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Abstract. We present a concise review of the status of charged lepton flavor violation (cLFV) in scenarios
beyond the SM. We emphasize that the current experimental resolutions on cLFV processes are already testing
territories of new physics (NP) models well beyond the LHC reach. On the other hand, with the expected
sensitivities of next-generation experiments, cLFV will become the most powerful probe of NP signals at our
disposal. Finally, the interrelationship among leptonic g — 2, EDMs and cLFV will turn out to be of outmost

importance to disentangle among different NP scenarios.

1 Introduction

The origin of flavor remains, to a large extent, an open
problem. However, significant progress has been achieved
in the phenomenological investigation of the sources of
flavour symmetry breaking which are accessible at low en-
ergies, ruling out models with significant misalignments
from the SM Yukawa couplings at the TeV scale.

The search for LFV in charged leptons is probably
the most interesting goal of flavour physics in the next
years. The observation of neutrino oscillations has clearly
demonstrated that lepton flavour is not conserved. The
question is whether LFV effects can be visible also in
other sectors of the theory, or if we can observe LFV in
processes that conserve total lepton number. The most
promising LFV low-energy channels are probably u — ey,
u — eee, u — e conversion in Nuclei as well as T LFV
processes which will be further investigated at the Super-
Belle machine. The future sensitivities of next-generation
experiments are collected in table 1.

Moreover, the flavour-conserving component of the
same diagrams generating ;1 — ey induces non-vanishing
contributions to the anomalous magnetic moment of lep-
tons as well as to the leptonic EDMs. In this context, the
current anomaly for the muon (g — 2), reinforces the ex-
pectation of detecting u — ey within the reach of the
MEQG experiment. Once some clear deviation from the SM
is established, the next most important step is to identify
correlations among different non-standard effects that can
reveal the flavour-breaking pattern of the new degrees of
freedom providing, at the same time, a powerful tool to
disentangle among different New Physics scenarios. The
above program represents one of the most exciting proofs
of the synergy and interplay existing between the LHC, i.e.
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LFV Process Present Bound Future Sensitivity
u— ey 5.7 x 1073 [1] ~ 6x 107 2]
u—3e 1.0 x 10712[3] ~ 10710 [4]

W Au— e Au | 7.0x 1071 [5] ?
wTi—eTi | 43x10712[6] ?

U Al - e Al - ~ 10719 [7, 8]

T > ey 3.3x 1078 9] ~ 1078 - 1077 [10]
T = Uy 44x1078[9] | ~108-107°[10]
T - 3e 2.7x1078[11] | ~ 1072 - 107'°[10]
T - 3u 2.1x107°8[11] | ~107° -107'°[10]

Lepton EDM | Present Bound Future Sensitivity
d.(e cm) 8.7x107% [12] ?

d,(e cm) 1.9x 10712 [13] ?

Table 1. Present and future experimental sensitivities for
relevant low-energy observables.

the high-energy frontier, and high-precision low-energy
experiments, i.e. the high-intensity frontier.

2 Leptonic g — 2, EDMs and LFV: a
model-independent analysis

The physics responsible for neutrino masses and mixing
might or might not be related to the physics related to
cLFV. On general grounds, we can say that:

e neutrino masses might be naturally explained within
see-saw scenarios which introduce heavy right-handed
Majorana neutrinos typically at the grand-unification
(GUT) scale. These scenarios can also explain the
baryon-antibaryon asymmetry in the universe through
the leptogenesis mechanism. The new interactions of
the model generally violate lepton-number L = L, +
L, + L. (LNV).
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e In the Standard Model (SM) with massive neutrinos,
where the only source of LFV is coming from the op-
erators responsible for the neutrino masses, the LFV ef-
fects are loop suppressed and proportional to the GIM
factor (m, /My)*, therefore, completely negligible. For
instance, it turns out that Br(u — ey) ~ 1074,

e On the other hand, generic models for new physics (NP)
at the TeV scale contain new sources for LFV (but not
necessarily for LNV), leading to decay rates accessible
with future experiments.

From the low-energy point of view, these observations
can be accounted for by considering the SM as an effective
theory and extending its Lagrangian,

1 A 1 A
Leg=Lsm+—— 0"+ —— 0"+ ... (1)
ANy {Fv
Here, the dimension-5 operator responsible for the neu-

trino masses is uniquely given in terms of the lepton dou-
blets L’ and the Higgs doublet H in the SM,

Odim—S — (gv)lj (ilﬁ)(ﬁTLJ)c + h.c. (2)

and the misalignment between the flavour matrix ¢, and
the Yukawa coupling matrix Yg in the charged-lepton sec-
tor leads to a non-trivial mixing matrix Uppns for neutrino
oscillations.

For instance, within scenarios with right-handed Ma-
jorana neutrinos (type-lI see saw), one can identify
gv/Ainy = Y, M7' YT where Y, is the Yukawa matrix in
the neutrino sector, and M the Majorana mass matrix.

Examples for a dimension-6 operator are

iR He Fy, (fuy'er) (Fy'fi) . (Arer) (fof) » (3)

where f = e, u, d and the first dipole-operator leads to LFV
decays like 1 — ey while the second and third ones gener-
ate, at the leading order, only processes like u — eee and
u < e conversion in Nuclei. Obviously, the underlying
dipole-transition u — ey* with a virtual vy also contributes
to u — eee and u < e conversion in Nuclei.

In particular, within NP theories where the dominant
LFV effects are captured by the dipole-operator, the fol-
lowing model-independent relations hold

Vi (&7} m?,-
BR((; — €60 ~ —(log 4 _ 3)BR(€,» S y),
31 m%k
CR(u — ein N) = @eyy X BR(u — ey), (@)

and therefore, the current MEG bound BR(u — ey) ~
5 x 10713 already implies that BR(u — eee) < 3 x 10713
and CR(u — ein N) <3 x 10715,

However, it is worth stressing that in many NP sce-
narios non-dipole operators, such as those shown in eq. 3,
provide the dominant sources of LFV effects. Therefore,
in such cases, u — eee and yu < e conversion in Nuclei
represent the best probes of LFV.

Dipole transitions ¢ — ¢’y in the leptonic sector are
accounted for by means of the effective Lagrangian

L=e % (CrowAce €, + Lo Aly r) F . (5)

where £, {’ = e, u, 7. Starting from eq. (5), we can evaluate
LFV processes, such as u — ey,

BR({ - l'y) 48
BR(( - Ovive) G2

(14 P +1A0?) . (6)

The underlying ¢ — {’y transition can generate, in addi-
tion to LFV processes, also lepton flavor conserving pro-
cesses like the anomalous magnetic moments Aa, as well
as leptonic electric dipole moments (EDMs, dy). In terms
of the effective Lagrangian of eq. (5) we can write Aa, and
d; as
2 de
Aag = Zm[ Re(A[g) , ; =my Im(Agg) . (7)
On general grounds, one would expect that, in concrete
NP scenarios, Aay, dy and BR(¢ — ('), are correlated. In
practice, their correlations depend on the unknown flavor
and CP structure of the NP couplings and thus we cannot
draw any firm conclusion.
Parametrizing the amplitude Ay as Ay = co | N2,
where A refers to the NP scale, we can evaluate which
are the values of A probed by it — ey. We find that

500 TeV

4
n )(|cpg|2+|cep|2), ®)

BR(u — ey) ~ 10—12(

and therefore, for ¢, ~ 1 and/or ¢, ~ 1, we are left with
A > 500 TeV.

Since the anomalous magnetic moment of the muon
a, = (g — 2),/2 exhibits a ~ 3.50" discrepancy between
the SM prediction and the experimental value [14] Aa, =
aX® —aS™M =2.90(90) x 1077, it is interesting to monitor
the implications for BR({ — {’y) assuming that such a

discrepancy is due to NP. In particular, we find that

2 2
BR(u — ey) ~ 10712 (2% bou )"
3x107) \2x 103

Aa, )2( Orc )2, ©)

BR ty) ~ 1078
=& (3><10—9 5% 102

where 6, = +|ceo|* + |ceel?/cyu. Therefore, we learn that
the a, anomaly can be accommodated while satisfying the

BR(u — ey) bound only for extremely small flavor mixing
angles 6,,,.

Similarly, from eq. 7, we find that d, =~ 1072 x
[Im(cee)/Re(cu)] e cm whenever Aag, = 3 X 107°. There-
fore, also the electron EDM exceeds the current experi-
mental bound by many orders of magnitudes unless there
exists a dynamical mechanism suppressing the relevant CP
violating phases.

3 Specific NP Models

The phenomenology of cLFV observables has been
worked out in a number of well motivated NP scenar-
ios. Among the most important questions are (i) which
are the best probes among cLFV processes for any given
NP model, (ii) how the predictions compare with the



EPJ Web of Conferences 118, 01026 (2016)
FCCP2015

DOI: 10.1051/epjcont/201611801026

present/foreseen experimental bounds, (iii) what the con-
straints are on new sources of LFV and new-particle
masses, (iv) what are the correlations among different LFV
observables.

Concerning the latter point, it should be stressed that
1) ratios for branching ratios of processes such as u — ey
and T — uy would provide a direct access to the flavor
structure of the NP model while 2) a comparative analy-
sis of processes with the same underlying flavor transition
(such as y — ey and u — eee) would provide information
about the operators which are generating potential LFV
signals.

In the following, we briefly discuss two classes of
NP models: supersymmetric (SUSY) extensions of the
SM and strongly interacting models based on the partial-
compositeness paradigm.

3.1 SUSY models

In SUSY models, new sources for LFV stem from the
soft SUSY-breaking sector since the lepton and slepton
mass matrices are generally misaligned. The leading ef-
fects for cLFV processes arise from sneutrino-chargino
and slepton-neutralino loops. In the generic MSSM, it
is useful to stick to the mass-insertion approximation, as-
suming small off-diagonal entries in the slepton mass ma-
2

trices (6XB)f = (mAB)ij/mé, where A, B = L, R and m; is an

average slepton mass.

A scenario which has received particular attention af-
ter the discovery of the Higgs-like boson at the LHC is
the so-called “disoriented A-terms” scenario [15]. The as-
sumption of disoriented A-terms is that flavor violation is
restricted to the trilinear terms

g Admy,
(6LRf~T f=u,d,£’, (10)
!

where 6‘1’; are generic mixing angles. This pattern can be
obtained when the trilinear terms have the same hierar-
chical pattern as the corresponding Yukawa matrices but
they do not respect exact proportionality. A natural real-
ization of this ansatz arises in scenarios with partial com-
positeness [16], where also the SM flavor puzzle can be
accounted for. Interestingly, the structure of eq. (10) al-
lows us to naturally satisfy the very stringent flavor bounds
of the down-sector thanks to the smallness of down-type
quark masses. On the other hand, sizable A-terms help
to account for a Higgs boson with mass around 125 GeV
while keeping the SUSY scale not too far from the TeV.

The bounds from the lepton sector can be satisfied un-
der the (natural) assumption that the unknown leptonic fla-
vor mixing angles are of the form Hfj ~ y/m;/m; [16]. In

=

B
T [T
2
o
o
10
1-tanp
10 ;10;
{120
40
10
o =] a
10 10 10

u

Figure 1. Predictions of the disoriented A-term scenario [17].
Left: u — ey vs. Aa,. Right: d, vs. Aa,.

particular, we get the following predictions [17]
‘
A by

2
(TeV )“
TeV m, /m# mg ’

A 9( 2
4~ 43102 mm| 2200 ) TV, o
TeV mg

TeVztanﬂ
Aa, ~1x 10—~ ( ) 11
a, x 10 (mz) 30 (11

BR(u — ey) ~ 6 x 10712

where we have assumed that the only possible sources of
CP violation arise from A terms, as well. These estimates
are fully confirmed by the numerical analysis shown in
fig. 1 which has been obtained by means of the follow-
ing scan: 0.5 < |A,|//n < 2 with sings,=1, m < 2 TeV,
(My,pu, My) <1 TeV and 10 < tan < 50 [17].

It is interesting that disoriented A-terms can account
for (g—2),,, satisfy the bounds on u — ey and d,, while
giving predictions within experimental reach [17].
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3.2 Composite Higgs Models

Besides low-energy supersymmetry, a class of attractive
SM extensions addressing the gauge hierarchy problem
is provided by composite Higgs models [18, 19], where
fermion masses and mixing angles are described by par-
tial compositeness [20]. Light fermions obtain hierarchi-
cal masses from the mixing between an elementary sector
and a composite one.

As a toy model, let us consider, for each SM fermion,
a pair of heavy fermions allowing a Dirac mass term of the
order of the compositeness scale and a mixing term with
the SM fields [21]

3
Ly=- Z (ZLiAijLRj - ER,‘AZ‘]‘EL]‘) + h.c.
ij=1
3
- Z (l_,,'m,'L,' + E,‘ﬁl,‘E,‘)

i=1

3
- Z (Z'Ri‘pYZl‘jELj + ZJLi‘pY[:ijERj) + h.c. (12)
ij=1

The first line represents the mixing between the elemen-
tary composite sectors, the second line contains Dirac
mass terms for the fermions of the composite sector and
the third line shows the Yukawa interactions which are re-
stricted to the composite sector only with 1 < [Yz[, Y]] <
4n. By integrating out the composite sector under the as-
sumptions m; = m, m; = m and m,m > v, we get the
SM-like Yukawa interaction

L) = —lp M eg+... yM=xviXt, (13)
where X = Am™!, X = Am~ ' and dots stand for contri-
butions of higher order in v/m. The remarkable feature of
this pattern is that hierarchical fermion masses and mixing
angles can be explained by the mixing matrices X and X,
even in the presence of anarchical matrices Yy and Y;. At
the one-loop level, summing over the 4,Z and W ampli-
tudes, we get the main contribution to the electromagnetic
dipole operator:

A ~ T (xvRy; X7, (14)
If Y; and Y] are anarchical matrices we see that, in general,
y3™ and A, are not diagonal in the same basis. From the
present bounds on BR(u — ey) and d, we find that, with
reasonable assumptions on the mixing matrices X and X,
we need m/(Y) and m/(Y) well above 10 TeV, (Y) denot-
ing an average absolute value of the Yukawa matrices. If
we postulate that ¥; = 0, charged lepton masses do not
vanish while the leading order contribution (14) does and

we find [22]
1.5Tev)®
BR(u — ey) »3x 107" (—e) Yxl®,  (15)
m

where Y now stands for an average element of the anar-
chic matrix Y ;;l.j, implying that u — ey saturates its current

o

41
m
1 Y =0
= ) i
o 1o . S
[aa]
10.
10
" dipole dominance
10. L s S
-18 15 14 13 a
10 10 10 10 10
BR (u — ey)
—10 "
=3
<
o
T
Z10
i
o

o

10

dipole dominance

12

-1 1% -14 -13 -
10 10 10 10 10

BR (u — ey)

Figure 2. Branching ratio of u — 3e (left) and " Au — e Au
(right) versus the branching ratio of u — ey for Y; = 0. The case
of dominance of the dipole operator is shown in yellow.

experimental bound for m ~ 1.5 TeV and Y; =~ 1. A quite
similar behavior is expected for the electron EDM. Indeed,
setting ¥; = 0 and assuming O(1) CP-violating phases, it
turns out that [22]

d, 3Tev\'
% N 10_28cm(76) vt (16)

Moreover, it turns u — 3e and BR(u"Au — e Au) are
dominated by non-dipole operators and the correlation of
eq. (4) is significantly violated as it is explicitly shown in
fig. 2. This is a relevant result, as within composite Higgs
models with ¥; # 0, as well as in supersymmetric scenar-
ios, eq. (4) holds to an excellent approximation. In partic-
ular, we find [22]

a(1Tev
BR(u — 3e) * 5x 10 13( - Ivil*,  (17)
3Tev\!
BR(/[Au—>e_Au)z4><10_l3( nf ) Yz, (18)
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and therefore u~Au — e~ Au is a better probe than y — 3e
of the scenario in question.

4 Conclusions

Despite of the fact that the origin of flavor remains a ma-
jor open problem, significant progress has been achieved
in the phenomenological investigation of the sources of
flavour symmetry breaking which are accessible at low en-
ergies, ruling out models with significant misalignments
from the SM Yukawa couplings at the TeV scale.

The search for LFV in charged leptons is probably the
most interesting goal of flavour physics in the next years
(see table 1). The observation of neutrino oscillations has
clearly demonstrated that lepton flavour is not conserved.
The question is whether LFV effects can be visible also in
other sectors of the theory. The most promising LFV low-
energy channels are probably u — ey, u — eee, u — e
conversion in Nuclei as well as 7 LFV processes. The cur-
rent experimental resolutions on cLFV processes are al-
ready testing territories of new physics (NP) models well
beyond the LHC reach. On the other hand, with the ex-
pected sensitivities of next-generation experiments, cLFV
will become the most powerful probe of NP signals at our
disposal and the interrelationship among leptonic g — 2,
EDMs and cLFV will be of outmost importance to disen-
tangle among different NP scenarios.
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