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1. Why Rare Decays ?

After the discovery of the Higgs boson at the LHC, we have a complete set of elementary
particles in the Standard Model (SM). However, there are many parameters undetermined in the
SM and many open issues. Therefore, we consider the SM is incomplete, being an only low-
energy approximation of the more complete theory. To get hints on the more complete theory at
higher energy scale, we have to find new particles or new physics phenomena which the SM cannot
expect.

To explore new physics beyond the SM, there are three identified frontiers in particle physics.
They are the energy frontier, the cosmic frontier, and the intensity frontier. In the intensity frontier,
intense beams are used to observe rare processes and study the particle properties to probe physics
beyond the SM. And this is the frontier area which I am going to mention in this paper.

There are many rare decay processes in charged leptons and light mesons. Given the fact that
new physics effects are not large, we might group rare decay processes into the three categories.
One is a group of rare decay processes in which the SM contribution dominates, the second is those
where the SM contribution is highly suppressed, and the third is those where the SM contribution
is forbidden. Suppose the new physics contribution is given by O(ε), the second group has a
new physics contribution in the order of O(ε) owing to an interference term between new physics
and the SM contribution, whereas the third group has new physics contribution in the order of
O(ε2) in the rates, which is smaller. On the other hand, to identify new physics contribution, the
SM contribution should be subtracted out for the second group, and theoretical uncertainty in the
estimation of the SM contribution, which is sometime in the order of a few %, would limit the
sensitivity reach for new physics. And the sensitivity will improved roughly in

√
N where N is a

number of total events. In the third group, subtraction of the SM contribution is not needed. The
sensitivity will improve in a number of event N. From these considerations, the third group could
be the best to search for new physics beyond the Standard Model in future, given the assumption
that the number of N can be significantly increased and the sensitivity can reach at the level of
O(ε2).

Figure 1: One of the diagrams of massive neutrino contributions to a µ to e transition (µ → e “γ”).

One of the example processes where the SM contribution is forbidden is charged lepton flavor
violating (CLFV) processes. For example, the prediction for B(µ → eγ) is shown in Fig. 1, and

2



P
o
S
(
I
C
H
E
P
2
0
1
2
)
0
3
8

Rare Decays in Charged Leptons and Mesons Yoshitaka Kuno

given by,
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Here Uβ i is the Maki-Nakagawa-Sakata Matrix elements with β denoting a charged lepton flavor
eigenstate and i a neutrino mass eigenstate with mass mνi , and mW is the W boson mass, and α
is the fine structure constant. Note that the GIM mechanism leads to a prediction dependent on
differences in the masses of the neutrinos. For the µ+ → e+γ process, a similar suppression arises
due to gauge symmetry. � ~�0 e~� ~e
�m2~�~e

Figure 2: One of SUSY diagrams for CLFV
.

Searches for rare decays are sensitive to new physics beyond the SM. Various theoretical mod-
els predict sizable branching ratios for rare decays, being detectable in future experiments, if there
are new particle at the energy scale not far from TeV. Let us take an example of CLFV. One of
the physics models predicting sizable effects in CLFV is a supersymmetric (SUSY) model. In the
SUSY models, CLFV occurs through the slepton mixing (∆m2

µ̃ ẽ), as shown in Fig. 2. It is given
by an off-diagonal element of the slepton mass matrix. In SUSY-GUT models, (∆m2

µ̃ ẽ) is propor-
tional to ytV13V ∗

23, and in the SUSY Seesaw models it is proportional to yν3U13U∗
23, where yt and

yν3 are the Yukawa couplings for the top quark and the neutrino ν3 respectively, and V and U are
the CKM quark-mixing matrix and PMNS neutrino-mixing matrix respectively. And for example,
the branching ratio (B) of µ+ → e+γ can be given by

B ∼ 10−13
( tanβ

10

)2(0.5TeV
m̃

)4(∆m2
µ̃ ẽ

10−4

)2
. (1.2)

It would produce sizable branching ratios. Therefore, if SUSY exits, the slepon mixing is sensitive
to GUT (at 1016 GeV) or neutrino seesaw mechanism (at 1013−14 GeV). As a result, it can be
concluded that CLFV has potential to study physics at very high energy scale.
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2. Rare Muon Decays

The most important rare muon decays are CLFV processes. There are two major muon CLFV
processes, which are µ+ → e+γ decay, and µ−N → e−N conversion.

For the search for µ+ → e+γ decay, the MEG experiment at Paul Sherrer Institute (PSI) is
in operation. With their 2009 and 2010 data, they produced the upper limit of B(µ → eγ) <
2.4× 10−12 at 90 % C.L. [1].The MEG experiment was running in 2012, expecting a sensitivity
of O(10−13) with the 2011 and 2012 combined data-sets. However the MEG sensitivity reach is
slowing down due to backgrounds and detector resolutions. Therefore they are planning the detec-
tor upgrade to aim for a sensitivity of O(10−14) (MEG-II). Better detector resolution are critical
for MEG-II so as to reduce accidental backgrounds when they use a 3 times higher beam intensity
available at PSI. Possible detector upgrade would include, for instance, a single volume e+ drift
chamber with all stereo wires, a Xe photon detector with MPPC readout with higher granularity,
a silicon pixel timing counter, and an active target made of silicon or fibers, etc. The MEG-II is
planning to start in 2015 or 2016 for a 3 year running period, after a long shut-down in 2013 and
2014.

Next experimental projects to search for µ−N → e−N conversion with anticipated sensitiv-
ity improvement of four orders of magnitude are being pursued in the Fermi National Laboratory
(FNAL), the USA and the the Japan Proton Accelerator Research Complex (J-PARC), Japan. In
order to increase a muon beam intensity, a pion capture system where superconducting solenoid
magnets of a high magnetic field surrounds a proton target to capture pions in a large solid angle.
It leads a dramatic increase of muon yields by several orders of magnitude. And an experimental
demonstration of the pion capture system to increase a muon production efficiency by a factor of
1000 has been made at the MuSIC facility, Osaka University [2]. At the same time, in order to
suppress background events, in particular beam-related backgrounds, the following key elements
have been adopted for the both experiments. They are, first of all, beam pulsing, which is required
to eliminate beam-related backgrounds by performing measurements between beam pulses. To
eliminate beam-related backgrounds from proton leakage, proton beam extinction is required dur-
ing the measurement interval. Secondary. curved solenoids for muon transport are needed to select
charges and momenta of muons as well as removing neutral particles in a beam. The principle is as
follows. In a curved solenoidal magnetic field, a center of the helical trajectory of a charged parti-
cle is shifted perpendicular to the curved plane. The shift, whose amount is given as a function of
momentum and its charge, makes a dispersive beam. By placing appropriate collimators, charges
and momenta of muons can be selected. The muon transport solenoid system also maintains high
transmission efficiency, resulting a significant increase of muon flux.

One proposal in the USA is the Mu2e experiment at FNAL. It was mostly based on the MELC
design and aimed to search for µ−N → e−N conversion at a sensitivity of better than 10−16. It
consists of the production solenoid system, the transport solenoid system and the detector solenoid
system. The Mu2e experiment is planned to combat beam-related background events with the
help of a 8 GeV/c proton beam of 7 kW in beam power from the Booster machine at FNAL. The
Mu2e experiment at Fermilab is also aiming at a single event sensitivity of B(µ +Al → e+Al)<
3×10−17. The Mu2e has passed DOE CD1, and plan to start in 2019.

The COMET experiment in Japan is aiming at a single event sensitivity of B(µ +Al → e+
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Figure 3: COMET staged approach: phase-I (left) and phase-II (right) [3].

Al)< 3×10−17 with about 1011 muons/sec [3]. The experiment was stage-1 approved at J-PARC
in 2009. The COMET experiment has adopted a staged approach to realize COMET in early
time schedule, as shown in Fig. 3. The COMET staging scenario has been approved at the J-
PARC PAC and endorsed by the J-PARC review committee at MEXT in Japan. The COMET
Phase-I would include the pion capture system and the muon transport system up to the end of
the first 90 degree bend. The COMET Phase-I has two objectives, one of which is measurements
of potential beam-related background sources, and the second is to search for µ − e conversion at
an intermediate sensitivity, such as a single-event sensitivity of 3×10−15, which is about a factor
of 100 improvement over the previous with 0.03 background events. At the COMET Phase-I, a
muon beam intensity of 5× 109 muons/s with a 3 kW proton beam power is expected, and about
1.5×106 sec running period (18 days) is sufficient to achieve an improvement of about 100. KEK
is planning to start the construction of the beam line in 2013. The COMET Phase-I will start in
2016.

3. Rare Tau Decays

Since a talk on CP violation, including tau leptons and light mesons was given in the ICHEP
conference, in this ICHEP conference, CLFV decays with tau leptons is only mentioned as tau
rare decays. The expected branching ratios for the CLFV processes with muons and taus are quite
different for different theoretical models. It is worth to compare the results from tau leptons and
muons to pin down the CLFV theoretical models.

The new report on upper limits on tau LFV decays from Belle was given [4]. The results are
summarized in Fig. 4. The Belle collaboration is now working on the determination of new limits
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Figure 4: The upper limits of τ LFV decays obtained from Belle, reported by K. Hayasaka [4].

on τ → µγ and τ → eγ decays with the data of 980 fb−1, which corresponds to about 109 taus. The
analysis is not complete yet, but limits of about < 5×10−8 are expected.

A preliminary result on τ → µµµ decay of B(τ− → µ+µ−µ−) < 6.3× 10−8 at 90 % C.L.
from LHCb has been reported with the data of 1 fb−1 [5]. This new result is comparable with
the Belle measurement of B(τ− → µ+µ−µ−) < 2.1× 10−8 . An outlook at LHCb for 2012 is to
accumulate and analyze data of 1.5 fb−1.

4. Rare Kaon Decays

The lepton universality, in particular the µ − e universality, is one of the hot topics in rare K
decays. In the SM, the ratio (RK) of the decay width of Γ(K+ → e+ν) to Γ(K+ → µ+ν) is given
by

RSM
K =

Γ(K+ → e+ν)
Γ(K+ → µ+ν)

=

(
m2

e

m2
µ

)2(
m2

K −m2
e

m2
K −m2

e

)2(
1+δRrad

K

)
(4.1)

= (2.477±0.001)×10−5,

where mK , mµ and me are the masses of a kaon, a muon and an electron respectively. δRrad
K is

the radiative correction. The hadronic contributions for the two decays are cancelled in the first
order. In new physics beyond the SM, there are several theoretical extensions which predict sizable
effects on RK . One of them is the two Higgs doublet models, which have an extra charged Higgs
particle (H+). It would introduce LFV at a one loop level. Similarly in minimum supersymmetric
standard models (MSSM), it is expected that RK might have 1 % effects [6]. In the Particle Data
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Group (PDG) 2010, RK = 2.493± 0.0031 (1.3 %) is given. A new experiment to measure RK by
using in-flight K+ decays at NA48/2 and NA62 of RK = (2.488±0.007stat±0.007sys)×10−5) was
reported in this conference [7]. It is still consistent with the SM value.

Rare kaon decays are also beneficial to study the Chiral Perturbation Theory (ChPT) at low
energy. One of the rare kaon decays suitable to study ChPT is K → πγγ decay. It would allow
to study ChPT up to O(p6) where p is momentum transfer. NA48/2 and NA62 reported the new
measurement of B(K± → π±γγ) = (1.101± 0.06)× 10−4 [7]. It is also consistent with the PDG
value of B(K± → π±γγ) = (1.10±0.32)×10−6.•  ##

#
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Figure 5: W± box diagrams and Z penguin diagrams for K → πνν decays
.

The golden modes of rare kaon decays are K+ → π+νν and KL → π0νν decays. They are
flavor-changing neutral current (FCNC) decays with W± box diagrams and Z penguin diagrams,
as shown in Fig. 5. The SM predictions are given by BSM(K+ → π+νν) = (7.2± 0.8)× 10−11

and BSM(KL → π0νν) = (2.8±0.4)×10−11. There are many expected new physics contributions,
such as little Higgs models, Randall-Sundrum models and so on. In particular, by taking a ratio of
the two, it would give better sensitivities to a search for new physics beyond the SM. The present
measurement on K+ → π+νν is given by B(K+ → π+νν)= (17.3+11.5

−10.5)×10−11, based on 7 events
measured by E787/E949 at Brookhaven National Laboratory (BNL).

The new experiment NA62 at CERN is being prepared to start data taking [7]. Their detector
is shown in Fig 6. They use in-flight K + decays, aiming at 100 events with the uncertainty of 5 %.
The timeline of NA62 is that they have the complete detector installation in 2013, and start data-
taking in 2014 with the full detector. The other future experimental proposal, ORKA, to measure
K+ → π+νν at Fermilab was reported [8]. The ORKA experiment would be the 4th generation
detector, which will be using stopped K+s. They are aiming about 1000 events collection in 5 years,
yielding the uncertainty of 5 % in the branching ration determination. Regarding KL → π0νν , the
KOTO experiment at J-PARC has started data collection in 2012.

5. Rare Charm Decays

One of the important FCNC charm decays is D0 → µ+µ−. D0 → µ+µ− is highly suppressed
in the SM. This SM contribution comes from long-distance contribution where two photon dia-
grams dominate, whereas the SM short distance contribution can be calculated to be much small, in
the order of O(10−18). The SM contribution of two photon diagrams is given by B(D0 → µ+µ−)∼

7
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• 750MHz → 50MHz kaons (6%) → 6MHz decays 
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NA62 timeline: 

The NA62 detector for K     

Figure 6: Schematic layout of the NA62 detector to measure K+ → π+νν [7].

2.7×10−5 ×B(D0 → γγ). The 90 % C.L. upper limit of B(D0 → γγ) < 2.2×10−6 was given by
Babar, and therefore, B(D0 → µ+µ−) < 6× 10−11 at 90 % C.L for the SM two photon diagram
contribution can be obtained. Since it is very small, this decay mode is considered to be one of the
best charm decays to search for new physics contribution. The current best limit on B(D0 → µ+µ−.
D0 → µ+µ−) < 1.4× 10−7 at 90 % C.L. The new results on B(D0 → µ+µ−−) from LHCb and
CMS were presented in this conference: the 90 % C.L. upper limit of B(D0 → µ+µ−)< 1.1×10−8

was obtained from LHCb, and that of B(D0 → µ+µ−)< 5.4×10−7 was obtained from CMS [9].
On the other hand, Babar claimed B(D0 → µ+µ−) = [0.6,8.1]× 10−7 where 8 events were ob-
served with expected backgrounds of 3.9±0.6, although they set an upper limit on B(D0 → e+e−).
There is disagreements between the two sets of the results.

The Babar experiment also set the upper limits on CLFV decays of the D mesons. They are
B(D0 → e±µ∓)< 3.3×10−7.

The leptonic decays of the Ds mesons are known to be sensitive to new physics beyond the
SM. To search for new physics, the DS meson decay constant, fDs , has to be determined. The
branching ratios of leptonic DDs mesons are given by

B(D+
s → ℓ+νℓ) =

G2
F

8π
f 2
Ds
|Vcs|2τDsMDsm

2
ℓ

(
1−

m2
ℓ

M2
Ds

)2

, (5.1)

where GF . Vcs, τDs . MDs . mℓ are the Fermi constant, the CKM matrix element, the lifetime of Ds,
the mass of Ds and the mass of lepton ℓ respectively. The Belle reported in this conference their
preliminary result on B(D+

s → µ+νµ) = (0.528±0.028(stat.))±0.019(syst.))×10−2, whereas the
PDG value is (0.590±0.033)×10−2 [10]. The Ds decay constant was obtained to be 257.2±4.5
MeV. The lattice QCD calculation gave fDs = 248.0±2.5 MeV.
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6. Future Particle Accelerators and Facilities

The rates of new physics contributions is given by

R ∝
1

Λ4 , (6.1)

where Λ is an energy scale of new physics beyond the SM. Therefore, if one aims to try to improve
the Λ reach by one order of magnitude, one must improve the sensitivity by O(104). resulting in
the increase of the number of the parent particles in rare decays by O(104). To make significant
progress on rare decay searches, highly intense accelerators are needed.

6.1 High luminosity e+e− and proton colliders

For high luminosity e+e− colluders, there are a fewl projects in the worldwide. One of them
is the Super KEKB accelerator which is upgraded from the existing KEKB facility. It aims at 10
ab−1 by 2018 and 50 ab−1 by 2022. The second one is the Super-B factory in Italy, which aims
at 75 ab−1 after 5-year construction.1 In high luminosity e+e− colliders, CLFV in τ decays is
one of the most important physics targets. Potential decay modes are τ → ℓγ (where ℓ is either e
or µ), τ → µµµ , τ → µη decays and so on. For τ → ℓγ decay modes, the dominant background
comes from e+e− → τ+τ− with initial state radiation. It is not negligible and the upper limit can be
proportional to 1/

√
Nτ . With 50 ab−1 of data, about τ pairs of 5×1010 can be available. With the

current signal-to-background ratio is maintained, an expected upper limit could be about 3×10−9.
For the other modes where backgrounds are negligible, the upper limit can be proportional to 1/Nτ ,
yielding the upper limit of about (0.2−1)×10−9 .

For the LHC, the luminosity update was planned after the energy upgrade to 14 TeV. They
planned to accumulate 1000 fb−1, and then with the high luminosity update they will increase to
3000 fb−1. The LHCb upgrade with 50 fb−1 data set is also planned.

6.2 Proton accelerators for muons and kaons

Project-X in the USA is a high-power proton accelerator complex based on superconducting
RF technology. It consists of 3 GeV continues wave (CW) proton linac, and a pulsed supercon-
ducting linac from 3 GeV to 8 GeV, the existing 8 GeV Booster and 120 GeV Main Injector rings.
It would provide ultimately beam powers of 3 MW at 3 GeV, 200 kW at 8 GeV and 2 MW at
120 GeV, simultaneously, and the CW beam can be configured as difference pulsed structure. One
of the physics topics is rare muon decays. With multi MW beam power, Project-X could bring
additional 100 times more muons of about 1013 muons/s.

Currently J-PARC is planning to achieve the design beam power of 750 kW in approximately
five years. It could be achieved by increase of protons per bunch and high repetition rate of the
J-PARC Main Ring (MR). At the same time, a study to realize a beam power in excess of 1 MW
is also underway. Some plans would include a rise of the injection energy to MR and others. Once
a proton beam power above 1 MW at J-PARC is available, variety of new flavor physics can be
performed at J-PARC.

1Since the budget requested for Super-B factory was found to be incompatible with the available research funding,
the project has been disconnected although the science case was strong enough.
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These future accelerators or the upgrade of the existing accelerators would provide beams of
more intensity by O(10−100). It might not be enough to achieve O(104) increase in the number
of particles, mentioned before. It would be desirable to consider how one can improve the efficien-
cies of particle production and particle collection, in addition to the primary beam intensity. The
improvement of muon collection efficiency at the MuSIC facility at Osaka University was reported
in this conference [2]. In the MuSIC facility, a pion production target is surrounded by a high
field superconducting solenoid magnet of 3 T so that most of pions can be captured by a solenoid
magnetic field. A schematic layout of the MuSIC facility is shown in Fig 7. The basic idea is to
have a long pion production target with a few interaction length, and collect pions emitted from the
side of the pion production target by a solenoid magnetic field of a few T. At the MuSIC facility, an
increase of the muon production yields by a factor of about 1000 has been observed at the MuSIC
facility, compared with the current muon facilities. Together with highly intense proton machines,
it would provide the increase of a number of muons by O(104).

04/08/2011

Proton beam line

MuSIC@Osaka-U

Muon lifetime measurement X-ray spectrum (Mg target)Measurements on June 21, 2011 (26 pA)Figure 7: Schematic layout of the MuSIC muon source at Osaka University [9]. A proton beam comes from
the right, and the muon beam is taken off to top.

7. Summary

We presented the experimental status of rare decays in charged leptons and light mesons.
The physics of rare decays in charged leptons and light mesons, together is rich and is the most
interesting in terms of searches for new physics beyond the SM at high energy scale.
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