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1. Introduction

In this decade several neutrino oscillation experimente l@en performed which uniformly
can be explained by the existence of small neutrino mass$esey, lepton flavor violation (LFV)
has been proved. On the other hand searches for LFV in thgathdepton sector (i.e. cLFV)
failed so far which at first sight is not contradictory: Extérg the Standard Model (SM) only with
a dimension 5 operator in order to parametrize the neutrinsses, the predicted rate of cLFV
processes is negligible compared to the experimentaltsdtysi

But as such an extension is hon-renormalizable, a more foedsl model should be found.
This new model might introduce particles at some heavy dmai¢here is a priori no reason why
it should include strong suppression of cLFV. In particufdhere is new physics (NP) around the
electroweak scale which violates lepton flavor, sizeablE\tkates can be expected.

The present experimental situation is twofold: First tHead been a lot of progress testing the
T flavor conservation in B-factories. The present bounds essubnmarized [1]:

BR(T — uy) <4510°8 (1.1)
BR(T —ey) <1110’ (1.2)
BR(1 — 3) <3108 (1.3)
BR(T — Imeson$ <3108 10" (1.4)

Further improvements down to 1®in near future can be achieved from the analysis of more data
[2]. Future experiments could be Super B-factories whiahloaver these bounds down to several
102 [3]. Secondly, theu—e flavor transitions are experimentally strongly restricégady since
years. But in this decade so far only some boungiaonversion could be lowered [1]:

BR(u — ey) <1.210 1 (1.5)
BR(u — 3e) < 1.010 12 (1.6)
R(uAU — eAu) < 710713 (1.7)

This situation should change very soon. MEG at PSI startetlofriast year and is expected
to provide data onu — ey with a sensitivity of 1013 within few years [4}. While this search

is limited by the sensitivity of the detectors and new tedbgies had to be developed, searches
for u conversion are limited by the currently available muon béat®nsities. Hence plans for
new experiments exist. Mu2e at Fermilab [6] as well as COMEJ-RARC [7] aim a sensitivity
of 1016, The ultimate plan is the PRISM/PRIME project at J-PARC. Efer the FFAG muon
storage ring will provide the beam which is clean enough feemsitivity of 1018 [8].

2. General treatment

Given our ignorance about cLFV it is best treated with anatiffe Lagrangian. Depending on

1See also [5] which appeared after the conference.
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the experiment one of the following three terms might bevaat&
apij

& Dﬁemj(li_a“"lj)Fuv+ (2.1)
3 A1) (el + 22)
2O (@ at) 23

HereA is the mass scale of lepton flavor violating new physicare some coupling constants and
rae{1,y* oHv}. Generically only the vector coupling is relevant as scatat tensor couplings
are chirality suppressed. Accordingly, in the dipole opmra factor ofm; has been extracted
which can be expected from chirality suppression. A possihirality dependence of the couplings
has been omitted. With present bounds, eqgs. (1.1)-(1.7)wkPunsuppressed flavor violation
(a~ 1) can be excluded up th ~ 10?2 TeV. A loop suppression can relax this bound by one
order of magnitude. Hence a GIM suppression or non-maxiraabflmixing is necessary in order
to have NP at the electroweak scale, correspondiragd 06,

The dipole operator inducds — |y at tree level, the four fermi couplings— 3l and u
conversion (orr — I mesons). From model building point of view it is not clear @riof these
operators should be leading. The dipole induces the fourifeouplings at tree level but the four
fermi couplings the dipole only at one loop. Hence the cauyptionstants can differ by a few order
of magnitudes.

Any detection of cLFV would be interesting as evidence farpdysics and a confirmation
of LFV in the charged sector. The next step is to try to disgrate among different models. In
most models this should be possible more directly at LHCtvaniy case it is worthwile to launch
into the problem on different ways. In principle each ternegs. (2.1)-(2.3) can be determined
separately by experiment, providing us with a lot of infotima about the underlying model. In
practice the following observations could be done:

1. (Non-)observation of cLFV. Only the leading ratf can be constrained. Hence the bare
observation of one process (as well as the present nonvattieer) can only exclude models
with maximal (minimal) values fo;%. Examples are the SM (the anarchic Randall-Sundrum
model, chapter 3.2).

2. Observation of rare decays. Some models predict relations between transiiodifferent
flavors (e.g. the triplet Higgs model, chapter 3.1). Givemgtrong experimental bounds on
u—e transitions, in these models rarelecays can hardly be close to their present exclusion
bounds.

3. Observation of the same flavor transition but in diffefmoicesses. The ratios of the dipole to
the four fermi coupling constants are not arbitrary in a giseodel. Hence this is a powerful
tool for model discrimination. In the case of onlyconversion it has been pointed out that
the use of different atoms might be enough to disentanglalifigle from the 2 lepton-2
quark operator [9].

4. Observation oft — ey. Here it is possible to study the dependence on the chiralithe
ingoing muon [10].
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Further information can be obtained by a combination witieoexperiments. For example,
the measurement of the muon anomalous magnetic momentpsoiie ratio of flavor violating to
conserving couplings. Searches for lepton EDMs and uraligrean also constrict the parameter
space. If LHC succeeds finding and identifying the new plsysiodel, low energy cLFV experi-
ments provide a complementary tool. They make it possibEitdirm the model and to measure
the flavor mixing parameters.

3. Examples of new physics models

In the last decades a lot of models with cLFV have been inggnteany of them in order to
solve other physical problems. One of these problems isxisteace of neutrino masses which
cannot be explained in the SM. Already the inclusion of rinatmasses as an effective operator in
the SM Lagrangian leads to non-vanishing cLFV. But due to lél Glippression it is proportional
to (m, /my)# [11] and therefore vanishing for all practical purposesthie most straightforward
extension, the see-saw (type I) [12], this conclusion da®schange as long as the mass of the
right-handed neutrino is very large.

3.1 Thetriplet Higgs model

This correspondence between smallness of neutrino masdad &V is broken in the triplet
Higgs model (see-saw type Il) [13]. There the new ingredietihe SM is a S\(2) triplet A leading
to a new term in the Lagrangian:

1 —
£ 2 —SYiLiaL +he.

From that one can easily infer the tree level relations fernkutrino massny;; = Yjj <A°> and
for cLFV, BR(li — Ijldlk) O G£2[Y;j Y |*Ms". Thus the smallness of the neutrino masses can be
explained by a tiny vacuum expectation val/e?) while the Yukawa couplings might be sizeable
and the mass scal,o small enough for detectable cLFV.

The flavor dependence bf- 3| is directly connected to the neutrino mass matrix. Thesgfor
given the strong experimental bound pr- 3e, the processes — 3| should not be observed with
upcoming experiments. This holds also for other cLiFdfecays which are mediated by one loop.

Another unambiguous prediction is that only left-handeptdas participate in cLFV pro-
cesses. But due to ignorance of some parameters of thenweutdss matrix (namely the mass
of the lightest neutrino and the MNS matrix elemblat) the ratios of the rates of differept de-
cay processes cannot be predicted [14]. In particulamy,if,m,7; is very small, the dipole can
overcome the tree level process— 3e, cf. fig. 1.

3.2 Theanarchic Randall-Sundrum mode

Other models try to solve the hierarchy problem. One of thénichvis particularly interesting
for cLFV studies, is the anarchic Randall-Sundrum mode].[1B this model there exists a 5th
dimension and the metric depends on the position in this okina (warped geometry). The Higgs
is confined to a brane and by the warped geometry protected lfrme contributions to its mass
coming from particles confined at another brane. The fermare not confined and therefore the
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Figure 1. Branching ratios for rarg decaysli con-  Figure 2: Possible values for B — ey) and
version in the triplet Higgs model as a function ofR(uTi — eTi) in the anarchic Randall-Sundrum
the MNS matrix elemenitles. A hierarchical spec- model with Kaluza-Klein masses of 5 TeV. If MEG
trum of light neutrinos, a triplet mass of 200 GeVcan lower the bound to 183, this scenario is ex-
and(A% = 9.5 eV have been assumed [14]. cluded [16].

hierarchy of the Yukawas can be explained by the overlapefdtmion with the Higgs field even
with “anarchic” localizations in the 5th dimension and Yukes of order 1. Also the gauge bosons
can propagate in the 5th dimension. Because the Kaluzariheides have different overlap to
different fermions, their interaction strength is flavopdadent. Most importantly, the Z boson
mass eigenstate has contributions from Kaluza-Klein modésis the Z boson generates the 4
fermi couplings already at tree level. The peculiar propeftthis model is that it cannot evade
cLFV constraints: The Kaluza-Klein modes cannot be madigrarity heavy as the model should
solve the hierarchy problem, the flavor changing interasctiare related to the localizations of
the fermions in the 5th dimension which are assumed to ber¢hitd. Again, although slightly
suppressed, the bounds pretransitions are more stringent than the ones fraecays and probe
already the naturalness of this model (fig. 2). Due to a “tarisbetween smalli conversion and

U — ey this probe holds even for higher Kaluza-Klein masses [16].

3.3 Supersymmetric models

The new physics model most often considered is Supersymr@®USY). Flavor violation
arises from the soft SUSY breaking terms. The leptonic plttie simplest model with R-Parity,
the MSSM reads:

-ZD I:i*mfij L+ ér?imgij &+ (&iAeij LiHg+ h.c.)
As flavor violation is only due to the superpartners, it apped one loop. The procefs— |y is
proportional to only three coupling constants and theeeflmminant. It can be estimated:

2

me ..
“Ci | tar? BBR(I, — 1viv}) (3.1)

mg

a-
G?
where it is assumed that eithef or mg gives the leading contribution @ has no tay8 enhance-

ment. It turns out that the four fermi operators (usually@ dominated by the penguin diagrams
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Figure 3: Allowed values for the rates of the rarelecays. The diagonal exclusion lines come from present
and future bounds op — ey assuming the MSSM and masses from SPS1la [21]. In the lefit)rigure
dominance ofr? (mg) has been assumed [20].

which leads to a simple relation to the dipole. st transitions it holds [17]:
BR(u — 3e) ~ R(uTi — €Ti) ~ aBR(u — ey)

The general one-loop expressions can be found in [18]. Windlgrediction foru — 3eis stable,
the rate foru conversion can deviate in the case of smallGar when two loop Higgs mediation
dominates [19].

To derive correlations between rareand u decays is difficult as in generahfrj, mfue are
unrelated. The only restrictions can therefore be infefreth the mechanism which generates
cLFV. Looking at second order in the flavor mixing soft massegin form? or mZ dominance

[20]:
2

3|mé,. me
BR(K — ey) > % % tar 3 (3.2)
F S

In the absence of cancellations with the term proportiooahﬁtue, this second order contributon
can be seen as a lower bound for BR— ey). Following eq. (3.1) for the flavor transitions this
leads to a constraint of the form BR — ey) > CBR(1 — uy)BR(1 — ey), cf. fig. 3.

The absolute size of cLFV instead is not predicted by SUSXaugh, making the naive as-
sumption that flavor mixing terms could be of the order of ffasimgonal soft masses, i.e. the
assumption of maximal flavor mixing, the absenceioef> ey requires the soft masses to be bigger
than 1 TeV. This fact (as well as the absence of some otheegses in the quark sector) is usually
referred to as the SUSY flavor problem. It can be completeided by imposing the condition
of minimal flavor violation [22] which means that the Yukawa® the only source of flavor vio-
lation. If the MSSM is extended to include neutrino masdais, definition cannot be generalized

unambigously. Simple attempts can be found in [23] but tladyafready to describe the see-saw.
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10 g T T Figure 4: The yellow band is the al-
101% f lowed parameter region for success-
1014; ful (unflavored) leptogenesis [29], the

dashed lines are the upper exclusion
limits derived from the absence pf—

ey in present and future experiments.
Assumed are soft masses of 200 GeV
and tar3 = 10 [27].

L BR>1.2x10™ .

In any case — even if the soft masses ang3tanuld be determined, or the deviation of the
anomalous magnetic moment was taken seriously [24] — inrdodget predictions about the rate
of rare decays additional assumptions are necessary.

3.3.1 The supersymmetric see-saw

As the MSSM does not explain neutrino masses, a sensiblesiippois the most elegant
solution, the see-saw (type I). Such as in the SM it consisdiding 3 right-handed neutrinos
to the particle content. But there are two qualitative ddfeces: First, the introduction of the
heavy neutrinos does not lead to a hierarchy problem. Sgcdhithe massMes0f the messenger
particles which transmit SUSY breaking, is larger than tlessrof the right-handed neutrinos, this
modifies the soft masses via the RG equations:

i~ g (TE M L D) Gglog (g (D) (33

HereM is the diagonal mass matrix of right-handed neutringsthe neutrino Yukawa coupling
and it has been assumed that the soft massesme proportional to unity atlnes the trilinear
proportional to the Yukawa. AgaiAe; is usually disregarded as the corresponding amplitude is
not tan3 enhancedmgij turns out to be negligible. Thus it is expected that in the $48e-saw
only left-handed leptons participate in cLFV interactions

It has been verified that this effect can bring rare decaysedimpresent bounds [25]. However,
because of the large number of parameters, the SUSY seeasaaccommodate any value for the
rare decays [26]. Therefore, the absence of rare leptociydecannot exclude the SUSY see-saw.

But of course it is possible to constrain the see-saw paeméte. in general the combination
v ki '109(Mmes/ Mk) Yy i (cf. €q. (3.3)). Under the plausible assumptions of hidriaad Yukawas and
the absence of cancellations this bound can be translaiediyper bounds on the more intuitive
smallest Yukawa coupling and lightest right-handed neatrnass [27]. The latter is especially
interesting as leptogenesis predicts a lower bound [28]is Tiight allow for an exclusion of
supersymmetric leptogenesis, cf. fig. 4.
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3.3.2 Supersymmetric GUTs

Another very widespread assumption is that of grand unifinafTypically, quarks and leptons
are members of the same multiplet. Then above the GUT brgakile the mixing of the quarks is
communicated to the lepton sector. For Planck scale SUSaklmg this becomes again manifest
in the slepton soft masses via the RG equations, analogtutihe the see-saw case. Contrary to
the see-saw where the source of flavor mixing is the poorlygtramed neutrino Yukawa matrix,
in GUT scenarios it is the up-type quark Yukawa matrix. Ntéhweless the predictions depend not
only on SUSY parameters but also on the specific GUT reabimati-or soft SUSY masses close
to the weak scale one expects cLFV at most a few orders of malgnbelow present experiment
[30].

4. Summary

In the SM lepton flavor is broken by the neutrino mixings. B expected rate for rare
leptonic decays is well below the achievable experimergntisivity. Therefore any detection of
rare leptonic decays is a clear evidence of new physics.

On the other hand new physics close to the electroweak seakrigally is expected to intro-
duce new sources of flavor violation. Hence present expatsnaready strongly constrain new
physics. Namely we know that a strong suppression must bekt WVith further data from B-
factories and the results from MEG this suppression meshamiill be probed again. If a signal
was found, it would be possible to discriminate among difféimodels.
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