order of 1 µsec, a pulsed beam with beam buckets that are short compared with
these lifetimes would allow removal of prompt beam background events by allowing
measurements to be performed in a delayed time window. As will be discussed below,
there are stringent requirements on the beam extinction during the measuring interval.
Tuning of the proton beam in the accelerator ring as well as extra extinction devices
need to be installed to achieve the required level of beam extinction.

Curved solenoids for charge and momentum selection : The captured pions
decay to muons, which are transported with high e!ciency through a superconducting
solenoid magnet system. Beam particles with high momenta would produce electron
background events in the energy region of 100 MeV, and therefore must be eliminated
with the use of curved solenoids. The curved solenoid causes the centers of the helical
motion of the electrons to drift perpendicular to the plane in which their paths are
curved, and the magnitude of the drift is proportional to their momentum. By using
this e"ect and by placing suitable collimators at appropriate locations, beam particles
of high momenta can be eliminated.

Similar design features 
as Mu2e: 

•  Sensitivity: Rµe ~ 3×10–17 

•  Pulsed proton beam 

•  Efficient π collection 
around proton target  
 (~850 protons with 8 GeV 
required to produce 1 muon) 

•  Curved solenoids for 
muon charge and 
momentum selection 

•  C-shaped (as opposed 
to S-shaped) transport 
for better pµ selection 

•  C-shaped detector 
section eliminates low-
E DIO e and protons  
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Schedule:  

•  Stage-1 approval obtained in 2009 (CDR) 
•  TDR expected end of 2011 
•  Superconducting magnet design biggest challenge 
•  Pion capture tested with MuSIC (Osaka) 
•  Request funding in 2014/2015 
•  Data taking in 2018  
•  Upgrade project to PRISM (with muon storage ring) 

expecting sensitivity of Rµe ~ 3×10–19 

Chapter 6

Detector

Figure 6.1 shows a cutaway view of the COMET detector, overlaid with a typical
µ− − e− conversion signal track. The COMET detector consists of the following three com-
ponents:

a muon target section, where a muon-stopping target is placed under a graded mag-
netic !eld,
a µ− − e− conversion electron transport section which is composed of a curved solenoid
forming a 180 arc, and
a detector section, where an electron tracker and an electron calorimeter are placed.

In the following, all the three sections are described in detail.

6.1 Muon-stopping target

The muon-stopping target is placed in its own solenoid and connected to the pion-capture
solenoid by a curved muon-transport solenoid. The muon-stopping target is designed to

Figure 6.1: A cutaway view of the COMET detector. It consists of the muon-target section,
the electron-transport section and the detector section. A typical µ− − e− conversion signal
track is shown in red.
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COMET, TDR, KEK Report 2009-10 and update (courtesy: Y. Kuno)  

Similar design features 
as Mu2e: 

•  Sensitivity: Rµe ~ 3×10–17 

•  Pulsed proton beam 

•  Efficient π collection 
around proton target  
 (~850 8 GeV protons required   
to produce 1 muon) 

•  Curved solenoids for 
muon charge and 
momentum selection 

•  C-shaped (as opposed 
to S-shaped) transport 
for better pµ selection 

•  C-shaped detector 
section eliminates low-
E DIO e and protons  
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LFV in tau decays (= neutrinoless tau decays) is searched for in a large variety 
of modes at the B-factories with sensitivity to different new physics scenarios 

11

FIG. 6: Upper plot: P-odd asymmetry in µ+ e+ γ , A (µ+

e+ γ ), vs Ue3 in the SU (5) RN model for three di!erent values
of BR( µ eγ ) = (3 , 1, 0.3) × 10− 12 . Lower plot: A (µ+

e+ γ ) vs BR( τ µγ ) assuming BR( µ eγ ) = 3 × 10− 12 .
Both plots have been obtained by means of a scan of the input
parameters m0 , M 1/ 2 < 1 TeV, |A 0 | < 3m0 , 3 < tan β < 50
and µ > 0. For the neutrino sectors, we have assumed a
hierarchical spectrum for both light and heavy neutrinos an d
we take mν 3 = 0 .05eV, 10 10 < M 3 < 1015 GeV and 10 − 5 ≤
Ue3 ≤ 0.1. All the points of both plots satisfy the constraints
from b sγ at the 99% C.L. limit and mh 0 > 111.4 GeV.
Red points in the lower plot also satisfy ∆ aSUSY

µ ≥ 1 × 10− 9 .

ries are expected to detect LFV signals. In the extreme
case where Ue3 is very small, say Ue3 < 10− 3 , τ µγ
could still lie well within the Super B factories reach
while BR( µ eγ) could result too small to be seen at
the MEG experiment.

Hence, we want to stress here that µ eγ and τ µγ
are very important and complementary probes of LFV
e!ects arising in SUSY theories.
In the upper (lower) plot of Fig. 8, we show the val-

ues reached by BR( µ eγ) within the SU (5) RN model
in the (m0 , M 1/ 2) plane setting µ > 0, A 0 = 0 and

FIG. 7: BR( µ eγ ) vs BR( τ µγ ) in the SU (5) RN model.
The plot has been obtained by means of a scan over the same
input parameters of Fig. 4. The grey regions are excluded by
the current experimental upper bounds on BR( µ eγ ) and
BR( τ µγ ).

tan β = 10 (tan β = 30). We assume mν3 = 0 .05eV,
M 3 = 10 13 GeV and Ue3 = 0 .1. In both plots, the
grey region is excluded by the constraint from the lower
bound on the lightest Higgs boson massmh 0 (we impose
mh 0 > 111.4 GeV), the orange region is excluded by the
constraints on BR( B X s γ ) at the 99% C.L. limit, the
light blue (blue) region satis"es ∆ aSUSYµ > 1(2) × 10− 9 ,
and "nally the red region is excluded by the requirement
of a correct electroweak symmetry breaking (EWSB). We
note that, passing from the case of tan β = 10 to the case
of tan β = 30, the indirect constraints, specially from
B X s γ , become stronger; however, the predictions for
both ∆ aSUSYµ and BR( µ eγ) increase while increasing
tan β, so, as a "nal result, ∆ aSUSYµ and BR( µ eγ) reach
large values even for heavy masses (m0 , M 1/ 2 ) < 1 TeV.
Moreover, we have found that the requirement of a neu-
tral lightest SUSY particle does not exclude any region
in the (m0 , M 1/ 2) plane, in contrast to what happens in
the constrained MSSM. The motivation is that, within
SUSY GUTs, the lightest stau is heavier than in the con-
strained MSSM because of GUT e!ects stemming from
the gauge interaction above the GUT scale, where the
gauge couplings are uni"ed.

Now let us comment about the prediction we would
expect removing the assumptions R = 1. In the general
case where R = 1, it turns out that δµeL δτµL and this
leads to the following considerations: i) BR( µ eγ)
is always dominated by δLµe , hence we expect A (µ+

e+ γ ) = +1, ii) BR( τ µγ ) and dµ are very suppressed
because of the tight constraints from BR( µ eγ). More-
over, irrespective to whether R = 1 or R = 1 and irre-
spective to the details of the light and heavy neutrino
masses, the relation δLµe δLτe always holds thus imply-

13

FIG. 9: BR( µ eγ ) vs BR( τ µγ ) in a pure SUSY SU (5)
model without right-handed neutrinos. The plot has been
obtained by means of a scan over the same input parameters
of Fig. 4. Red and green dots satisfy the B X s γ constraints
at the 99% C.L. limit while black dots do not. Green dots
additionally satisfy mh 0 > 111.4 GeV. All the points satisfy
∆ aSUSY

µ ≤ 5 × 10− 9 . The grey region is excluded by the
current experimental upper bound on BR( τ µγ ).

(EDMs) and the ( g − 2) of the muon both in a model-
independent way, i.e. without making any assumption
about the origin of the soft SUSY breaking terms, and in
a speci!c but more predictive scenario such as a super-
symmetric SU (5) model with right handed neutrinos.

In the following, we summarize the main results of our
model-independent analysis:

The desire of an explanation for the muon ( g − 2)
anomaly ∆ aµ = aexpµ −aSMµ ≈ (3 ± 1) × 10− 9 in terms
of SUSY e#ects, leads to values for BR( µ eγ)
well within the MEG resolutions even for extremely
tiny $avor mixing angles of order δeµ 10− 5 . This
implies that the MEG sensitivities will enable us to
test or to exclude a wide class of models predicting
larger mixing angles.

Since the leptonic EDMs as induced by $avor ef-
fects are closely related to LFV processes as l i
l j γ , an experimental evidence for µ eγ could
likely imply large leptonic EDMs, well within their
planned experimental resolutions (for the electron
EDM, at least). In case both µ eγ and the elec-
tron EDM will be observed, their correlation will
provide a precious tool to disentangle among the
soft SUSY breaking terms violating the lepton $a-
vor.

Concerning the analysis within a SUSY SU (5) model
with right handed neutrinos we have found that

A SUSY contribution to the ( g− 2) of the muon at
the level of ∆ aSUSYµ ≈ (3 ± 1) × 10− 9 leads to values
for BR( µ eγ) well within the MEG sensitivities
even when the unknown neutrino mixing angle Ue3
(to which BR( µ eγ) is very sensitive) is very
small at the level of Ue3 < 10− 3 .

The predictions for the electron EDM typically lie
above the value de > 10− 30e cm for BR( µ eγ) >
10− 13 .

In case µ eγ would be observed, the knowledge
of the P-odd asymmetry A (µ+ e+ γ ) de!ned by
means o! nitial muon polarization would represent
a crucial tool to shed light on the nature of the LFV
sources, in particular to disentangle whether an un-
derlying SUSY GUT theory is at work or not. In
fact, the pure MSSM with right-handed neutrinos
unambiguously predicts that A (µ+ e+ γ ) = +1
while a SUSY SU (5) model with right-handed neu-
trinos predicts A (µ+ e+ γ ) (− 1, +1).

An experimental evidence for µ eγ with a cor-
responding A (µ+ e+ γ ) departing sizably from
A (µ+ e+ γ ) = +1 would most likely imply large
(visible) values for BR( τ µγ ).

Both µ eγ and τ µγ turn out to be very
sensitive probe of LFV e#ects arising in SUSY
SU (5) models with right handed neutrinos. While
BR( τ µγ ) is not sensitive to Ue3 , the predictions
for BR( µ eγ) are strongly a#ected by the un-
known value of Ue3 . As a result, both BR( µ eγ)
and BR( τ µγ ) can turn out to be the best probes
of LFV in SUSY theories.

In conclusion, the outstanding experimental sensitivi-
ties of the MEG experiment searching for µ eγ , may
provide a unique opportunity to get the !rst evidence of
New Physics in low-energy $avor processes. Should this
happen, we have outlined, within SUSY theories, those
low-energy observables that are also likely to show New
Physics signals. Most importantly, a correlated study of
the processes we have discussed in this work would rep-
resent a crucial step towards a deeper understanding of
the underlying New Physics theory that is at work.
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Neutron EDM 

   Best limit:  |dn| < 2.9 × 10–26 ecm [ RAL-Sussex-ILL Collaboration, PRL 97, 131801 (2006) ] 

90% CL limits given 
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90% CL limits given 

If new physics scales with lepton mass, |dµ| >> |de|, but may need 
sensitivity of 10–23 ecm to be competitive with current |de| limits   

Muon g–2 Collaboration, PRD 80, 052008 (2009) 

Muon EDM 

   Best limit:  |dµ| < 1.9 × 10–19 ecm [ Muon g–2 Collaboration, PRD 80, 052008 (2009) ] 
   Factor of 5 improvement over CERN experiment [ Bailey et al., Phys. G4, 345 (1978) ] 

   


ω

EDM
= −

Q
µ
d
µ

2m
µ


β ×

B +


E
c

⎛

⎝⎜
⎞

⎠⎟
Relative spin precession frequency modified by EDM:  

EDM creates a vertical component of spin polarisation 
that oscillates with amplitude proportional to |dµ|  

Measurement uses in addition to positron scintillators other detectors sensitive to the 
vertical decay-electron position. Final result dominated by systematic uncertainties 

Limit reveals that |dµ| contribution to aµ must be smaller than 0.5 (+0.51 / −0.33) × 10−11  

Fermilab E989 / J-PARC g–2/EDM expect to improve sensitivity to O(10–21)  

J-PARC g–2/EDM experiment can run in magic-γ (pµ(B, E) ~ 125 MeV) and E=0 modes 
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23.5 24 24.5 25 25.5 26 26.5 27 27.5

B( –  – 0)     (%)

Belle

CLEO

ALEPH

DELPHI

L3

OPAL

 average

e!e  average

CMD2 03 (0.61-0.96)

CMD2 06 (0.37-0.52, 0.6-1.38)

SND 06 (0.39-0.97)

KLOE 08 (0.59-0.97)

BABAR 09 (0.3-m )

KLOE 10 (0.32-0.92)

 decays

e+e– CVC

25.24 " 0.01 " 0.39

25.44 " 0.12 " 0.42

25.49 " 0.10 " 0.09

25.31 " 0.20 " 0.14

24.62 " 0.35 " 0.50

25.46 " 0.17 " 0.29

25.42 " 0.10

24.84 " 0.14 " 0.22

25.03 " 0.22 " 0.22

24.82 " 0.22 " 0.22

24.810 " 0.33 " 0.22

24.47 " 0.22 " 0.22

25.15 " 0.18 " 0.22

24.53 " 0.22 " 0.22

  
BR

τ − →π−π0ντ

CVC ∝ ds
0

mτ
2

∫  kin(s) ⋅σ
e+e− →π+π−
IB-corrected (s)

Difference: BR[τ ] – BR[e+e – (CVC)]: 

Mode Δ(τ  – e+e –) “Sigma“ 

τ – → π – π 0 ντ + 0.58 ± 0.28 2.1 

τ – → π – 3π 0 ντ – 0.03 ± 0.09 0.3 

τ – → 2π – π + π 0 ντ + 0.69 ± 0.22 3.2 

CVC predictions of π+π0 much improved 
with BABAR data and reevaluated IB 
corrections (4.5σ previously) ! 

IB corrections of +0.69 ± 0.22 applied for π+π0 

Davier et al, arXiv:0906.5443 (2009) 
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QED contribution 

  

aµ
QED ≈ 11,658,471.809(0.015)×10−10

= 11,614,097.3 +  41,321.8 +  3,014.2 +  38.1 +  0.4( )×10−10

1st order known since 1948  
[J. Schwinger, PR73(48)416] 

Up to 3rd order 
known analytically 

4th order known numerically  
[T. Kinoshita et al, 1980’s] 

5th order estimated recently, T. Kinoshita  
& M. Nio, PRD 73, 053007, 2006 

Computed up to 4th order 
(5th order estimated) 

Using α from latest αe                        
[Gabrielse et al. PRL 97, 030802, 2006] 
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Electroweak contribution 
Computed up to 2nd order 

Note that between aµ and ae, the same sensitivity factor as for new physics applies here 

2nd order contribution surprisingly large: 
( due to large logs: ln[mZ / mµ] ) 

1-loop [computed in 1972] 2-loop 

Czarnecki et al.,            
PRD 52, 2619 (1995)  
PRL 76, 3267 (1996) 
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Electromagnetic corrections to electroweak                  
precision observables depend on α(MZ) 
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Same principle as for g—2: energy-dependent vacuum 
polarisation effects screen the bare electromagnetic 
coupling. Leptonic contributions computed via QED, 

hadronic contributions obtained from dispersion 
relation, requiring precise data and QCD 

  
α(s) = α(0)

1− Δα(s)
    with:   Δα(s) = Δα lep(s) + Δαhad(s) = −4παRe ∏γ (s) − ∏γ (0)⎡

⎣
⎤
⎦
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New evaluation of hadronic contribution:  
Δαhad

(5)(MZ) = 0.02749 ± 0.00010 
reduces EM coupling strength, thus increasing Higgs 

mass estimate from global electroweak fit by +12 GeV, 
which reduces tension with LEP bound* 

*Due to– 40% correlation between Δαhad(MZ) and MH in the global electroweak fit, the change in the 
central value increases MH and reduces tension between fit and LEP bound. 
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Davier et al. [arXiv:1010.4180]

Hagiwara et al. [arXiv:1105.3149]

*Due to– 40% correlation between Δαhad(MZ) and MH in the global electroweak fit, the change in the 
central value increases MH and reduces tension between fit and LEP bound. 
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At LHC, τ’s are 
important probes 
for new physics 


