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Inter-generational transitions are small for quarks 
and almost zero for charged leptons
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Information of large mixing can pass 
from the  neutrino sector to the 

charge lepton sector through new 
particles/neutrinos. If through new 
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Signal for Physics Beyond Standard Model

New Particles and/or Additional Symmetry

or both  

Sub eV masses to the 
Neutrinos


(assuming normal 
hierarchy)

Theoretically it means that the Standard Model has to be extended 

neutrinos are complicated. 



Majorana Neutrinos

Dirac Neutrinos

Lepton number has to be imposed 

Extremely small coupling looks highly unnatural

seesaw mechanism 



Seesaw model has been previously shown [11] to induce a non-unitary leptonic mixing
matrix. In this work we will explicitly analyze the issue for the other types of Seesaw
models.
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Figure 1: The three generic realizations of the Seesaw mechanism, depending on the
nature of the heavy fields exchanged: SM singlet fermions (type I Seesaw) on the left,
SM triplet scalars (type II Seesaw) and SM triplet fermions (type III Seesaw) on the
right.
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Graphical representation of various seesaw models

Majorana Neutrinos

2.1.2 Dimension 6 operator

In Ref. [11], the d = 6 low-energy effective theory, δLd=6, was determined to consist at
the tree level of the unique operator

δLd=6 = cd=6
αβ

(
"Lαφ̃

)
i∂/
(
φ̃†"Lβ

)
, (9)

where the d = 6 operator coefficients are given in terms of the parameters of the
high-energy Seesaw theory by

cd=6 = Y †
N

1

M †
N

1

MN
YN , (10)

which is of the same order in Yukawa couplings than its d = 5 counterpart, Eq. (7),
while quadratically suppressed in 1/MN . When the Higgs doublet acquires a vacuum
expectation value, this d = 6 operator leads to corrections to the d = 4 kinetic energy
terms for the left-handed Majorana neutrinos, which result in a non-unitary low-energy
leptonic mixing matrix [10]. Indeed, the neutrino Lagrangian for the effective theory,
including only d ≤ 6 operators and disregarding couplings to the physical Higgs parti-
cle, is given by

Ld≤6
neutrino = i νLα ∂/

(
δαβ + εNαβ

)
νLβ −

1

2
νLc

αmν αβ νLβ −
1

2
νLαm

∗
ν αβ νLβ

c , (11)

where

εN ≡
v2

2
cd=6 (12)

is the contribution of the d = 6 operator coefficient to the left-handed neutrino kinetic
energy, which is non-diagonal in flavor space. Let us then go to a basis in which the
neutrino field is rescaled, so that the neutrino kinetic energy is canonically normalized:
at order O(1/M2), the transformation

νLα → ν ′
Lα ≡

(
δαβ + εNαβ

) 1

2 νLβ (13)

results in a Lagrangian in the flavour basis which, at this order, takes the form (primes
will be omitted in the following),

Ld≤6
leptons = iνLα∂/νLα + ilLα∂/lLα −

1

2

[
νLc

αmν αβ νLβ + h.c.
]
− lαmlαβlβ + LCC + LNC + Lem ,(14)

where ml is the charged lepton mass matrix and

LCC =
g√
2
lLαW/

−
(
δαβ −

1

2
εNαβ

)
νLβ + h.c. , (15)

LNC =
g

cosθW

{
1

2

[
νLαγµ

(
δαβ − εNαβ

)
νLβ − lLαγµlLα

]
− sin2θWJem

µ

}
Zµ ,

Lem = eJem
µ Aµ ,

8

1 Introduction

The experimental observation of non-zero neutrino masses and mixings constitutes
evidence for physics beyond the Standard Model (SM) and points to the existence of a
new, yet unknown, physics scale. It has been already a few years since the breaking of
such exciting news and nevertheless little -if anything- is known about the underlying
physics. The difficulty lies in both the fact that neutrinos are very weakly interacting
particles and, more important, in the tiny value of their masses - orders of magnitude
lighter than any other fermion masses - pointing to very suppressed effects. The absence
of exotic experimental signals other than neutrino masses, as well as the theoretical
criteria of naturalness, point to values of the new physics scale, M , larger than the
electroweak scale.

It is worth recalling that the evidence for neutrino masses comes from neutrino
oscillations, which detect the interference between the different paths taken by different
neutrinos when traveling a long distance. The paths differ because the masses differ
and what has been measured is the relative phase shift induced, which is only sizable
after extremely long distances. In other words, detection has been possible because
neutrino masses affect neutrino propagation. Other possible low-energy effects of the
underlying theory, i.e. exotic couplings, are typically zero-distance effects which cannot
benefit from such an enhancement. Its suppression is only easily overcome at very high
energies, with the particle momenta equal or larger than the scale M , as for instance
in leptogenesis scenarios, where the high energies of the early universe allow the heavy
fields at the origin of neutrino masses to roam freely.

To see what could be the nature and magnitude of the low energy effects associated
to neutrino masses it is convenient to rephrase the above in terms of a generic effective
low-energy theory. Effective theories allow rather model-independent analysis based
on the fundamental symmetries, while only the coefficient of the effective operators
are model-dependent. The impact at low energies of the heavy fields present in the
putative high-energy theory can be parametrized, without loss of generality, by an
effective Lagrangian including:

• Corrections to the parameters of the SM Lagrangian.

• The addition to the SM Lagrangian of a tower of non-renormalizable higher-
dimension operators, invariant under the SM gauge group. The latter are made
out of the SM fields active at low energies and their coefficients weighted by
inverse powers of the high scale M ,

Leff = LSM + δLd=5 + δLd=6 + · · · (1)

The only possible dimension 5 (d = 5) operator is the famous Weinberg operator [1],

δLd=5 =
1

2
cd=5
αβ

(
"cLαφ̃

∗
)(

φ̃† "Lβ

)
+ h.c. , (2)

3Weinberg Operator non-unitarity of mixing matrix

lepton number violating 
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Figure 10: Diagram contributing for lepton flavour violation in Clockwork Mecha-
nism.

expressed as AL = 0 and

AR =
g2

8⇡

X

A

mµ

M2
W

UekU
⇤
µkF (xA)

F (xA) =
1

6(1� xA)4
(10� 43xA + 78x2

A � 49x3
A (58)

+ 4x4
A � 18x3

A log xA) , (59)

(xA ⌘ m2
A/M

2
W )

where MW is W boson mass and mk is the mass of the k-th mass eigenstates
of neutrinos. Notice that this model predicts µ�

! e�L� (or µ+
! e+R�) decay.

If all the neutrino masses are small, this amplitude is suppressed by the GIM
mechanism [12, 13]. However, due to the existence of heavy neutrinos, the GIM
cancellation does not work and AR is estimated as

AR '
mµ

4⇡

 
n1X

k=1

Y e1Y µ1

M2
k,1

F (xk) +
n2X

k=1

Y e2Y µ2

M2
k,2

F (xk) +
n3X

k=1

Y e3Y µ3

M2
k,3

F (xk)

!

=
mµ

4⇡

✓ n1X

k=1

Y
e1
fk1Y

µ1
fk1

M2
k,1

F (xk) +
n2X

k=1

Y
e2
fk2Y

µ2
fk2

M2
k,2

F (xk) (60)

+
n3X

k=1

Y
e3
fk3Y

µ3
fk3

M2
k,3

F (xk)

◆
(61)

resulting branching

B (µ ! e�) '
3↵v4

8⇡
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Supersymmetry, extra dimensions, 

Clockwork etc.. 


TeV scale new physics 

can lead to significant constraints. 
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Figure 1. – Limit on the branching ratio of flavour violating muon decays as a function of the
year. The three main clusters correspond to the usage of cosmic ray muons (until the 1950s),
stopped pion beams (until the 1970s) and stopped muon beams. Presently the best limit is that
on the µ+

! e+� decay set by the MEG experiment [49].

searching for Charged Lepton Flavour Violation (CLFV) is the aim of the present review.
We first give a theoretical introduction to set the stage and to see in a more formal and
detailed way what we mentioned above, as well as to discuss how and why Lepton Flavour
can be violated in extensions of the Standard Model: what, in other words, makes CLFV
processes so sensitive to new physics.

We will then review the general aspects of the experimental searches and discuss
some of the present and planned experiments with particular emphasis on the transition
between the first and the second family of leptons. To this class, in fact, belong the
three most searched modes – µ+

! e+� (“mu-to-e-gamma”), µ�N ! e�N (“mu-e-
conversion”), and µ+

! e+e�e+ (“mu-to-three-e”) – due to the copious availability of
the parent particle in the cosmic radiation first and at dedicated accelerators afterwards.
The history of the limit on the probability of these processes is shown in Figure 1, which
starts with the first experiment performed by Hinks and Pontecorvo in 1947 [259]. They
stopped cosmic ray muons in a lead absorber and measured the coincidence between
signals from two Geiger-Müller counters: having seen no such coincidence they gave as
a limit essentially the inverse of the number of observed muons. The limits on the three
processes improved as artificial muons were produced, stopping pion beams first (until
the 1970s) and starting directly with muon beams afterwards.

These experiments give the best constraints to date to possible extensions of the Stan-
dard Model inducing CLFV, therefore they play a prominent role in this review. There

calibbi and signorelli, 1709.00294



AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 5

Reaction Present limit C.L. Experiment Year Reference

µ+
! e+� < 4.2⇥ 10�13 90% MEG at PSI 2016 [49]

µ+
! e+e�e+ < 1.0⇥ 10�12 90% SINDRUM 1988 [50]

µ�Ti ! e�Ti † < 6.1⇥ 10�13 90% SINDRUM II 1998 [51]
µ�Pb ! e�Pb † < 4.6⇥ 10�11 90% SINDRUM II 1996 [52]
µ�Au ! e�Au † < 7.0⇥ 10�13 90% SINDRUM II 2006 [54]
µ�Ti ! e+Ca⇤ † < 3.6⇥ 10�11 90% SINDRUM II 1998 [53]
µ+e� ! µ�e+ < 8.3⇥ 10�11 90% SINDRUM 1999 [55]
⌧ ! e� < 3.3⇥ 10�8 90% BaBar 2010 [56]
⌧ ! µ� < 4.4⇥ 10�8 90% BaBar 2010 [56]
⌧ ! eee < 2.7⇥ 10�8 90% Belle 2010 [57]
⌧ ! µµµ < 2.1⇥ 10�8 90% Belle 2010 [57]
⌧ ! ⇡0e < 8.0⇥ 10�8 90% Belle 2007 [58]
⌧ ! ⇡0µ < 1.1⇥ 10�7 90% BaBar 2007 [59]
⌧ ! ⇢0e < 1.8⇥ 10�8 90% Belle 2011 [60]
⌧ ! ⇢0µ < 1.2⇥ 10�8 90% Belle 2011 [60]

⇡0
! µe < 3.6⇥ 10�10 90% KTeV 2008 [61]

K0
L ! µe < 4.7⇥ 10�12 90% BNL E871 1998 [62]

K0
L ! ⇡0µ+e� < 7.6⇥ 10�11 90% KTeV 2008 [61]

K+
! ⇡+µ+e� < 1.3⇥ 10�11 90% BNL E865 2005 [63]

J/ ! µe < 1.5⇥ 10�7 90% BESIII 2013 [64]
J/ ! ⌧e < 8.3⇥ 10�6 90% BESII 2004 [65]
J/ ! ⌧µ < 2.0⇥ 10�6 90% BESII 2004 [65]
B0

! µe < 2.8⇥ 10�9 90% LHCb 2013 [68]
B0

! ⌧e < 2.8⇥ 10�5 90% BaBar 2008 [69]
B0

! ⌧µ < 2.2⇥ 10�5 90% BaBar 2008 [69]
B ! Kµe ‡ < 3.8⇥ 10�8 90% BaBar 2006 [66]
B ! K⇤µe ‡ < 5.1⇥ 10�7 90% BaBar 2006 [66]
B+

! K+⌧µ < 4.8⇥ 10�5 90% BaBar 2012 [67]
B+

! K+⌧e < 3.0⇥ 10�5 90% BaBar 2012 [67]
B0

s ! µe < 1.1⇥ 10�8 90% LHCb 2013 [68]
⌥(1s) ! ⌧µ < 6.0⇥ 10�6 95% CLEO 2008 [70]

Z ! µe < 7.5⇥ 10�7 95% LHC ATLAS 2014 [71]
Z ! ⌧e < 9.8⇥ 10�6 95% LEP OPAL 1995 [72]
Z ! ⌧µ < 1.2⇥ 10�5 95% LEP DELPHI 1997 [73]
h ! eµ < 3.5⇥ 10�4 95% LHC CMS 2016 [74]
h ! ⌧µ < 2.5⇥ 10�3 95% LHC CMS 2017 [75]
h ! ⌧e < 6.1⇥ 10�3 95% LHC CMS 2017 [75]

Table II. – Limits for the branching ratio of charged lepton flavour violating processes of leptons,

mesons, and heavy bosons. More extensive lists of B-meson and ⌧ CLFV decays (including all

hadronic modes) can be found in [76, 77].
†
Rate normalised to the muon capture rate by the

nucleus, see Eq. (99).
‡B-charge averaged modes.

Charged lepton flavour violating decays present limits 

calibbi and signorelli, 1709.00294



AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 87

Reaction Present limit Expected Limit Reference Experiment

µ+
! e+� < 4.2⇥ 10�13 5⇥ 10�14 [316] MEG II

µ+
! e+e�e+ < 1.0⇥ 10�12 10�16 [46] Mu3e

µ�Al ! e�Al † < 6.1⇥ 10�13 10�17 [321, 324] Mu2e, COMET

µ�Si/C ! e�Si/C †
� 5⇥ 10�14 [282] DeeMe

⌧ ! e� < 3.3⇥ 10�8 5⇥ 10�9 [339] Belle II

⌧ ! µ� < 4.4⇥ 10�8 10�9 [339] ”

⌧ ! eee < 2.7⇥ 10�8 5⇥ 10�10 [339] ”

⌧ ! µµµ < 2.1⇥ 10�8 5⇥ 10�10 [339] ”

⌧ ! e had < 1.8⇥ 10�8 ‡ 3⇥ 10�10 [339] ”

⌧ ! µ had < 1.2⇥ 10�8 ‡ 3⇥ 10�10 [339] ”

had ! µe < 4.7⇥ 10�12 § 10�12 [340] NA62

h ! eµ < 3.5⇥ 10�4 3⇥ 10�5 ¶ [341] HL-LHC

h ! ⌧µ < 2.5⇥ 10�3 3⇥ 10�4 ¶ [341] ”

h ! ⌧e < 6.1⇥ 10�3 3⇥ 10�4 ¶ [341] ”

Table XII. – Present and future limits for selected CLFV processes.
†
Rate normalised to the

muon capture rate by the nucleus, see Eq. (99).
‡
Best limits from ⌧ ! e⇢0 and ⌧ ! µ⇢0

respectively.
§
Best limit from K0

L decay.
¶
Reference [341] quotes the branching ratio for which

one can make a 2� or 5�observation; we use the number of expected signal and background events

in there to infer 95% C.L. sensitivities on the three channels, which turn out to be compatible

with the scaling for the square root of the relative luminosity - 3000 fb
�1

assumed in [341] vs

20 [74] or 36 [75] fb
�1

.

models that can account for the (g � 2)µ discrepancy, unless they feature a very peculiar
flavour structure. Evidence that new physics is responsible for the apparently missing
contribution to (g � 2)µ would then give us high expectations for a similarly striking
discovery at CLFV search experiments (this conclusion is analogous to that we drew in
section 7 regarding possible lepton flavour non-universal e↵ects in B decays).

Finally, as a summary of the presented topics we would like to propose in Table XII a
subset of the processes reported in Table II with indicated the limit expected in the near
future, i.e. within 5 � 10 years. On the experimental side, the message that we tried to
convey throughout our discussion is that the most sensitive searches require the design
and realization of dedicated experiments as well as a deep understanding of the processes
and of their backgrounds.

⇤ ⇤ ⇤

LC is pleased to thank his many friends and collaborators, from which he learnt about
the topics discussed here, in particular: A. Crivellin, J. Jones-Perez, A. Masiero, T. Ota,
P. Paradisi, S. Pokorski, A. Romanino, S. Vempati, O. Vives, and R. Ziegler. GS would
like to thank A. M. Baldini, C. Bemporad, F. Cei, L. Galli, M. Grassi, D. Nicolò and
A. Papa for the useful discussions on the experimental aspects of CLFV searches, some
of which are ongoing since more than fifteen years!
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Figure 47. – Projected time lines for di↵erent projects searching for CLFV decays. MEG IIis
expected to start data taking in 2018 after an engineering run in 2017; Mu3e magnet and
detectors are expected at the end of 2019; Mu2e foresees three years of data taking starting in
2021; COMET Phase-I is expected to start commissioning and data taking in 2018 for two-three
years, followed by a stop to develop and deploy the beamline and detectors for Phase-II; DeeMe
is expected to start soon and take data with graphite and silicon carbide targets in sequence;
Belle II is schedule to start data taking at end 2018.

e.g. the discussion in [257] where, in the framework of a possible experiment at the High
Intensity Electron Positron Accelerator (HIEPA) being proposed in China, spectra of
photons from signal and initial state radiation are compared at various beam energies
or [309]).

15. – Future Directions

Figure 47 shows a summary time line of CLFV searches in the next decade. It
is exciting to see that within the next five to ten years our present knowledge of the
fundamental interactions could be disproved or confirmed with a stronger confidence,
in particular in the muon sector, where also new results from the g�2 experiment at
FNAL [338] are expected.

It is appropriate to examine what could be the next steps towards a sensitivity im-
provement and to examine if there are objective limitations to these explorations.

If on the one hand the sensitivity scales with the number of muons, on the other
the capability to reject the background is related to the experimental acceptances and
resolutions on the measurement of daughter particles. Furthermore these two lines should
proceed in parallel.

µ+
! e+� and µ+

! e+e�e+ searches require intense muon beams. While the
search of µ+

! e+� is not presently limited by the intensity of the beam the staged
approach of Mu3e requires the development of a high intensity beam line which is still
under way (see Table VIII). Its estimated flux (1010 surface µ+/s) is two order of
magnitude larger than presently available. This does not necessarily maps into a two
order of magnitude increase in sensitivity, since with this flux the µ+

! e+� search will

calibbi and signorelli, 1709.00294
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However, the SM prediction for ε′/ε is sensitive to effects
from ππ rescattering in the final state, which are entirely
absent in the strict large-Nc limit, while the lattice pre-
diction [63] for the I = 0 phase shift δ0 = 23.8(4.9)(1.2)◦

is about 3σ smaller than the value obtained in dispersive
treatments [67–69]. Indeed, combining large-Nc methods
with chiral loop corrections can bring the value of ε′/ε in
agreement with experiment [70, 71].
Nevertheless, if the issue of final-state interactions is

resolved in the future and the discrepancy persists, then
NP contributions due to Z ′ bosons [72, 73] or leptoquarks
would provide a natural explanation. In that case, the
B meson anomalies and tension in ε′/ε could originate
from the same NP, with effects of LFUV and LFV in
kaon decays to be expected. In the following, we do not
commit ourselves to a specific NP model, but instead
focus on the analogous four-fermion operators in the kaon
sector which can give the required effect in semileptonic
B decays.
For LFUV, the most natural processes to study are

K → π%+%− decays since these yield analogous observ-
ables to (1). However, we also consider the purely lep-
tonic decays K → %+%− since the electron modes are
within experimental reach (unlike B → e+e−), and thus
these processes are promising probes of NP operators
which mediate LFUV. Limits on LFV can be extracted
from K decays with µe final states.
The present experimental situation is as follows. For

the semileptonic decays, the branching fraction is largest
for the charged channels K± → π±%+%−, as measured
in [74–77] and studied with high statistics in [78–80]. The
PDG averages are [81]

Br[K+ → π+e+e−] = (3.00± 0.09)× 10−7 ,

Br[K+ → π+µ+µ−] = (9.4± 0.6)× 10−8 , (4)

where the muonic mode includes a scale factor S = 2.6
of the error due to the conflict with [75].1 In the neutral-
kaon sector the observed decay rates are [82, 83]

Br[KS → π0e+e−]mee>0.165GeV = 3.0+1.5
−1.2 × 10−9 ,

Br[KS → π0µ+µ−] = 2.9+1.5
−1.2 × 10−9 , (5)

while for the KL decays only upper limits [84, 85] are
available:

Br[KL → π0e+e−] < 2.8× 10−10 ,

Br[KL → π0µ+µ−] < 3.8× 10−10 . (6)

For the purely leptonic modes, the PDG average for
Br[KL → µ+µ−] = (6.84 ± 0.11) × 10−6 is dominated
by the E871 measurement [86], and the same experiment
reported the sole observation of the electron mode, with

1 Before the remeasurement in [76, 77, 80], the result from [75] im-
plied a 2σ tension between the electron and muon decay modes.

Channel Br Reference

K+ → π+µ+e− < 1.3 × 10−11 E865, E777 [89]

K+ → π+µ−e+ < 5.2 × 10−10 E865 [90]

KL → π0µ±e∓ < 7.6 × 10−11 KTeV [91]

KL → µ±e∓ < 4.7 × 10−12 E871 [92]

TABLE I: Current limits on branching ratios for LFV decay
channels [81]. We do not consider lepton-number-violating
modes with |∆L| = 2, whose decay mechanism in general
cannot be represented in terms of local operators [93].

branching fraction Br[KL → e+e−] = 9+6
−4 × 10−12 [87].

For later use, these results are conveniently expressed in
terms of the ratios

R!! =
Γ(KL → %+%−)

Γ(KL → γγ)
, (7)

which gives [81]

Rexp
µµ = (1.25± 0.02)× 10−5 ,

Rexp
ee = 1.6+1.1

−0.7 × 10−8 . (8)

We do not consider the related KS → %+%− decays, since
the SM predictions [88] lie well below the current ex-
perimental bounds [81]. The current limits on the LFV
modes are listed in Table I.
For the charged K decays, the sensitivity to LFUV

and LFV is expected to improve at the high-statistics
NA62 experiment [94–96], where the nominal number
of decays is approximately a factor of 50 larger than
that of NA48/2.2 For example, the projected limit for
Br[K+ → π+µ+e−] becomes 0.7 × 10−12. For KL de-
cays, the KOTO experiment at J-PARC [98, 99] has good
prospects of reaching SM sensitivity for KL → π0νν̄. In
principle, the increased reach might be sufficient to probe
the KL modes involving charged lepton pairs, but the
detection of these final states would require a different
search strategy to the one employed for KL → π0νν̄.
Finally, although we restrict our focus to the neutral-
current sector, there is also renewed interest in charged-
current processes at the J-PARC E36 experiment, which
is searching for signs of LFUV in K+ → %+ν! [100].
On the theory side, all K decays have been studied

thoroughly in the context of chiral SU(3)L × SU(3)R
perturbation theory (χPT3) [101–112], with the present
status reviewed in [113]. The general picture that arises
is the presence of long-distance physics, parametrized
in terms of low-energy constants (LECs) in the effec-
tive weak Lagrangian. The values of these LECs are

2 This number refers to the best-case scenario where no downscal-
ing of the rare decay trigger chains is imposed. For modes like
K+

→ π+e+e−, downscaling factors as large as 10 are fore-
seen [97], so that the statistics increase may be reduced to a
factor of 5.

LFV in meson decays Petrov, Ambrosio,

Crivellin, et.al 

where p1, p2, k, p3 are respectively the 4-momentum of the leptons 1 and 2, and the 4-momenta of
P1 and P2, P = k + p3 and the hadronic matrix elements are written [28, 49, 50, 51, 52] :

Ṽ µ =
1

2
hP2|q̄i�

µqj |P1i =
1

2
(PµfP1P2

+ (q2) + qµfP1P2
� (q2))

S̃ =
1

2
hP2|q̄iqj |P1i =

1

2

(M2
�m2

3)

(mqi �mqj )
fP1P2
0 (q2)

T̃µ⌫ =
1

2
hP2|q̄i�

µ⌫qj |P1i = �
i

2

(fP1P2
+ (q2)� fP1P2

� (q2))

M⇤ (Pµq⌫ � P ⌫qµ)

T̃ 0 =
1

2

(fP1P2
+ (q2)� fP1P2

� (q2))

M⇤

(10)

For simplicity, we suppressed the q2 dependence of the form factors f+,�,0 in eqn. (9), and the
flavour superscript (⇣ = l1l2qiqj) of the coefficients. Notice there is no interference between ✏S,L
(✏S,R ) and ✏TR (✏TL) because the trace of the product of Dirac matrices involved in tensor and
scalar operators of different chirality vanishes. The form factors and the scalar product in eqn. (9)
are given in appendix B.
For simplicity, we do not give the analytic expression of the integrated semileptonic decay branching
ratio, but only perform the integrals numerically.

4 Covariance matrix

In this section, we use the Branching Ratios (BRs) of eqns (6) and (8) to compute a covariance
matrix, that will give constraints on the coefficients that account for possible interferences. We
note BRexp

2 [BRexp

3 ] the experimental upper limit on the leptonic decay P1 ! l̄1l2 [semileptonic
decay P1 ! P2 l̄1l2] branching ratio and M2 [M3] the associated covariance matrix.
We can write the decay branching ratio of eqn. (6) and (8) in the form

~✏TM�1~✏ = 1 (11)

where ~✏T (~✏) is a row (column) vector of coefficients, and M�1 is the inverse of the covariance
matrix. The explicit form of the 4 ⇥ 4 and 6 ⇥ 6 matrices is given in appendix D. The diagonal
elements of the covariance matrix M represent the squared bounds on our coefficients, and the
off-diagonals elements represent the correlation between coefficients.

Decay Leptonic Semileptonic

K BR
exp
2 (K0

L ! µ
±
e
⌥) < 4.7⇥ 10�12 [16] BR

exp
3 (K+ ! ⇡

+
µ̄e) < 1.3⇥ 10�11

- BR
exp
3 (K+ ! ⇡

+
ēµ) < 5.2⇥ 10�10 [19]

D BR
exp
2 (D0 ! µ

±
e
⌥) < 1.3⇥ 10�8 [17] BR

exp
3 (D+ ! ⇡

+
µ̄e) < 3.6⇥ 10�6

- BR
exp
3 (D+ ! ⇡

+
ēµ) < 2.9⇥ 10�6 [20]

Ds - BR
exp
3 (D+

S ! K
+
µ̄e) < 9.7⇥ 10�6

- BR
exp
3 (D+

S ! K
+
ēµ) < 1.4⇥ 10�5 [20]

B BR
exp
2 (B0 ! µ

±
e
⌥) < 2.8⇥ 10�9 [18] BR

exp
3 (B+ ! ⇡

+
µ
±
e
⌥) < 1.7⇥ 10�7 [21]

- BR
exp
3 (B+ ! K

+
µ
±
e
⌥) < 9.1⇥ 10�8 [22]

Bs BR
exp
2 (B0

S ! µ
±
e
⌥) < 1.1⇥ 10�8 [18] �

Table 1: Experimental bounds on leptonic and semileptonic decays.
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4-leptons operators Dipole operators

Q`` (L̄L�µLL)(L̄L�
µLL) QeW (L̄L�

µ⌫eR)⌧I�W
I
µ⌫

Qee (ēR�µeR)(ēR�
µeR) QeB (L̄L�

µ⌫eR)�Bµ⌫

Q`e (L̄L�µLL)(ēR�
µeR)

2-lepton 2-quark operators

Q(1)
`q (L̄L�µLL)(Q̄L�

µQL) Q`u (L̄L�µLL)(ūR�
µuR)

Q(3)
`q (L̄L�µ⌧ILL)(Q̄L�

µ⌧IQL) Qeu (ēR�µeR)(ūR�
µuR)

Qeq (ēR�
µeR)(Q̄L�µQL) Q`edq (L̄a

LeR)(d̄RQ
a
L)

Q`d (L̄L�µLL)(d̄R�
µdR) Q(1)

`equ (L̄a
LeR)✏ab(Q̄

b
LuR)

Qed (ēR�µeR)(d̄R�
µdR) Q(3)

`equ (L̄a
i �µ⌫eR)✏ab(Q̄

b
L�

µ⌫uR)

Lepton-Higgs operators

Q(1)
�` (�†i

$
Dµ �)(L̄L�

µLL) Q(3)
�` (�†i

$
D I

µ �)(L̄L⌧I�
µLL)

Q�e (�†i
$
Dµ �)(ēR�

µeR) Qe�3 (L̄LeR�)(�
†�)

Table IV. – Complete list of the CLFV dimension-6 operators from [107]. The SM fields are

denoted as in Eq. (3), and Bµ⌫ and W I
µ⌫ (I = 1, 2, 3) are the U(1)Y and SU(2)L field strengths.

Family indices are not shown, while a, b = 1, 2 are SU(2)L indices, and ⌧I are the Pauli matrices.

Flavour indices of the fermions are not indicated.

eee, µ ! e in nuclei, and ⌧ decays [36, 107, 111, 112, 113, 114, 120] – to translate
the experimental limits on CLFV processes reported in Table II into bounds on the
coe�cients |Ca|/⇤2 of the relevant operators. The diagrams of Figure 4 schematically
show how the dipole operator give also rise to contributions to processes such as `i !

`j`k`k and µ ! e conversion, and vice versa how a 4-fermion operator can contribute to
`i ! `j�. In Table V, we show the bounds for a subset of the operators considered in
[107], obtained by switching on only one operator at a time. The second column reports
bounds on |Ca| for ⇤ = 1 TeV, the third column limits on ⇤ for |Ca| = 1. The well-
known conclusion of an analysis of this kind is that any new dynamics generating CLFV
operators must either (i) feature a strong suppression mechanism (due to loops, small
mixing angles, etc.) yielding |Ca| ⌧ 1, especially if the new particles have TeV-scale
masses, or (ii) lie at very high energy scales, in particular if some of the operators in
Table IV are induced at tree level by unsuppressed couplings between new physics and
SM fields, i.e. |Ca| = O (1). Moreover, we can appreciate the complementarity among
the di↵erent observables, which are more or less sensitive to di↵erent operators, hence
they are able to test di↵erent new physics sources of CLFV. In other words, observing
or not CLFV in di↵erent channels would provide precious information on the underlying
new physics. Given the experimental situation, this is especially true for the observables
involving µ ! e transitions. Let us for instance consider the case of the dipole operator
Qe� as the main source of CLFV. In such a case, Tables V and II show us that the
experimental sensitivity to µ ! eee and µ ! e conversion in nuclei has to be improved

Crivellin et.al, 1312.0634

B-L conserving and lepton flavour violating 

suppressed by two mass powers 
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|Ca| [⇤ = 1 TeV] ⇤ (TeV) [|Ca| = 1] CLFV Process

Cµe
e� 2.1⇥ 10�10 6.8⇥ 104 µ ! e�

Cµµµe,eµµµ
`e 1.8⇥ 10�4 75 µ ! e� [1-loop]

Cµ⌧⌧e,e⌧⌧µ
`e 1.0⇥ 10�5 312 µ ! e� [1-loop]

Cµe
e� 4.0⇥ 10�9 1.6⇥ 104 µ ! eee

Cµeee
``,ee 2.3⇥ 10�5 207 µ ! eee

Cµeee,eeµe
`e 3.3⇥ 10�5 174 µ ! eee

Cµe
e� 5.2⇥ 10�9 1.4⇥ 104 µ�Au ! e�Au

Ceµ
`q,`d,ed 1.8⇥ 10�6 745 µ�Au ! e�Au

Ceµ
eq 9.2⇥ 10�7 1.0⇥ 103 µ�Au ! e�Au

Ceµ
`u,eu 2.0⇥ 10�6 707 µ�Au ! e�Au

C⌧µ
e� 2.7⇥ 10�6 610 ⌧ ! µ�

C⌧e
e� 2.4⇥ 10�6 650 ⌧ ! e�

Cµ⌧µµ
``,ee 7.8⇥ 10�3 11.3 ⌧ ! µµµ

Cµ⌧µµ,µµµ⌧
`e 1.1⇥ 10�2 9.5 ⌧ ! µµµ

Ce⌧ee
``,ee 9.2⇥ 10�3 10.4 ⌧ ! eee

Ce⌧ee,eee⌧
`e 1.3⇥ 10�2 8.8 ⌧ ! eee

Table V. – Bounds on the coe�cients of some of the flavour-violating operators of e IV for

⇤ = 1 TeV , and corresponding bounds on ⇤ (in TeV) for |Ca| = 1. Superscripts refer to the

flavour indices of the leptons appearing in the operators. Adapted from [107, 112, 114].

group (RG) equations – can mix the operators, for instance generating at low energies
some that vanish at the scale ⇤. The e↵ects of the RG running above and below the
EW scale – where a basis of operators invariant under SU(3)c ⇥ U(1)Q only has to be
employed – and the matching have been discussed in detail in [115, 117, 118], where
several examples of the resulting correlations among operators are provided.

Whereas the e↵ective field theory approach briefly introduced in this section is cer-
tainly a useful tool to describe CLFV e↵ects in a generic model-independent way and
study the impact of experimental searches, it is also a↵ected by a limited predictive
power. In fact, within the e↵ective field theory, the coe�cients of di↵erent operators
at high-energy scales are unrelated, while in a specific model they can be instead corre-
lated, since several operators are typically generated by integrating out heavy degrees of
freedom (let’s think for instance at the muon decay and the �-decay 4-fermion operators
both generated by integrating out the W boson). It is therefore fruitful to consider in
addition some specific high-energy theories. The next two sections are devoted to such
a discussion. Finally, let us recall that the e↵ective field theory is a valid approximation
of the full underlying theory only if there is a substantial separation between the energy
scale of the new degrees of freedom and that associated with CLFV processes. This is
not the case if the flavour-violating interactions are mediated by a light new field, e.g. the
gauge boson of a new symmetry. For recent related studies, see [124, 125].

calibbi and signorelli, 1709.00294
Davidson et. al, ’15-‘17
Signer and Pruna,’15-‘17Falkowski et. al, ’15-‘17
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4

are pure gauge (X3) and 78 are four-fermion contact operators ( 4). And there exists 6 dimension-

5 operators which have mixed fermion gauge structure ( 2
X). These operators are further divided

by their chirality. In general they could be vector, scalar, and tensor like  4 operators and are

denoted by V, S, and T superscripts. Not all of the operators contribute to the decay. At tree level

only 6  4 type of operators will generate the Lepton flavour violating neutral pion decay. These

operators are given in table.I. The reason why tensor operators would not contribute will be given

in the next section.

Scalar Vector

O
SRR
ijwt = (¯̀Li`Rj)(q̄LwqRt) O

V LL
ijwt = (¯̀Li�µ`Lj)(q̄Lw�

µ
qLt) O

V LR
ijwt = (¯̀Li�µ`Lj)(q̄Rw�

µ
qRt)

O
SRL
ijwt = (¯̀Li`Rj)(q̄RwqLt) O

V RR
ijwt = (¯̀Ri�µ`Rj)(q̄Rw�

µ
qRt) O

V RL
ijwt = (¯̀Ri�µ`Rj)(q̄Lw�

µ
qLt)

TABLE I: LEFT semileptonic scalar and scalar operators. Notation: `, q for lepton and quark. i,j=e, µ, ⌧

and w, t = u, d, s. For ⇡0
! µ

+
e
� value of i=µ, j=e ,(w, t)=(u,u),(d,d)

IV. MATCHING AND LEPTON FLAVOUR VIOLATING PION DECAY (⇡0
! µe)

Various possible extensions to Standard Model could be envisaged which can result in non

vanishing B(⇡0 ! µ
+
e
�). In this section we will analyse the process in a model independent

manner using scalar and vector LEFT operators given in Table I. Regarding tensor operators, for

quark bilinears that transforms as a tensor the �PT replacement rule is given as,

q̄Lw�
µ⌫
qRt = F1hUwtF

µ⌫
L + F

µ⌫
R Uwti+ iF2hD

µ
UwrU

†
rsD

⌫
Usti+O(p6) , (6)

where F
µ⌫
R = @µr⌫ � @⌫rµ � i[rµ, r⌫ ] and F

µ⌫
L = @µl⌫ � @⌫ lµ � i[lµ, l⌫ ] are the field strength tensors

with rµ and lµ as defined in eq.4. On matching with �PT it can be seen that tensor operators will

always have a photon in the final state and hence will contribute in ⇡0 ! e
+
e
�
� which is measured

and matched with the theoretical value to 0.3� precision. And hence, tensor operators will not be

further discussed here.

For momentum transfers below ⇤QCD, the quark bilinears in scalar and vector LEFT operators

should be matched to �PT Lagrangian given in eq.5. Since we are interested in the Lepton flavour

violating decays of neutral pion, lets consider the Hamiltonian matrix element

h`i`j |O|⇡
0
i , (7)

where the matrix element O corresponds to the LEFT operators that contributes to the process.

Hadronic bilinear - leptonic bilinear 
(LL)(LL)

O
V,LL
eu (ēLp�

µ
eLr)(ūLw�µuLt)

O
V,LL
ed (ēLp�

µ
eLr)(d̄Lw�µdLt)

(RR)(RR)

O
V,RR
eu (ēRp�

µ
eRr)(ūRw�µuRt)

O
V,RR
ed (ēRp�

µ
eRr)(d̄Rw�µdRt)

(LL)(RR)

O
V,LR
eu (ēLp�

µ
eLr)(ūRw�µuRt)

O
V,LR
ed (ēLp�

µ
eLr)(d̄Rw�µdRt)

O
V,LR
ue (ūLp�

µ
uLr)(ēRw�µeRt)

O
V,LR
de (d̄Lp�

µ
dLr)(ēRw�µeRt)

(LR)(LR) + h.c.

O
S,RR
eu (ēLpeRr)(ūLwuRt)

O
S,RR
ed (ēLpeRr)(d̄LwdRt)

O
T,RR
eu (ēLp�

µ⌫
eRr)(ūLw�µ⌫uRt)

O
T,RR
ed (ēLp�

µ⌫
eRr)(d̄Lw�µ⌫dRt)

(LR)(RL) + h.c.

O
S,RL
eu (ēLpeRr)(ūRwuLt)

O
S,RL
ed (ēLpeRr)(d̄RwdLt)

Table 1. Semileptonic LEFT operators involving a charged-lepton bilinear and a quark bilinear.

2 Matching the LEFT to chiral perturbation theory

If we consider the leptonic sector of the LEFT, at leading order in the electromagnetic coupling,
the quark dipole operators and the q

4 and G
3 operators only affect the hadronic vacuum

polarization function. The most interesting non-perturbative effect on the lepton sector is
given by semileptonic q

2
`
2 operators. We consider the subset of LEFT operators involving a

charged-lepton bilinear and a quark bilinear [3], shown in Table 1.
Quark operators in the LEFT Lagrangian can be matched onto operators in the chiral

Lagrangian, as long as the momentum transfer is well below ⇤�. Such a matching has been
extensively used in hadronic weak decays (e.g. see Ref. [23]). The results for scalar and
vector quark bilinears can be obtained from the usual �PT Lagrangian including external
sources [21, 22]. The extension to tensor sources has been derived in Ref. [24].

We quickly remind the reader of the construction of the chiral Lagrangian with external
sources. The massless QCD Lagrangian is supplemented by quark bilinears according to

L = L
M=0

QCD + Lext = L
M=0

QCD + q̄L�
µ
lµqL + q̄R�

µ
rµqR + q̄LSqR + q̄RS

†
qL

+ q̄L�
µ⌫
tµ⌫qR + q̄R�

µ⌫
t
†
µ⌫qL , (2.1)

where q = (u, d, s)T is the three-component column vector of the light quarks and the external
sources rµ, lµ, S, and tµ⌫ are 3 ⇥ 3 matrices in flavor space.2 By promoting the sources to
spurion fields transforming under chiral rotations, one obtains a QCD Lagrangian which is
formally invariant under chiral symmetry, and one then constructs the most general chiral

2Compared with the notation in Ref. [24], we use tµ⌫ ! t†µ⌫ since the LEFT basis uses q̄L�
µ⌫qR operators.

The usual �PT scalar source is � = �2B0S
†.

– 3 –



where p1, p2, k, p3 are respectively the 4-momentum of the leptons 1 and 2, and the 4-momenta of
P1 and P2, P = k + p3 and the hadronic matrix elements are written [28, 49, 50, 51, 52] :

Ṽ µ =
1

2
hP2|q̄i�

µqj |P1i =
1

2
(PµfP1P2

+ (q2) + qµfP1P2
� (q2))

S̃ =
1

2
hP2|q̄iqj |P1i =

1

2

(M2
�m2

3)

(mqi �mqj )
fP1P2
0 (q2)

T̃µ⌫ =
1

2
hP2|q̄i�

µ⌫qj |P1i = �
i

2

(fP1P2
+ (q2)� fP1P2

� (q2))

M⇤ (Pµq⌫ � P ⌫qµ)

T̃ 0 =
1

2

(fP1P2
+ (q2)� fP1P2

� (q2))

M⇤

(10)

For simplicity, we suppressed the q2 dependence of the form factors f+,�,0 in eqn. (9), and the
flavour superscript (⇣ = l1l2qiqj) of the coefficients. Notice there is no interference between ✏S,L
(✏S,R ) and ✏TR (✏TL) because the trace of the product of Dirac matrices involved in tensor and
scalar operators of different chirality vanishes. The form factors and the scalar product in eqn. (9)
are given in appendix B.
For simplicity, we do not give the analytic expression of the integrated semileptonic decay branching
ratio, but only perform the integrals numerically.

4 Covariance matrix

In this section, we use the Branching Ratios (BRs) of eqns (6) and (8) to compute a covariance
matrix, that will give constraints on the coefficients that account for possible interferences. We
note BRexp

2 [BRexp

3 ] the experimental upper limit on the leptonic decay P1 ! l̄1l2 [semileptonic
decay P1 ! P2 l̄1l2] branching ratio and M2 [M3] the associated covariance matrix.
We can write the decay branching ratio of eqn. (6) and (8) in the form

~✏TM�1~✏ = 1 (11)

where ~✏T (~✏) is a row (column) vector of coefficients, and M�1 is the inverse of the covariance
matrix. The explicit form of the 4 ⇥ 4 and 6 ⇥ 6 matrices is given in appendix D. The diagonal
elements of the covariance matrix M represent the squared bounds on our coefficients, and the
off-diagonals elements represent the correlation between coefficients.

Decay Leptonic Semileptonic

K BR
exp
2 (K0

L ! µ
±
e
⌥) < 4.7⇥ 10�12 [16] BR

exp
3 (K+ ! ⇡

+
µ̄e) < 1.3⇥ 10�11

- BR
exp
3 (K+ ! ⇡

+
ēµ) < 5.2⇥ 10�10 [19]

D BR
exp
2 (D0 ! µ

±
e
⌥) < 1.3⇥ 10�8 [17] BR

exp
3 (D+ ! ⇡

+
µ̄e) < 3.6⇥ 10�6

- BR
exp
3 (D+ ! ⇡

+
ēµ) < 2.9⇥ 10�6 [20]

Ds - BR
exp
3 (D+

S ! K
+
µ̄e) < 9.7⇥ 10�6

- BR
exp
3 (D+

S ! K
+
ēµ) < 1.4⇥ 10�5 [20]

B BR
exp
2 (B0 ! µ

±
e
⌥) < 2.8⇥ 10�9 [18] BR

exp
3 (B+ ! ⇡

+
µ
±
e
⌥) < 1.7⇥ 10�7 [21]

- BR
exp
3 (B+ ! K

+
µ
±
e
⌥) < 9.1⇥ 10�8 [22]

Bs BR
exp
2 (B0

S ! µ
±
e
⌥) < 1.1⇥ 10�8 [18] �

Table 1: Experimental bounds on leptonic and semileptonic decays.
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Chiral Lagrangian

2

dimension-6 LEFT operators but only the ones given in table.I contributing to the process.

In this paper we compute the constraint on the scalar and vector dimension-6 LEFT operators

from the lepton family non-conserving pion decays. A brief introduction to �PT Lagrangian and

LEFT are given in sec.II and sec.III respectively. In sec.IV we outline the LEFT-�PT replacement

rules and compute the decay width of neutral pion to Lepton flavour violating states. And in sec.V

we give our results

II. �PT LAGRANGIAN

In this section we give a brief outline of the chiral Lagrangian. For a complete version we refer

the reader to [9, 10]. In the limit of vanishing quark masses the QCD Hamiltonian has an enhanced

symmetry under the chiral group SU(Nf )⇥SU(Nf ), where Nf is the number of quark flavour. This

symmetry is then assumed to be broken by the ground state of the theory to give rise to N
2
f � 1

Goldstone fields. �PT is modeled through the addition of quark bilinears using spurion fields

which are Nf ⇥ Nf hermitian matrices in flavour space, vµ(x), aµ(x), s(x), p(x), tµ⌫(x) associated

with vector, axial vector, scalar, pseudo-scalar and tensor currents respectively. The generating

functional for the Greens function corresponding to the vacuum-to-vacuum transition amplitude is

then obtained from the Lagrangian,

L = L
0
QCD + q̄�

µ
⇣
vµ(x) + aµ(x)

⌘
q � q̄

⇣
s(x)� i�

5
p(x)

⌘
q (1)

+ q̄�
µ⌫
tµ⌫(x)q �

1

16⇡2
✓(x)tr

⇣
Gµ⌫G̃

µ⌫
⌘
,

L
0
QCD = �

1

2g2s
Gµ⌫G

µ⌫ + q̄i�
µ
⇣
@µ � iGµ

⌘
q ,

where Gµ⌫ is the field strength tensor of the gluon (Gµ). The Gµ⌫G̃
µ⌫ opertor term is included for

the anomalies arising from the fermion determinant. It has been concluded from neutron electric

dipole experiments that the value for ✓ must be very close to a multiple of 180o. And will not be

discussed further since it does not directly involve in the ⇡0
! µ

+
e
� process. For future simplicity,

it will be simpler to match with the LEFT operators if we write the above Lagrangian in the chiral

notation,
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dimension-6 LEFT operators but only the ones given in table.I contributing to the process.
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from the lepton family non-conserving pion decays. A brief introduction to �PT Lagrangian and
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where

rµ(x) = vµ(x)� aµ(x) , (3)

lµ(x) = vµ(x) + aµ(x) ,

S(x) = s(x)� ip(x) .

The three light quark mass matrix are contained in S where are the heavy quarks are integrated

out and will not contribute to the low energy e↵ective chiral Lagrangian.

Considering three flavour, Nf = 3, the 8 Goldstone fields corresponding to the spontaneous

symmetry breaking of SU(3)⇥SU(3) to SU(3) is collected in the unitary 3⇥ 3 matrix U(x). This

matrix transforms as

U
0(x) = VRU(x)V †

L(x),

under the chiral SU(3) ⇥ SU(3). In accordance with the above transformation relation we can

write, U(x) = exp

⇣
i
�a�a(x)

F0

⌘
, where �

a are the 8 Goldstone fields, �
a the Gell-Mann matrices

and F0 the pion decay constant. In the non-linear representation in chiral symmetry U(x) can be

written as [11]

U(x) ⌘ exp i
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⇡
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0
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�

K̄
0

�
2⌘p
6
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(4)

The Chiral Lagrangian could be written in terms of these fields as,

wewew (5)

III. LOW-ENERGY EFFECTIVE FIELD THEORY

Low Energy E↵ective Field Theory (LEFT) [12, 13] is modeled to lie between the Stanadrd

Model E↵ective Field Theory (SMEFT) scale and the QCD non-perturbative scale. The top

quark, the Higgs and the massive gauge bosons are integrated out, and hence LEFT has light

quarks, photon and gluon as the dynamical degrees of freedom. Within this framework, running

and mixing of e↵ective operators can be computed using perturbative renormalization-group (RG)

equations up to the ⇤QCD scale below which QCD becomes non-perturbative. At which scale the

theory must be matched with the �PT. There are a total of 80 dimension-6 operators out of which 2

2

such flavour violations are suppressed by
⇣
m⌫/MW

⌘4
. Hence these processes provide a very fertile

place to look for NP with non-standard family interactions.

This process could be better studied by the dimension-6 LEFT scalar and vector operators

in TableI. These operators could be generated by UV physics that contains vector and scalar

Leptoquark, Heavy Higgs, Z’ gauge boson etc.

In this paper we compute the constraint on the scalar and vector dimension-6 LEFT operators

from the lepton family non-conserving pion decays.

II. LEPTON FLAVOUR VIOLATING PION DECAY (⇡
0
! µ

+
e
�
)

Scalar Vector

O
SRR
ijwt = (¯̀Li`Rj)(q̄LwqRt) O

V LL
ijwt = (¯̀Li�µ`Lj)(q̄Lw�

µ
qLt) O

V LR
ijwt = (¯̀Li�µ`Lj)(q̄Rw�

µ
qRt)

O
SRL
ijwt = (¯̀Li`Rj)(q̄RwqLt) O

V RR
ijwt = (¯̀Ri�µ`Rj)(q̄Rw�

µ
qRt) O

V RL
ijwt = (¯̀Ri�µ`Rj)(q̄Lw�

µ
qLt)

TABLE I: LEFT semileptonic scalar and scalar operators. Notation: `, q for lepton and quark. i,j=e, µ, ⌧

and w, t = u, d, s. For ⇡0
! µ

+
e
� value of i=µ, j=e ,(w, t)=(u,u),(d,d)

A. Scalar operator

Since we are interested in the NP that introduces Lepton Flavour violating interaction, the

S-matrix element we consider is

h`i`j |O|⇡
0
i (1)

We are interested in lepton flavor violating decay ⇡
0
! µ

+
e
�. The scalar LEFT operator contri-
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i (2)

where C
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µewt are the Wilson Coe�cients with mass dimension -2.
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†
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µ
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†
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†
UiUtw � 2L7hU

†
�� �

†
UiUtw

+ 2L8(U �
†
U)tw +H2 �tw

o
+O(p6) , (3)

3

Where F0 is the pion decay constant in the chiral limit, B0, Li and Hi are the non-perturbative

low energy pcontants and q=u,d in our case and � = �2B0S
† where ’S’ is mass matrix. Where

U(x) = exp

⇣
i
�a⇡a(x)

F0

⌘
. The matching of q̄RwqLt is hermition conjugate of bilinear q̄LwqRt. Neutral

pion arise from the first order in expansion of U(x) = 1 + i
�a⇡a

F0
. In non-linear representation of

meson nonet in chiral symmetry it can be written as [3]
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Starting from above equation, expanding U to the order 1+i
�a⇡a

F0
and keeping the most dominant

term with ⇡0, we get

O
SRR
µewt = (µ̄LeR)(q̄LwqRt)

= (µ̄LeR)
h
� 2B0

1

4
F

2
0Utw

i
(5)

O
SRL
µewt = (µ̄LeR)(q̄RwqLt)

= (µ̄LeR)
h
� 2B0

1

4
F

2
0U

†
tw

i
(6)

The matrix element for the Lepton flavour violating decay of neutral pion in presence of the

scalar operators is given as

heµ|

⇣
C

SRL
µewtO

SRL
µewt + C

SRR
µewtO

SRR
µewt

⌘
|⇡

0
i = �

⇣
◆B0F0

2

⌘
(CSRR

µeuu � C
SRR
µedd � C

SRL
µeuu + C

SRL
µedd )

⇤ heµ|(µ̄LeR)⇡
0
|⇡

0
i (7)

The corresponding amplitude can be written as

M(⇡0(p1) ! µ
+(p2)e

�(p3)) = �
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2

⌘
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SRR
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SRL
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2
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5)v(pµ) (8)

To compute the decay, the square of the amplitude becomes,
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����
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5)v(pµ)
⌘†
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B
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F

2
0

���
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µeuu � C

SRR
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SRL
µeuu + C

SRL
µedd

⌘���
2⇣

m
2
⇡ �m

2
e �m

2
µ

⌘
(9)
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In principle, for a UV complete model, all the operators should contribute with the appropriate

UV scale, but for simplicity lets consider the scalar and vectors independently.

A. Scalar operator

From Table I, there are only two operators that contribute to the lepton flavour violating pion

decay process. Using these operators, the Hamiltonian given in eq.7 could be written as,

hµe|

⇣
C

SRL
µewtO

SRL
µewt + C

SRR
µewtO

SRR
µewt

⌘
|⇡

0
i (8)

where C
SRL
µewt and C

SRR
µewt are the Wilson Coe�cients.

At low energies the q̄q condenses and at order p
4 in chiral counting, the quark bilinear in the

scalar operators are matched with the chiral Lagrangian. The replacement rule as given in [9, 14]

is,

q̄LwqRt = �2B0

⇢
1

4
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†
D

µ
UiUtw

+ L5(UDµU
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+ 2L8(U �
†
U)tw +H2 �tw

o
+O(p6) , (9)

where F0 is the pion decay constant in the chiral limit, B0, Li and Hi are the non-perturbative

low energy contants and q = u, d in our case. � = �2B0S
† where ’S’ is mass matrix Mq =

diag(mu,md,ms). At leading order F0 and B0 is su�cient to determine the low-energy behaviour.

On the other hand at first order, additional terms are needed. These low energy constants (Li)

are fixed from experimental information on D-wave ⇡⇡ scattering lengths, electro-magnetic charge

radius of the pion, decay of ⇡ ! e⌫�, K⇡ scattering and large-Nc arguments (Zweig rule). The

contact term H2 has no physical significance, but are needed as counter-terms for renormalization.

A more complete expression for a general Lagrangian up to order p4 along with the values computed

for the low-energy constants are given in [10].

We can now match the LEFT operators onto the chiral Lagrangian. To constraint the Wil-

son Coe�cients responsible for the pion decay process, the terms O(p4) in chiral counting are

subdominant [10]. Hence, keeping the expansion to order p2 in eq.9, we get
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µewt = (µ̄LeR)(q̄LwqRt)

= (µ̄LeR)
h
� 2B0
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4
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2
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i
+O(p4), (10)
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In GeV In GeV

m
0
⇡ 134.97⇥10�3

F0 92.3⇥10�3[14]

mµ 105.65⇥10�3
me 0.51⇥10�3

mu 2.16⇥10�3
md 4.67 ⇥10�3

�(⇡0
! µ

+
e
�) 2.97⇥10�18

B0 =
m2

⇡0

mu+md
2.667

TABLE II: Input values in GeV. mu,md values are MS bar masses at 2 GeV. All values are taken from

PDG.

O
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µewt = (µ̄LeR)(q̄RwqLt)

= (µ̄LeR)
h
� 2B0

1

4
F

2
0U

†
tw

i
+O(p4), (11)

in �PT. The quark flavours w, t = u, d, s contribute to the process given in the above equation.

To study the e↵ect of operators eq.10 and eq.11 in ⇡ ! µe, we need to expand the matrix in

eq. 4 to the leading order, 1 + i
�a⇡a

F0
, and the corresponding Hamiltonian element then becomes,

heµ|

⇣
C

SRL
µewtO

SRL
µewt + C

SRR
µewtO

SRR
µewt

⌘
|⇡

0
i = �

⇣
iB0F0

2

⌘
(CSRR

µeuu � C
SRR
µedd � C

SRL
µeuu + C

SRL
µedd )

⇥ heµ|(µ̄LeR)⇡
0
|⇡

0
i (12)

The amplitude, M⇡0µ+e� , for the process computed from the matrix element above, is given as

M(⇡0(p1) ! µ
+(p2)e

�(p3)) = �

⇣
iB0F0

2

⌘
(CSRR

µeuu � C
SRR
µedd � C

SRL
µeuu + C

SRL
µedd )

⇥ ū(pe)
1

2
(1� �

5)v(pµ) . (13)

Using the masses given in table II and eq.13, the decay width of ⇡0
! µ

+
e
� could be directly

computed to be,

�(⇡0
! µ

+
e
�) =

���
⇣
C

SRR
µeuu � C

SRR
µedd � C

SRL
µeuu + C

SRL
µedd

⌘���
2
(6.007⇥ 10�6)GeV5 (14)

 2.97⇥ 10�18

And the constraint on Wilson Coe�cients becomes,
⇣
C

SRR
µeuiui

� C
SRL
µeuiui

⌘
 7.03⇥ 10�7 GeV�2 (15)

where the definitions CSRR
µeuiui

= C
SRR
µeuu � C

SRR
µedd and C

SRL
µeuiui

= C
SRL
µeuu � C

SRL
µedd have been used.

B. Vector operators

The NP can also contribute to the process ⇡
0
! µ

+
e
� through e↵ective vector operators.The

corresponding Lepton Flavour violating Hamiltonian element is,

h`i`j |O|⇡
0
i , (16)
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⇥ ū(pe)
1

2
(1� �

5)v(pµ) . (13)

Using the masses given in table II and eq.13, the decay width of ⇡0
! µ

+
e
� could be directly

computed to be,
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⇣
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B. Vector operators

The NP can also contribute to the process ⇡
0
! µ

+
e
� through e↵ective vector operators.The

corresponding Lepton Flavour violating Hamiltonian element is,

h`i`j |O|⇡
0
i , (16)
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In GeV In GeV

m
0
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mu 2.16⇥10�3
md 4.67 ⇥10�3

�(⇡0
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+
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mu+md
2.667

TABLE II: Input values in GeV. mu,md values are MS bar masses at 2 GeV. All values are taken from

PDG.
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where O is now the vector operators given in table I. Using these operators the above matrix

element could be written as,
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⌘
|⇡

0
i (17)

where C
V LL
µewt , C

V LR
µewt , CV RR

µewt and C
V RL
µewt are the Wilson Coe�cient.

Like for the scalar operators, at low energies the q̄q condenses and then quark bilinear in the

vector operators should be matched with the chiral Lagrangian. The replacement rule for vector

LEFT quark bilinear could be written as,

q̄L�
µ
qL =

i
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2
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†
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†
D

⌫
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†
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µ
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⌫
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†
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⇣
U

†
D
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⇣
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h
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L U
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L D⌫U
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� iL9hD
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L U
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R i+ ✏ terms +O(p6) , (18)

where Fµ⌫
R and F

µ⌫
L are the field strength tensors as defined previously. Similarly q̄R�

µ
qR matching

is same as in eq.18 by replacing U ! U
†, � ! �

†.

To the most dominant term, contributing to the process ⇡0
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+
e
�, in the order in expansion

of chiral Lagrangian becomes,
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⇣
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⇣
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⇣
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⇣
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⌘
(20)

where the neutral pion arises from (DµUU
†)uu !

i
F0
@µ⇡

0
, (DµUU

†)dd ! �
i
F0
@µ⇡

0 and

(DµU
†
U)uu ! �

i
F0
@µ⇡

0
, and (DµU

†
U)dd !

i
F0
@µ⇡

0, in the expansion of U(x) given in eq.4

up to first order in 1
F0
.

Then, to study the e↵ect of the operators in eq. 19 and eq.20 in the Lepton flavour violating
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neutral pion decay process, the matrix element could be derived as,

heµ|

⇣
C

V LL
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V LL
µewt + C

V LR
µewt O
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µewt + C

V RR
µewt O

V RR
µewt + C

V RL
µewt O

V RL
µewt

⌘
|⇡

0
i = (21)

heµ|

⇣
C

V LR
µeuiui

� C
V LL
µeuiui

⌘
(µ̄L�

µ
eL)

F0

2
@µ⇡

0
|⇡

0
i +

heµ|

⇣
C

V RR
µeuiui

� C
V RL
µeuiui

⌘
(µ̄R�

µ
eR)

F0

2
@µ⇡

0
|⇡

0
i

where C
V AB
µeuiui

= C
V AB
µeuu � C

V AB
µedd . For simplicity, lets define

ALL = C
V LR
µeuiui

� C
V LL
µeuiui

(22)

ARR = C
V RR
µeuiui

� C
V RL
µeuiui

The corresponding amplitude can be written as

M(⇡0(p⇡
0
) ! µ

+(pµ)e
�(pe)) =

F0

2

⇣
ALL(ū(pe)�

µ (1� �
5)

2
v(pµ))p

⇡0
µ

+ ARR(ū(pe)�
µ (1 + �

5)

2
v(pµ))p

⇡0
µ

⌘
. (23)

In limit me ! 0, using masses in table. II and eq.23, the decay width of neutral pion decay process

could be computed to be,

�(⇡0
! µ

+
e
�) = (|ALL|

2 + |ARR|
2)⇥ (9.57⇥ 10�9) (GeV)5 (24)

This puts a constraint on the combination of the Wilson Coe�cients as

(|ALL|
2 + |ARR|

2)  3.104⇥ 10�10 (GeV)�4 (25)

V. DISCUSSION

Any data with Lepton flavour violation and Lepton number violating signatures would be a

direct indication of New Physics. Though LFV has been first seen in neutrino oscillations, LNV

searches via 0⌫�� process has provided only null results at best. Moreover the decay K ! ⇡⌫̄⌫

and K
+
! e

+
⌫ [15] constraints the scale LFV operators with quark bilinears to be ⇠ O(100TeV ).

These results will improve with resumed data taking by NA62. Though these operators looks

like they are protected, these symmetries are purely accidental in Standard Model. That is, they

are not imposed by any local gauge quantum number. Hence, any generic extension to SM could

violate them.

In this paper we derive model independent bounds on Lepton flavour violating LEFT operators

in neutral pion decay process. By using LEFT-�PT matching it is clear that only scalar and vector
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ALL(ū(pe)�

µ (1� �
5)

2
v(pµ))p

⇡0
µ

+ ARR(ū(pe)�
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are not imposed by any local gauge quantum number. Hence, any generic extension to SM could

violate them.

In this paper we derive model independent bounds on Lepton flavour violating LEFT operators

in neutral pion decay process. By using LEFT-�PT matching it is clear that only scalar and vector
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neutral pion decay process, the matrix element could be derived as,

heµ|

⇣
C

V LL
µewt O

V LL
µewt + C

V LR
µewt O

V LR
µewt + C

V RR
µewt O

V RR
µewt + C

V RL
µewt O

V RL
µewt

⌘
|⇡

0
i = (21)

heµ|

⇣
C

V LR
µeuiui

� C
V LL
µeuiui

⌘
(µ̄L�

µ
eL)

F0

2
@µ⇡

0
|⇡

0
i +

heµ|

⇣
C

V RR
µeuiui

� C
V RL
µeuiui

⌘
(µ̄R�

µ
eR)

F0

2
@µ⇡

0
|⇡

0
i

where C
V AB
µeuiui

= C
V AB
µeuu � C

V AB
µedd . For simplicity, lets define

ALL = C
V LR
µeuiui

� C
V LL
µeuiui

(22)

ARR = C
V RR
µeuiui

� C
V RL
µeuiui

The corresponding amplitude can be written as

M(⇡0(p⇡
0
) ! µ

+(pµ)e
�(pe)) =

F0

2

⇣
ALL(ū(pe)�

µ (1� �
5)

2
v(pµ))p

⇡0
µ

+ ARR(ū(pe)�
µ (1 + �

5)

2
v(pµ))p

⇡0
µ

⌘
. (23)

In limit me ! 0, using masses in table. II and eq.23, the decay width of neutral pion decay process

could be computed to be,

�(⇡0
! µ

+
e
�) = (|ALL|

2 + |ARR|
2)⇥ (9.57⇥ 10�9) (GeV)5 (24)

This puts a constraint on the combination of the Wilson Coe�cients as

(|ALL|
2 + |ARR|

2)  3.104⇥ 10�10 (GeV)�4 (25)

V. DISCUSSION

Any data with Lepton flavour violation and Lepton number violating signatures would be a

direct indication of New Physics. Though LFV has been first seen in neutrino oscillations, LNV

searches via 0⌫�� process has provided only null results at best. Moreover the decay K ! ⇡⌫̄⌫

and K
+
! e

+
⌫ [15] constraints the scale LFV operators with quark bilinears to be ⇠ O(100TeV ).

These results will improve with resumed data taking by NA62. Though these operators looks

like they are protected, these symmetries are purely accidental in Standard Model. That is, they

are not imposed by any local gauge quantum number. Hence, any generic extension to SM could

violate them.

In this paper we derive model independent bounds on Lepton flavour violating LEFT operators

in neutral pion decay process. By using LEFT-�PT matching it is clear that only scalar and vector



Summary 

We studied   tree level matching of Chiral PT to LEFT 

operators and derived constraints


On them.

In addition to purely leptonic LFV processes,  

LFV in meson decays also provides


Significant constraints. 

A Full Global analysis in the operator basis would be 

An interesting study. 


