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Introduction

Neutrino masses/oscillations () Le, Lµ, L⌧
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Lepton family numbers are not conserved: why not charged 
lepton flavour violation (CLFV):                                                . µ ! e�, ⌧ ! µ�, µ ! eee, etc. ?
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In the SM + neutrino masses, CLFV 
rates suppressed by a factor

CLFV: clear signal of New Physics, stringent test of NP physics 
coupling to leptons, probe of scales way beyond the LHC reach
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In the SM, electroweak interactions are lepton flavour universal

and (with massless neutrinos) lepton flavour conserving
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CLFV has been sought for more than 70 years…
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Belle II prospects for tau LFV

Belle II Snowmass, arXiv:2207.06307
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(limited by ISR bg)
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→ cf. Soeren’s lecture



Introduction

What if we haven’t searched (enough) in the right place?

Definitely worth to keep searching for these “standard” modes

→ cf. Jure’s lecture and Marco’s talk

but…

New Physics (NP) may be light and/or “dark”

Lorenzo Calibbi (Nankai)LFV in tau decays & new mediators

→ cf. Stefania’s lectures and Olcyr’s talk



Motivation

Dark Matter exists! (About 27% of the energy of the universe)

DM direct detection searches and LHC searches for heavy new 
physics are giving increasingly tight constraints on WIMP models

This is why people increasingly focus also on other paradigms,        

e.g. axions, dark photons, light DM/light dark sectors etc.

Lorenzo Calibbi (Nankai)LFV in tau decays & new mediators

E.g. : axion-like-particles (ALPs) (often flavour-violating) arise in 
a broad class of models with spontaneously broken global U(1)



• ALPs ~ (pseudo) Nambu-Goldstone bosons are naturally light and interact 
weakly with the SM (couplings suppressed by the U(1)-breaking scale fa)


• Many scenarios motivated by outstanding problems of the SM

(strong CP problem → PQ symmetry → axion, neutrino masses →  lepton 
number →  majoron, fermion hierarchies → family symmetry → familon, … ) 


• Model-independently, the couplings to the SM fermions are of the form:


• Flavour-violating couplings can arise from loops or automatically if 
fermions have non-universal U(1) charges (e.g. flaxion/axiflavon)


• They can be DM candidates (accounting for the observed DM abundance 
through the misalignment or the freeze-in mechanism) or they can serve 
as portals to a light DM sector, e.g. :

Lorenzo Calibbi (Nankai)LFV in tau decays & new mediators

Flavour-violating axion-like-particles

In this article we update and discuss future prospects to the most general couplings of a

(pseudo-) Nambu-Goldstone boson (PNGB) couplings to SM leptons. The Lagrangian is

given by

Laff =
@µa

2fa
f̄i�

µ(CV
fifj + CA

fifj�5)fj , (1.1)

where CV,A
fifj

are hermitian matrices in flavor space1 and a is the PNGB, with mass ma ⌧

GeV. In particular we will be interested in the regime where ma ⌧ eV. Moreover, we will

always assume that the PNGB is a stable, invisible particle, which in particular is the case

for a QCD axion with mass ma ⌧ eV.

In the spirit of e.g. Ref. [1], we will not assume any relations between the couplings in

Eq. (1.1), and discuss the experimental bounds and prospects separately. For these 6+3

couplings we introduce the short-hand

F V,A
`i`j

=
2fa

CV,A
`i`j

, F`i`j =
2faq

|CV
`i`j

|2 + |CA
`i`j

|2
. (1.2)

2 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the (in-

visible) PNGB in the final state. The corresponding decay width is given by (for simplicity

in the limit where the mass of the final state lepton is neglected, m`j = 0)

�(`i ! `j a) =
1

16⇡

m3
`i

F 2
`i`j

 
1�

m2
a

m2
`i

!2

, (2.1)

while the di↵erential decay rate reads (in the same limit)

d�(`i ! `j a)

d cos ✓
=

m3
`i

32⇡F 2
`i`j

 
1�

m2
a

m2
`i

!2 "
1 + 2P cos ✓

CV
`i`j

CA
`i`j

(CV
`i`j

)2 + (CA
`i`j

)2

#
, (2.2)

where P is the polarization of the decaying leptons, and ✓ is the angle between the polar-

ization vector and the momentum of the final state lepton.

[LC: All the discussion below assumes a practically masseless a. Shall we try to gen-

eralise it to heavier a?]

2.1 Muon decays: FA,V
µe

The current best bound on the FV decay of the muon mediated by a PNGB comes from

an experiment [6] at TRIUMF where 1.8⇥ 107 µ+ were collected:

BR(µ ! e a) '
�(µ ! e a)

�(µ ! e⌫⌫̄)
< 2.6⇥ 10�6 (90% CL) ) Fµe & 5.5⇥ 109 GeV. (2.3)

1Note that the diagonal vector couplings are unphysical, as they can be absorbed by non-anomalous

fermion field redefinitions. [JZ: Can’t we simply say that they vanish by EOM?] [RZ: Is it clear that this is

always equivalent?]

– 2 –
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Flavour-violating axion-like-particles

dark fermion

2-body flavour-violating decays into a long-lived/invisible ALP
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K ! ⇡a, D ! ⇡a, B ! Ka, µ ! ea, ⌧ ! µa, . . .

Signature at flavour experiments:
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• Decays mediated by dimension-5 operators: much larger NP scales can be 
reached than with µ → eγ, µ → eee etc. (from dim-6 operators)


• Mu/tau/astro interplay: if ma > m𝜇 the only constraints come from 𝜏 decays…

Summary of searches for LFV invisible ALPs

µ ! ea
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in order to ensure good momentum resolution and trigger 
conditions. 

The following restrictions were made to reduce the two 
photon and QED backgrounds to a negligible level. We ap- 
plied a cut on a relation between the transverse momentum 
balance and the total visible momentum of the charged par- 
ticles [8] 
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where pm~ is the transverse momentum of the i-th particle. 
The shower energy of  all charged particles on the three- 
prong side released in the calorimeter was limited to 3.5 
GeV. On the three-prong side the cosine of  the angle be- 
tween oppositely charged particles was required to be less 
than 0.992. To decrease the qq contamination we allowed no 
more than two photons on the 3-prong side. 

In a second selection stage we applied cuts specific to the 
decay channels m -+ euF  and m --~ #uF correspondingly. 

Electrons were required to have momenta greater than 
400 MeV/c. In this region the detection efficiency is about 
90% and the pion fake rate is 0.5% [4]. The polar angle 0~i~ 
of the missing momentum was restricted by the requirement 
%- cos(0~is)  _> - 0 . 9 ,  where qe is the charge of the detected 
electron (positron). We have allowed no more than one pho- 
ton on the one prong side. The photon energy was limited 
to 300 MeV. The electron sample consisted of 5055 events 
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with 25 and 17 events resulting from qq contamination and 
pion misidentification, respectively. 

For the muon sample the selection procedure depended 
on the lepton momentum. Muon candidates with laboratory 
momentum Pl~b > 1.5 G e V / c  were required to have hit at 
least one chamber of the outer layer. In this case the detec- 
tion efficiency is about 85% and pion fake rate is 2.5%. To 
suppress the r -+ euF decay contribution the electron like- 
lihood ratio of the charged track was required to be less than 
0.5. In order to suppress background from r --+ pu~ we re- 
quired that no photons be present on the one-prong side and 
that the shower energy associated with the charged track be 
less than 0.5 GeV. The use of the r pseudo rest frame method 
enables the separation of  muons from the background at lab- 
oratory momenta Plab below 1.5 GeV/c, where identification 
strategies based on muon penetration through absorber do 
not work. The backgrounds in this momentum range are 
mainly due to one-prong r decays into hadrons. A major 
fraction of two-body  hadronic r decays peaks in the high 
momentum region in the r pseudo rest frame. This com- 
ponent was rejected by requiring Pv~ < 0.6 GeV/c .  The 
number of  events for each part of the muon spectrum is pre- 
sented in Table 2. The efficiency corrected and background 
subtracted spectra of electrons and muons in the r pseudo 
rest frame are shown in Fig. 2 and 3. 

The background contributions from the r decays and 
the acceptance for the investigated r decays were estimated 
from Monte Carlo using the KORALB/TAUOLA generator, 
the ARGUS detector simulation and subsequent event recon- 
struction [10-13]. The r decays into a lepton and an unob- 
servable particle c~ were generated according to the available 
phase space. 

The efficiency corrected experimental spectra were fit to 
a sum of the theoretical expectations for 3 -  and 2 -body  r 
decays for different masses of o~. We have found no excess 
expected for the r---+ gc~ decays in the whole kinemati- 
cally allowed region of c~ mass. The upper limits on the 
ratio of the branching fraction of the decay m --+ gc~ to de- 
cay r ---+ guF were obtained by a least squares method as 
a function of c~ mass. In Fig. 4 the results are presented 
in terms of  the ratio of the branching fraction of 2 -body  
decay m ---+ gc~ to the branching fraction of 3 -body  decay 
T --~ ~ / J ~  . 

In summary, a detailed study of the lepton momen- 
tum spectra for r decays into a lepton and an unobserv- 
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in order to ensure good momentum resolution and trigger 
conditions. 

The following restrictions were made to reduce the two 
photon and QED backgrounds to a negligible level. We ap- 
plied a cut on a relation between the transverse momentum 
balance and the total visible momentum of the charged par- 
ticles [8] 

4 

i=1 

((e )') > 4.5  9 p~  9 c _ 0.55 +0.1 G e V / c  
i=1 E c r n s  

where pm~ is the transverse momentum of the i-th particle. 
The shower energy of  all charged particles on the three- 
prong side released in the calorimeter was limited to 3.5 
GeV. On the three-prong side the cosine of  the angle be- 
tween oppositely charged particles was required to be less 
than 0.992. To decrease the qq contamination we allowed no 
more than two photons on the 3-prong side. 

In a second selection stage we applied cuts specific to the 
decay channels m -+ euF  and m --~ #uF correspondingly. 

Electrons were required to have momenta greater than 
400 MeV/c. In this region the detection efficiency is about 
90% and the pion fake rate is 0.5% [4]. The polar angle 0~i~ 
of the missing momentum was restricted by the requirement 
%- cos(0~is)  _> - 0 . 9 ,  where qe is the charge of the detected 
electron (positron). We have allowed no more than one pho- 
ton on the one prong side. The photon energy was limited 
to 300 MeV. The electron sample consisted of 5055 events 
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with 25 and 17 events resulting from qq contamination and 
pion misidentification, respectively. 

For the muon sample the selection procedure depended 
on the lepton momentum. Muon candidates with laboratory 
momentum Pl~b > 1.5 G e V / c  were required to have hit at 
least one chamber of the outer layer. In this case the detec- 
tion efficiency is about 85% and pion fake rate is 2.5%. To 
suppress the r -+ euF decay contribution the electron like- 
lihood ratio of the charged track was required to be less than 
0.5. In order to suppress background from r --+ pu~ we re- 
quired that no photons be present on the one-prong side and 
that the shower energy associated with the charged track be 
less than 0.5 GeV. The use of the r pseudo rest frame method 
enables the separation of  muons from the background at lab- 
oratory momenta Plab below 1.5 GeV/c, where identification 
strategies based on muon penetration through absorber do 
not work. The backgrounds in this momentum range are 
mainly due to one-prong r decays into hadrons. A major 
fraction of two-body  hadronic r decays peaks in the high 
momentum region in the r pseudo rest frame. This com- 
ponent was rejected by requiring Pv~ < 0.6 GeV/c .  The 
number of  events for each part of the muon spectrum is pre- 
sented in Table 2. The efficiency corrected and background 
subtracted spectra of electrons and muons in the r pseudo 
rest frame are shown in Fig. 2 and 3. 

The background contributions from the r decays and 
the acceptance for the investigated r decays were estimated 
from Monte Carlo using the KORALB/TAUOLA generator, 
the ARGUS detector simulation and subsequent event recon- 
struction [10-13]. The r decays into a lepton and an unob- 
servable particle c~ were generated according to the available 
phase space. 

The efficiency corrected experimental spectra were fit to 
a sum of the theoretical expectations for 3 -  and 2 -body  r 
decays for different masses of o~. We have found no excess 
expected for the r---+ gc~ decays in the whole kinemati- 
cally allowed region of c~ mass. The upper limits on the 
ratio of the branching fraction of the decay m --+ gc~ to de- 
cay r ---+ guF were obtained by a least squares method as 
a function of c~ mass. In Fig. 4 the results are presented 
in terms of  the ratio of the branching fraction of 2 -body  
decay m ---+ gc~ to the branching fraction of 3 -body  decay 
T --~ ~ / J ~  . 

In summary, a detailed study of the lepton momen- 
tum spectra for r decays into a lepton and an unobserv- 

□ 𝜏 → ea

■ 𝜏 → 𝜇a

ma ≈ 0 : 

<latexit sha1_base64="q+9f7FqH2kSSMfa4HHZGUUH0458="></latexit>

BR(⌧ ! µa) < 4.7⇥ 10�4 (90% CL) ) fa/C
V,A
µ⌧ > 5.1⇥ 106 GeV

<latexit sha1_base64="VfjsOoJC752BIIk572t4KvO8Sss="></latexit>

BR(⌧ ! e a) < 7.6⇥ 10�4 (90% CL) ) fa/C
V,A
e⌧ > 4.0⇥ 106 GeV

up to O(10) improvement!
Belle II 2023 (62.8 fb-1)

A challenging search:

tau momentum / rest frame 

cannot be exactly reconstructed

BG: ordinary              . 
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⌧ ! `⌫⌫̄Taus vs. muons: Life is not easy at muon experiments either

However, they have certain advantages:


• Muons long-lived: they can work with high-intensity beams              , 
they can stop muons on targets and let them decay at rest


• Muons long-lived: smaller width implies higher sensitivity to NP scale

• Muon beams easily polarised: this can enhance the sensitivity


Open question: could Belle II use information on the tau 

polarisation to increase the sensitivity too?


Let’s have a look at how it works in the muon case…
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> 108 µ/s

Lorenzo Calibbi (Nankai)LFV in tau decays & new mediators

https://link.springer.com/article/10.1007/BF01579801
https://arxiv.org/pdf/2212.03634.pdf


𝜇 → e a: signal and background

µ
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Figure 1: Cartoon summarizing the relevant kinematical variables describing the decay

of a polarized µ
+ in the Standard Model in the convention of this paper. [DR: try to get

circles good!]

a monocromatic positron line with momentum

pe =

s✓
m2

µ �m2
a +m2

e

2mµ

◆2

�m2
e (3.1)

The angular distribution of the positrons for the signal will depend on the initial muon

polarization and the chiral structure of the ALP interactions. In particular we will discuss

3 cases leading to a qualitative di↵erent phenomenology: i) the isotropic ALP has either

C
V
µe = 0 or CA

µe = 0 and the angular distribution of the positrons in the final state is always

isotropic independently on the muon polarization. ii) the left/right-handed ALP couples

only to the left/right-handed SM fermions and as a consequence C
V
µe = �C

A
µe for the left-

handed and C
V
µe = +C

V
µe for the right-handed. In this case the angular distribution is

proportional to ⇠ (1⌥P cos ✓) in the left/right-handed case as can be seen from Eq. (2.4).

For µ+
! e

+ + invisible the SM background comes from the three-body muon decay

through an o↵-shell W+ which produces the so-called Michel spectrum

d2�(µ+
! e

+
⌫e ⌫̄µ)

dxe d cos ✓
' �µ ((3� 2xe)� Pµ(2xe � 1) cos ✓)x2e , (3.2)

where xe = 2Ee/mµ is defined such that 0  xe  1, and again ✓ is the angle between muon

polarization vector and the positron momentum in the muon rest frame. The total width

of the muon is �µ '
m5

µG
2
F

192⇡3 = 3⇥ 10�10 eV. In writing Eq. (3.2), we assumed that the new

physics scale is su�ciently high to suppress any significant modification of the muon three

body decay properties. This is certainly the case for the physics targets we have in mind

here. We refer to [34, 35] for excellent reviews of the SM muon properties.

For Pµ = 0 the SM background in Eq. (3.2) is peaked at E
line
e = mµ/2 which corre-

sponds to xe = 1. However, the muon flux in low energy muon beamlines such as those at

TRIUMF or PSI is dominated by the muons produced by the pion at rest at the surface of

the production target. The muons produced from a pion decaying at rest in ⇡
+
! µ

+ + ⌫

are 100% polarized in the direction opposite to the muon momentum (i.e Pµ = �1 in the

– 6 –

µ
+
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Figure 1: Cartoon summarizing the relevant kinematical variables describing the decay

of a polarized µ
+ in the Standard Model in the convention of this paper. [DR: try to get

circles good!]

a monocromatic positron line with momentum
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e
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The angular distribution of the positrons for the signal will depend on the initial muon

polarization and the chiral structure of the ALP interactions. In particular we will discuss

3 cases leading to a qualitative di↵erent phenomenology: i) the isotropic ALP has either

C
V
µe = 0 or CA

µe = 0 and the angular distribution of the positrons in the final state is always

isotropic independently on the muon polarization. ii) the left/right-handed ALP couples

only to the left/right-handed SM fermions and as a consequence C
V
µe = �C

A
µe for the left-

handed and C
V
µe = +C

V
µe for the right-handed. In this case the angular distribution is

proportional to ⇠ (1⌥P cos ✓) in the left/right-handed case as can be seen from Eq. (2.4).

For µ+
! e

+ + invisible the SM background comes from the three-body muon decay

through an o↵-shell W+ which produces the so-called Michel spectrum

d2�(µ+
! e

+
⌫e ⌫̄µ)

dxe d cos ✓
' �µ ((3� 2xe)� Pµ(2xe � 1) cos ✓)x2e , (3.2)

where xe = 2Ee/mµ is defined such that 0  xe  1, and again ✓ is the angle between muon

polarization vector and the positron momentum in the muon rest frame. The total width

of the muon is �µ '
m5

µG
2
F

192⇡3 = 3⇥ 10�10 eV. In writing Eq. (3.2), we assumed that the new

physics scale is su�ciently high to suppress any significant modification of the muon three

body decay properties. This is certainly the case for the physics targets we have in mind

here. We refer to [34, 35] for excellent reviews of the SM muon properties.

For Pµ = 0 the SM background in Eq. (3.2) is peaked at E
line
e = mµ/2 which corre-

sponds to xe = 1. However, the muon flux in low energy muon beamlines such as those at

TRIUMF or PSI is dominated by the muons produced by the pion at rest at the surface of

the production target. The muons produced from a pion decaying at rest in ⇡
+
! µ

+ + ⌫

are 100% polarized in the direction opposite to the muon momentum (i.e Pµ = �1 in the

– 6 –

from star cooling and SN1987a, comparing these with the reach of LFV decays. In Sec. 7

go through models where LFV violation arises naturally: in Sec. 7.1 we discuss the LFV

DFSZ axion, in Sec. 7.2 the LFV familon/axiflavon and in Sec. 7.3 the Majoron. In Sec. 8

we conclude highlighting the future studies we would like to perform to assess the reach of

our MEGII-forward.

2 Setting up the Notation

In this article we update and discuss future prospects to the most general couplings of a

(pseudo-) Nambu-Goldstone boson (PNGB) couplings to SM leptons. The Lagrangian is

given by

Leff =
X

i

@µa

2fa
¯̀
iC

A
`i�5`i +

X

i 6=j

@µa

2fa
f̄i�

µ(CV
`i`j + C

A
`i`j�5)`j , (2.1)

where CA
`i
is a vector and C

V,A
`i`j

are hermitian matrices in flavor space3 and a is the PNGB,

with mass ma . m⌧ . In the spirit of e.g. Ref. [5], we will not assume any relations between

the couplings in Eq. (2.1), and discuss the experimental bounds and prospects separately.

For these 6+3 couplings we introduce the short-hand notation

F
V,A
`i`j

=
2fa

C
V,A
`i`j

, F`i`j =
2faq

|CV
`i`j

|2 + |CA
`i`j

|2
. (2.2)

When kinematically allowed, the couplings in Eq. (2.1) give rise to LFV decays with the

(invisible) PNGB in the final state. The corresponding total decay width is given by (for

simplicity in the limit where the mass of the final state lepton is neglected, m`j = 0)

�(`i ! `j a) =
1

16⇡

m
3
`i

F
2
`i`j

 
1�

m
2
a

m
2
`i

!2

, (2.3)

while the di↵erential decay rate reads (in the same limit)

d�(`i ! `j a)

d cos ✓
=

m
3
`i

32⇡F 2
`i`j

 
1�

m
2
a

m
2
`i

!2 "
1 + 2P`i cos ✓

C
V
`i`j

C
A
`i`j

(CV
`i`j

)2 + (CA
`i`j

)2

#
, (2.4)

where P`i = ⌘̂ · ẑ is the polarization ⌘̂ of the decaying leptons with respect to the direction

of the beam axis ẑ, and ✓ is the angle between the polarization vector of the muon and the

momentum of the final state lepton.

The total width of the ALP can be computed as a function of his mass summing up

the di↵erent contributions

�tot(ma) ' �(a ! ��) +
X

j=1,2

�(a ! `i`j) , (2.5)

3Note that we are setting to zero the diagonal vector couplings. These can be absorbed by fermion field

redefinitions that are anomalous only under SU(2), and thus a↵ect only the PNGB couplings to electroweak

gauge bosons.
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Signal: monochromatic positron with

Differential decay rate:

Michel spectrum:
xe =

2pe
mµ
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Figure 1: Cartoon summarizing the relevant kinematical variables describing the decay

of a polarized µ
+ in the Standard Model in the convention of this paper. [DR: try to get

circles good!]

a monocromatic positron line with momentum
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The angular distribution of the positrons for the signal will depend on the initial muon

polarization and the chiral structure of the ALP interactions. In particular we will discuss

3 cases leading to a qualitative di↵erent phenomenology: i) the isotropic ALP has either

C
V
µe = 0 or CA

µe = 0 and the angular distribution of the positrons in the final state is always

isotropic independently on the muon polarization. ii) the left/right-handed ALP couples

only to the left/right-handed SM fermions and as a consequence C
V
µe = �C

A
µe for the left-

handed and C
V
µe = +C

V
µe for the right-handed. In this case the angular distribution is

proportional to ⇠ (1⌥P cos ✓) in the left/right-handed case as can be seen from Eq. (2.4).

For µ+
! e

+ + invisible the SM background comes from the three-body muon decay

through an o↵-shell W+ which produces the so-called Michel spectrum

d2�(µ+
! e

+
⌫e ⌫̄µ)

dxe d cos ✓
' �µ ((3� 2xe)� Pµ(2xe � 1) cos ✓)x2e , (3.2)

where xe = 2Ee/mµ is defined such that 0  xe  1, and again ✓ is the angle between muon

polarization vector and the positron momentum in the muon rest frame. The total width

of the muon is �µ '
m5

µG
2
F

192⇡3 = 3⇥ 10�10 eV. In writing Eq. (3.2), we assumed that the new

physics scale is su�ciently high to suppress any significant modification of the muon three

body decay properties. This is certainly the case for the physics targets we have in mind

here. We refer to [34, 35] for excellent reviews of the SM muon properties.

For Pµ = 0 the SM background in Eq. (3.2) is peaked at E
line
e = mµ/2 which corre-

sponds to xe = 1. However, the muon flux in low energy muon beamlines such as those at

TRIUMF or PSI is dominated by the muons produced by the pion at rest at the surface of

the production target. The muons produced from a pion decaying at rest in ⇡
+
! µ

+ + ⌫

are 100% polarized in the direction opposite to the muon momentum (i.e Pµ = �1 in the

– 6 –

ma (MeV)
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signal anisotropy depends on the chirality of the couplings

𝜇 polarisation
And “surface” muons are highly polarised (produced by pion decays at rest on the 

surface of the production target) → the SM background can be suppressed

Lorenzo Calibbi (Nankai)LFV in tau decays & new mediators

How do we measure !"?

!4

Our particles then interact with external magnetic fields such that

and this makes their spin precess about the field direction
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~B

Measuring the precession frequency allows to determine g

From now on, let’s focus on muons:

We can produce muons by protons hitting a target → pions → pion decays:

π+
Storage

Ring

Protons
from AGS

Target

Pions
p=3.1 GeV

π+ → µ+νµ

Inflector

Polarized Muons
Injection Point

Kicker
Modules

Injection Orbit

Storage Ring Orbit

νµ µ+

⇒ ⇐ spin
momentum

In Pion Rest Frame

“Forward” Decay Muons
are highly polarized

Fig. 4. The schematics of muon injection and storage in the g − 2 ring.

magnetic field !B where they travel in a circle. The ring 5 is a toroid–shaped structure with a diameter of 14
meters, the aperture of the beam pipe is 90 mm, the field is 1.45 Tesla and the momentum of the muon is
pµ = 3.094 GeV. In the horizontal plane of the orbit the muons execute a relativistic cyclotron motion with
angular frequency ωc. By the motion of the muon magnetic moment in the homogeneous magnetic field the
spin axis is changed in a particular way as described by the Larmor precession. After each circle the muon’s
spin axis changes by 12’ (arc seconds), while the muon is traveling at the same momentum (see Fig. 3). The
muon spin is precessing with angular frequency ωs, which is slightly bigger than ωc by the difference angular
frequency ωa = ωs − ωc.

ωc =
eB

mµ γ
, ωs =

eB

mµ γ
+ aµ

eB

mµ
, ωa = aµ

eB

mµ
, (23)

where γ = 1/
√

1 − v2 is the relativistic Lorentz factor and v the muon velocity. In the experiment ωa and
B are measured. The muon mass mµ is obtained from an independent experiment on muonium, which is a
(µ+e−) bound system. Note that if the muon would just have its Dirac magnetic moment g = 2 (tree level)
the direction of the spin of the muon would not change at all.

In order to retain the muons in the ring an electrostatic focusing system is needed. Thus in addition to the
magnetic field !B an electric quadrupole field !E in the plane normal to the particle orbit must be applied.
This transversal electric field changes the angular frequency according to

!ωa =
e

mµ

(

aµ
!B −

[

aµ − 1

γ2 − 1

]

!v × !E

)

. (24)

This key formula for measuring aµ was found by Bargmann, Michel and Telegdi in 1959 [70,96]. Interestingly,
one has the possibility to choose γ such that aµ − 1/(γ2 − 1) = 0, in which case ωa becomes independent of
!E. This is the so–called magic γ. When running at the corresponding magic energy, the muons are highly
relativistic, the magic γ-factor being γ =

√

1 + 1/aµ = 29.3. The muons thus travel almost at the speed
of light with energies of about Emagic = γmµ ' 3.098 GeV. This rather high energy, which is dictated by
the requirement to minimize the precession frequency shift caused by the electric quadrupole superimposed
upon the uniform magnetic field, also leads to a large time dilatation. The lifetime of a muon at rest is
2.19711 µs, while in the ring it is 64.435 µs (theory) [64.378 µs (experiment)]). Thus, with their lifetime
being much larger than at rest, muons are circling in the ring many times before they decay into a positron

5 A picture of the BNL muon storage ring may be found on the Muon g−2 Collaboration Web Page http://www.g-2.bnl.gov/
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Neutrinos are only left-handed, 
pions have spin 0, muons 
must be left-handed too

highly polarised 

muon beam

mass lifetime decay
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mµ ⇡ 106 MeV
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⌧µ ⇡ 2.2 µs
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µ� ! e� ⌫̄e ⌫µ (⇡ 100%)
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~N = ~µ⇥ ~Btorque



SEARCH FOR RIGHT-HANDED CURRENTS IN MUON DECAY 

TABLE I. Values of the muon-decay parameters p, 77, g, and 6 in the V - A model and in the mani- 
festly left-right-symmetric (LRS) model with massless neutrinos. Their world-average experimental 
values (Ref. 21) prior to our experiment are also listed. The values in the LRS model are given to the 
lowest order in the mass-squared ratio E and mixing angle f for the gauge bosons W I  and W2. 

Decay V - A  Value in 
parameter value the LRS model Experimental value 

- 

'P, is the muon longitudinal polarization from a+ decay at rest. 

P, in the y+  rest frame is T-8. The world-average to - 1, 0, and + 1. The spectrum for unpolarized muons 
values2' of the muon-decay parameters p, r ] ,  (, and 6 mea- corresponds to the cosO=O curve, whose sharp edge at 
sured prior to our experiment are given in Table I. Also x = 1 played an important role in the spectrometer 
given there are their values in the L-R-symmetric model, momentum calibration. For cos@= 1, angular-momentum 
to lowest order in E and [. The V  - A values correspond conservation forces the V - A rate to vanish. The V  + A 
to e=C=O. 

The first-order electromagnetic corrections to the 
muon-decay spectrum are of order a ln(mP2/me2) (several 
76). They can be computed accurately with the four- 
fermion contact interaction ~ a m i l t o n i a n , ~ ~  since the 
heavy intermediate vector bosons contribute negligible ad- 
ditional terms23 of order a(m, /m )2. The first-order 
corrections have been computed for the general Fermi in- 
t e r a ~ t i o n , ~ ~  and this general expression was used in Monte 
Carlo simulations to verify the accuracy of the analysis 
method. For the analysis itself only the V  - A corrections 

spectrum at cose is equivalent to the V-A spectrum at 
( -cosf?). The region of greatest experimental sensitivity 
to an admixture of right-handed currents is therefore near 
x = 1 and c o d =  1, where the V - A  rate vanishes while 
the V+A rate is maximum. The experiment was 
designed to measure the positron spectrum for x > 0.85 
and cos0 > 0.95. 

The data analysis was based on a simple property of the 
muon-decay spectrum: if the weak interaction is predom- 
inantly V  - A, with a small admixture of V + A, scalar, 
tensor, or pseudoscalar currents, then the positron spec- 

were needed. trum near the end point, for cose = 1, can be expressed as 
The radiatively corrected muon-decay spectrum for a a sum of the P, cos6= 1 V -A spectrum, which vanishes 

pure V  - A  interaction is shown in Fig. 2 for cose equal linearly at x = 1, and the P, cosB=O V  - A  spectrum, 
which is flat near x = 1 with a step to zero at the end 

2.0 1 point. The relative size of the step at the end point is 
1 -{P, c o d  6 /p .  Measurement of the rate as a function 

I effects of cos0 allows us to extract (P,S/p. 
We introduce 

0 1.6 
0 1 w P = l - Q  u 3 P ,  ' case. - 1  
L 1.4C - 
w 6=1-'6 
a I 3 9 

with p=8 = 0 for a pure V - A  interaction, and the decay 
spectra: S(x,P, cose) is the spectrum for an arbitrary 
weak coupling (i.e., arbitrary values of {,p,6); SVPA (x, 1 ) 
is the V - A  spectrum at P,cose=l, S V - A ( ~ , O )  is the 
V  - A spectrum at P, cose=O. The latter two spectra are 
normalized to S(x,P,, cose). Ignoring the 7 term in (2.11, 
which is negligible near the end point, and ignoring radia- 
tive corrections, we can write 
S(x,P@ C O S ~ ) = ~ ( ~ ) S V - A ( X ,  1 ) + r ( 6 ) S y - A ( ~ , 0 )  (2.2) 
where 

q ( 9)  = CP, C O S ~  - +Z[P, C O S ~  + +p , (2.3) 
Reduced pos~tron energy x 

and r ( 9 )  is the relative rate at the end point: 
FIG. 2. The V - A radiatively corrected muon-decay spec- r ( e ) = (  1 -(P, C O S ~ ) + ~ { P ,  case-p. (2.4) 

trum plotted for c o d =  + 1, 0, and - 1, where T -  B is the angle 
between the positron direction and the muon spin. The effects TO lowest order in p, 3, and ( 1 - P, C O S ~ ) ,  r ( 6 )  and q ( 9 )  
of radiative corrections are also indicated. take the simpler forms 

Search for RH currents with 1.8×107 polarised 𝜇+• Jodidio et al. (TRIUMF) 1986 A. JODIDIO et al. 

(2.5) 

and 

When radiative corrections are included, the exact rela- 
tion (2.2) becomes only an approximation, as does (2.5). 
For the fitting procedure to be described in Sec. VA, and 
for a spectrum given by a combination of only V + A and 
V - A effective couplings, the radiative corrections were 
found to have only a negligible effect on r (8 ) .  When this 
experiment is used for setting limits on the presence of 
other effective weak couplings, one expects that, when all 
couplings are taken into account, the radiative corrections 
likewise do not introduce a significant additional sys- 
tematic error. Calculations to check this expectation must 
be made specifically for the particular combination of 
couplings being investigated, and so are not included here. 

The highly polarized muons in our experiment were 
supplied by a "surface" muon beam,25 derived from pions 
decaying at rest near the surface of the production target. 
Right-handed currents would reduce the muon polariza- 
tion in pion decay to P,, = 1 -2(e+f12 (assuming mani- 
fest left-right symmetry). Including this effect, our final 
result is given to lowest order in E and f by 

Since we' are unable to correct for all possible sources of 
muon depolarization, our result should be interpreted as a 
lower limit on { P W 6 / p .  

111. EXPERIMENTAL METHOD 

A. Overview 

The experiment was performed in the M13 beamline of 
the TRIUMF cyclotron. Surface muons were transported 
in vacuum to a stopping target in the muon polarimeter, 
shown in Fig. 3. High-purity metal foils (Ag, Al, Au, Cu) 
and liquid He were selected as stopping targets, since in 
these materials muonium (,u+ -e - atom) formation, lead- 
ing to muon depolarization, is strongly suppressed. 

The target region was immersed either in a strong long- 
itudinal "spin-holding" field (0.3 or 1.1 T) aligned oppo- 
site to the nominal beam direction, or a vertical (70 or 110 
G )  spin-precessing field. The longitudinal field quenched 
the muon depolarization in muonium via the Paschen- 
Back effect. The data collected with the longitudinal field 
were used to measure the rate at the spectrum end point, 
and data with the spin-precessing field were used in the 
momentum calibration of the spectrometer. 

The angular acceptance for positrons was significantly 
increased by the downstream portion of the solenoid, 
which served as a solenoidal field lens, focusing the posi- 
trons into the dipole magnet spectrometer. The septum 
between the target and solenoid bore made the focal 
length of the solenoid lens nearly independent of the 
choice of target field orientation. 

A horizontally focusing spectrometer was chosen in or- 

M U O N  P O L A R I M E T E R  
B e r k e l e y -  N o r t h w e s t e r n - T R I U M F  
- Horiz 
---- Vert anode wires 

I _ - _ _ - _ _ _ _ 

FIG. 3. Plan view of muon polarimeter. PI-P3 are propor- 
tional chambers; S 1 -S3 are scintillators; D 1-D4 are drift 
chambers. The veto scintillators V1 and V2 surrounding S1 and 
S2, respectively, are not shown. Muons entering the solenoid are 
stopped in the target. Decay e + emitted near the beam direc- 
tion are focused by the solenoid into the spectrometer. 

der to achieve a high momentum resolution. The win- 
dows of the vacuum box between the magnet poles were 
positioned close to the focal planes to minimize the effects 
of Coulomb scattering on momentum resolution. 

Particle trajectories in the target region (see Fig. 3 inset) 
were measured by the proportional chambers P1 and P2 
for muons, and by the proportional chamber P3 and drift 
chambers D l  and D2 for positrons. Near the spectrorne- 
ter magnet, drift chambers D3 and D4 measured positron 
tracks. Scintillation counters S1, S2, and S3 provided 
trigger signals. 

The data were accumulated in three running periods 
over 3 years at TRIUMF. The experimental conditions 
were essentially the same for all three runs, except for 
minor differences mentioned below and in Appendix A. 
The longitudinal field in the stopping target region was 
1.1 T for runs 1 and 2, and 0.3 and 1.1 T for run 3. A to- 
tal of 1.8X 10' (1.4X 10') triggers were collected in the 
spin-holding (spin-precessing) mode on 130 (170) comput- 
er tapes [I600 BPI (bytes per inch)]. Under optimal con- 
ditions these data could have been accumulated in -20 d 
of continuous running. In each of the periods data were 
also collected in many special runs, to be described in Sec. 
IV, which were used to calibrate the spectrometer. 

Very good e+ momentum resolution 
(~70 KeV at the e.p.)

(Of course the scalar potential and the EWSB can get quite involved here, and

dangerous phenomena such as Higgs to Majoron decays can occur, see e.g. [9]).

Match to Eq.(1.1) - RZ

3 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the

(invisible) PGB in the final state. The corresponding decay width is given by
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and the di↵erential decay rate for a polarized muon is given by (in the limit where me =

ma = 0 for simplicity)
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where P is the polarization fraction of the muons, and ✓ is the angle between the polariza-

tion vector and the electron momentum.

3.1 Muon decays: FA,V
µe

The current best bound on the FV decay of the muon mediated by the familon come from

the TRIUMF experiment [10] where 1.8 · 107 muons were collected:

BR(µ ! ea) ⇡
�(µ ! ea)

�(µ ! e ⌫ ⌫̄)
. 2.6 · 10�6

) f & 6 · 109 GeV . (3.3)

) f & 2.8 · 107 GeV (3.4)

At first sight this bound assumes only vector couplings of the familon and cannot be directly

applied to our scenario where the couplings are instead purely axial. The challenge of this

experiment is to look for the presence of a positron with energy Eline
e = mµ/2. Detecting

such a line at the end of the background distribution of µ ! e ⌫ ⌫̄ is challenging because

the positron spectrum from the background is also peaked at Eline
e :

d2�

dx d cos ✓
= �µ ((3� 2x)� P (2x� 1) cos ✓)x2 (3.5)

where x = 2Ee/mµ and the total width of the muon is �µ = 3 · 10�9 eV. See [13] for a

nice review of the SM muon properties. It is clear that for hP i = 0 the SM background

is peaked at Eline
e = mµ/2 exactly like the signal. In order to get rid of the background

the TRIUMF experiment [10] used a polarized muon beam and look for positrons in the

direction opposite to the muon polarization. For such a configuration the background from

(3.5) goes to zero for Eline
e = mµ/2. The distribution of the signal for a polarized beam
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nice review of the SM muon properties. It is clear that for hP i = 0 the SM background

is peaked at Eline
e = mµ/2 exactly like the signal. In order to get rid of the background

the TRIUMF experiment [10] used a polarized muon beam and look for positrons in the

direction opposite to the muon polarization. For such a configuration the background from

(3.5) goes to zero for Eline
e = mµ/2. The distribution of the signal for a polarized beam
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Ordinary

Currently strongest limit on 𝜇 → e a

Lorenzo Calibbi (Nankai)LFV in tau decays & new mediators

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.1967


SEARCH FOR RIGHT-HANDED CURRENTS IN MUON DECAY 

TABLE I. Values of the muon-decay parameters p, 77, g, and 6 in the V - A model and in the mani- 
festly left-right-symmetric (LRS) model with massless neutrinos. Their world-average experimental 
values (Ref. 21) prior to our experiment are also listed. The values in the LRS model are given to the 
lowest order in the mass-squared ratio E and mixing angle f for the gauge bosons W I  and W2. 

Decay V - A  Value in 
parameter value the LRS model Experimental value 

- 

'P, is the muon longitudinal polarization from a+ decay at rest. 

P, in the y+  rest frame is T-8. The world-average to - 1, 0, and + 1. The spectrum for unpolarized muons 
values2' of the muon-decay parameters p, r ] ,  (, and 6 mea- corresponds to the cosO=O curve, whose sharp edge at 
sured prior to our experiment are given in Table I. Also x = 1 played an important role in the spectrometer 
given there are their values in the L-R-symmetric model, momentum calibration. For cos@= 1, angular-momentum 
to lowest order in E and [. The V  - A values correspond conservation forces the V - A rate to vanish. The V  + A 
to e=C=O. 

The first-order electromagnetic corrections to the 
muon-decay spectrum are of order a ln(mP2/me2) (several 
76). They can be computed accurately with the four- 
fermion contact interaction ~ a m i l t o n i a n , ~ ~  since the 
heavy intermediate vector bosons contribute negligible ad- 
ditional terms23 of order a(m, /m )2. The first-order 
corrections have been computed for the general Fermi in- 
t e r a ~ t i o n , ~ ~  and this general expression was used in Monte 
Carlo simulations to verify the accuracy of the analysis 
method. For the analysis itself only the V  - A corrections 

spectrum at cose is equivalent to the V-A spectrum at 
( -cosf?). The region of greatest experimental sensitivity 
to an admixture of right-handed currents is therefore near 
x = 1 and c o d =  1, where the V - A  rate vanishes while 
the V+A rate is maximum. The experiment was 
designed to measure the positron spectrum for x > 0.85 
and cos0 > 0.95. 

The data analysis was based on a simple property of the 
muon-decay spectrum: if the weak interaction is predom- 
inantly V  - A, with a small admixture of V + A, scalar, 
tensor, or pseudoscalar currents, then the positron spec- 

were needed. trum near the end point, for cose = 1, can be expressed as 
The radiatively corrected muon-decay spectrum for a a sum of the P, cos6= 1 V -A spectrum, which vanishes 

pure V  - A  interaction is shown in Fig. 2 for cose equal linearly at x = 1, and the P, cosB=O V  - A  spectrum, 
which is flat near x = 1 with a step to zero at the end 

2.0 1 point. The relative size of the step at the end point is 
1 -{P, c o d  6 /p .  Measurement of the rate as a function 

I effects of cos0 allows us to extract (P,S/p. 
We introduce 

0 1.6 
0 1 w P = l - Q  u 3 P ,  ' case. - 1  
L 1.4C - 
w 6=1-'6 
a I 3 9 

with p=8 = 0 for a pure V - A  interaction, and the decay 
spectra: S(x,P, cose) is the spectrum for an arbitrary 
weak coupling (i.e., arbitrary values of {,p,6); SVPA (x, 1 ) 
is the V - A  spectrum at P,cose=l, S V - A ( ~ , O )  is the 
V  - A spectrum at P, cose=O. The latter two spectra are 
normalized to S(x,P,, cose). Ignoring the 7 term in (2.11, 
which is negligible near the end point, and ignoring radia- 
tive corrections, we can write 
S(x,P@ C O S ~ ) = ~ ( ~ ) S V - A ( X ,  1 ) + r ( 6 ) S y - A ( ~ , 0 )  (2.2) 
where 

q ( 9)  = CP, C O S ~  - +Z[P, C O S ~  + +p , (2.3) 
Reduced pos~tron energy x 

and r ( 9 )  is the relative rate at the end point: 
FIG. 2. The V - A radiatively corrected muon-decay spec- r ( e ) = (  1 -(P, C O S ~ ) + ~ { P ,  case-p. (2.4) 

trum plotted for c o d =  + 1, 0, and - 1, where T -  B is the angle 
between the positron direction and the muon spin. The effects TO lowest order in p, 3, and ( 1 - P, C O S ~ ) ,  r ( 6 )  and q ( 9 )  
of radiative corrections are also indicated. take the simpler forms 

Search for RH currents with 1.8×107 polarised 𝜇+


interpreted in terms of 𝜇 → ea too 

(Of course the scalar potential and the EWSB can get quite involved here, and

dangerous phenomena such as Higgs to Majoron decays can occur, see e.g. [9]).

Match to Eq.(1.1) - RZ

3 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the

(invisible) PGB in the final state. The corresponding decay width is given by
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and the di↵erential decay rate for a polarized muon is given by (in the limit where me =

ma = 0 for simplicity)
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where P is the polarization fraction of the muons, and ✓ is the angle between the polariza-

tion vector and the electron momentum.

3.1 Muon decays: FA,V
µe

The current best bound on the FV decay of the muon mediated by the familon come from

the TRIUMF experiment [10] where 1.8 · 107 muons were collected:

BR(µ ! ea) ⇡
�(µ ! ea)

�(µ ! e ⌫ ⌫̄)
. 2.6 · 10�6

) f & 6 · 109 GeV . (3.3)

) f & 2.8 · 107 GeV (3.4)

At first sight this bound assumes only vector couplings of the familon and cannot be directly

applied to our scenario where the couplings are instead purely axial. The challenge of this

experiment is to look for the presence of a positron with energy Eline
e = mµ/2. Detecting

such a line at the end of the background distribution of µ ! e ⌫ ⌫̄ is challenging because

the positron spectrum from the background is also peaked at Eline
e :

d2�

dx d cos ✓
= �µ ((3� 2x)� P (2x� 1) cos ✓)x2 (3.5)

where x = 2Ee/mµ and the total width of the muon is �µ = 3 · 10�9 eV. See [13] for a

nice review of the SM muon properties. It is clear that for hP i = 0 the SM background

is peaked at Eline
e = mµ/2 exactly like the signal. In order to get rid of the background

the TRIUMF experiment [10] used a polarized muon beam and look for positrons in the

direction opposite to the muon polarization. For such a configuration the background from

(3.5) goes to zero for Eline
e = mµ/2. The distribution of the signal for a polarized beam

– 5 –

(Of course the scalar potential and the EWSB can get quite involved here, and

dangerous phenomena such as Higgs to Majoron decays can occur, see e.g. [9]).

Match to Eq.(1.1) - RZ

3 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the

(invisible) PGB in the final state. The corresponding decay width is given by

�(`i ! `ja) =
1

16⇡

m3
`i

F 2
`i`j

 
1�

m2
j

m2
i

!3

, (3.1)

and the di↵erential decay rate for a polarized muon is given by (in the limit where me =

ma = 0 for simplicity)

d�

d cos ✓
=

m3
µ

32⇡F 2
µe

"
1 + 2P cos ✓

CV
µeC

A
µe

(CV
µe)

2 + (CA
µe)

2

#
, (3.2)

where P is the polarization fraction of the muons, and ✓ is the angle between the polariza-

tion vector and the electron momentum.

3.1 Muon decays: FA,V
µe

The current best bound on the FV decay of the muon mediated by the familon come from

the TRIUMF experiment [10] where 1.8 · 107 muons were collected:

BR(µ ! ea) ⇡
�(µ ! ea)

�(µ ! e ⌫ ⌫̄)
. 2.6 · 10�6

) f & 6 · 109 GeV . (3.3)

) f & 2.8 · 107 GeV (3.4)

At first sight this bound assumes only vector couplings of the familon and cannot be directly

applied to our scenario where the couplings are instead purely axial. The challenge of this

experiment is to look for the presence of a positron with energy Eline
e = mµ/2. Detecting

such a line at the end of the background distribution of µ ! e ⌫ ⌫̄ is challenging because

the positron spectrum from the background is also peaked at Eline
e :

d2�

dx d cos ✓
= �µ ((3� 2x)� P (2x� 1) cos ✓)x2 (3.5)

where x = 2Ee/mµ and the total width of the muon is �µ = 3 · 10�9 eV. See [13] for a

nice review of the SM muon properties. It is clear that for hP i = 0 the SM background

is peaked at Eline
e = mµ/2 exactly like the signal. In order to get rid of the background

the TRIUMF experiment [10] used a polarized muon beam and look for positrons in the

direction opposite to the muon polarization. For such a configuration the background from

(3.5) goes to zero for Eline
e = mµ/2. The distribution of the signal for a polarized beam

– 5 –

µ ! e⌫̄⌫
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𝜇 → e a  signal for ma ≈ 0: 
monochromatic e+ at m𝜇/2

Unless it couples (V-A) like in the SM:

) BR(µ+ ! e+a) < 2.6⇥ 10�6
<latexit sha1_base64="1hdLErDxRKuChBGR8VMIry67QPA="></latexit><latexit sha1_base64="1hdLErDxRKuChBGR8VMIry67QPA="></latexit><latexit sha1_base64="1hdLErDxRKuChBGR8VMIry67QPA="></latexit><latexit sha1_base64="1hdLErDxRKuChBGR8VMIry67QPA="></latexit>

for the isotropic case, they set the limit

thus one gets

• Jodidio et al. (TRIUMF) 1986

<latexit sha1_base64="2g33wakdNtSv+jEHAIpyTbGkYBg="></latexit>

) fa/C
V,A
eµ > 2.4⇥ 109 GeV

Lorenzo Calibbi (Nankai)LFV in tau decays & new mediators

Currently strongest limit on 𝜇 → e a

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.1967


LFV dark matter production?

What if                            also produce DM ALPs in the early universe, 
via the freeze-in mechanism? 
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K ! ⇡a, D ! ⇡a, B ! Ka, µ ! ea, ⌧ ! µa, . . .

Lorenzo Calibbi (Nankai)LFV in tau decays & new mediators

Γ

0.0 0.5 1.0 1.5 2.0 2.5

-16

-14

-12

-10

-8

-6

-4

log10x

lo
g 1
0
Y

Γ

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-16

-14

-12

-10

-8

-6

-4

log10x

lo
g 1
0
Y

Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di↵erent values of the interaction rate between the visible sector and DM
particles � in each case. The arrows indicate the e↵ect of increasing the rate � of the two processes.
In the left panel x = m�/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n�/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ' O(10�7) or less [254, 255], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 18].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [18], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ! ��, where � is a particle in the visible sector heat bath [15–18, 238, 256–261]. The
freeze-in yield is active until the number density of � becomes Boltzmann-suppressed, n� /

exp(�m�/T ). The comoving number density of DM particles � then becomes a constant and
the DM abundance freezes in. This is depicted in the right panel of Fig. 2.

– 10 –

Freeze-out

mDM/T
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Freeze-inDark Matter 
density

versus

review by Bernal et al. ‘17
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�(XX ! SM)

Hall Jedamzik March-Russell West ‘09

increasing  
DM-SM 
coupling

Freeze-in: a production mechanism for DM that was never in thermal 
equilibrium with the Standard Model bath (because too feebly-coupled), 

but can be produced via scattering or decays of bath particles

Panci Redigolo Schwetz Ziegler '22

https://arxiv.org/abs/1706.07442
https://arxiv.org/abs/0911.1120
https://arxiv.org/abs/2209.03371


Results for Leptonic Transitions
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Freeze-In from flavor-violating Decays

Simple ALP DM models with 3 parameters, for each SM flavor transition

overall coupling strength relative coupling strength ALP mass

!-decay rate

ALP lifetime
<latexit sha1_base64="8XBCPhw80QNZT/AsjadGMPwj4lc="></latexit>

�(a ! ��) / sin2 ↵

f2
a

m7
a

m4
µ

bounded by X-ray telescopes

bounded by Belle II and indirectly 
by structure formation (“WDM”)

<latexit sha1_base64="ZsQvnu5Hl5UzgrZxnqHtx/cuOCc="></latexit>

�(⌧ ! µa) / cos2 ↵

f2
a

LFV dark matter production?

courtesy of R. Ziegler, based on Panci Redigolo Schwetz Ziegler '22

Lorenzo Calibbi (Nankai)LFV in tau decays & new mediators

What if                            also produce DM ALPs in the early universe, 
via the freeze-in mechanism? 
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K ! ⇡a, D ! ⇡a, B ! Ka, µ ! ea, ⌧ ! µa, . . .

ALP mass / couplings fixed by matching the observed DM abundance:

https://arxiv.org/abs/2209.03371


ALP-mediated CLFV
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CA
µ⌧ = CV

µ⌧ = CA
`` = CV

``

If the ALP is not that light nor long-lived, it can decay on-shell 
(or off-shell) back to leptons:                        .
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⌧ ! µa(⇤) ! µ``
(or mediate radiative processes)

adapted from LC Li Mukherjee Yang '24

(see also Cornella Paradisi Sumensari '19)

Lorenzo Calibbi (Nankai)LFV in tau decays & new mediators

https://arxiv.org/abs/2406.13234
https://arxiv.org/abs/1911.06279
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If the ALP is not that light nor long-lived, it can decay on-shell 
(or off-shell) back to leptons:                        .
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⌧ ! µa(⇤) ! µ``
(or mediate radiative processes)

adapted from LC Li Mukherjee Yang '24

(see also Cornella Paradisi Sumensari '19)

Lorenzo Calibbi (Nankai)LFV in tau decays & new mediators

Even in presence to e-𝜇 interactions with                 .

tau decays are more sensitive than             (that reaches                  )      


in the mass range                    .
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CA,V
eµ = CA,V

µ
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µ ! eee
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mµ . ma . m⌧

<latexit sha1_base64="GgeZq1axBkdHMG4ClCm92wwm9Fw=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwIGFGNOYY8KDHCGaBTAw9nZqkSc9Cd40YhuDFX/HiQRGvfoU3/8bOctDEBwWP96qoqufFUmi07W9rYXFpeWU1s5Zd39jc2s7t7NZ0lCgOVR7JSDU8pkGKEKooUEIjVsACT0Ld61+O/Po9KC2i8BYHMbQC1g2FLzhDI7Vz+36bUVeLgDr23bl74iI8YHoFtWE7l7cL9hh0njhTkidTVNq5L7cT8SSAELlkWjcdO8ZWyhQKLmGYdRMNMeN91oWmoSELQLfS8QtDemSUDvUjZSpEOlZ/T6Qs0HoQeKYzYNjTs95I/M9rJuiXWqkI4wQh5JNFfiIpRnSUB+0IBRzlwBDGlTC3Ut5jinE0qWVNCM7sy/OkdlpwioXizVm+XJrGkSEH5JAcE4dckDK5JhVSJZw8kmfySt6sJ+vFerc+Jq0L1nRmj/yB9fkDmkuWSA==</latexit>

fa ⇠ 105 GeV

https://arxiv.org/abs/2406.13234
https://arxiv.org/abs/1911.06279


Flavour non-universal local U(1) symmetry generating the hierarchies 
of fermion masses and mixing through the Froggatt-Nielsen mechanism

Another example: flavoured Z’
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Neglecting loop-induced couplings to SM gauge bosons, which also stem from the scale-

suppressed interactions with fermions discussed above, the total decay width of a heavy

flavon is then given by

�' = �(' ! Z 0Z 0)+
X

↵,�

⇥
�(' ! u↵u�) + �(' ! d↵d�) + �(' ! `↵`�)

⇤
+

X

↵,�

⇥
�(' ! u↵u�h) + �(' ! d↵d�h) + �(' ! `↵`�h)

⇤
. (2.32)

In practice, if the decay mode ' ! Z 0Z 0 is not open, the flavon will mostly decay to the

heaviest flavours that are kinematically accessible, in particular ' ! tc(h) and ' ! bb̄(h).5

This is a consequence of the hierarchy of the interactions in Eq. (2.24), which follows the

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

Henceforth, we focus on a model with a local flavour symmetry. Note that the above

benchmark charge assignments are anomalous. Nevertheless, gauge anomalies could be

taken care of by the model’s UV completion or within a dark sector of the theory. For

explicit realisations of the former mechanism, see Refs. [11, 45, 46]. If the U(1)F is local,

the theory will include a Z 0 gauge boson with mass

mZ0 =
p
2 gF h�i = gF v� , (3.1)

where gF is the U(1)F gauge coupling. Throughout the paper, we assume the kinetic

mixing between the U(1)F and the hypercharge gauge bosons to be negligible. Hence, the

couplings of this flavoured Z 0 to the SM fields are only controlled by the FN charges and

gF . Given the pattern of charges needed to reproduce the observed Yukawas (shown in the

previous section), the Z 0 will preferably couple to lighter generations. Specifically, we have

the following Z 0 interactions with quark and lepton fields before EW symmetry breaking:

L = gF Z 0
µ

⇥
ui�

µ(QQiPL +QuiPR)ui + di�
µ(QQiPL +QdiPR)di+

`i�
µ(QLiPL +QeiPR)`i + ⌫̄i�

µ
QLiPL⌫i

⇤
. (3.2)

After EW symmetry breaking, we rotate the fields from the interaction basis to the mass

basis by means of the matrices in Eq. (2.5) thus obtaining:

L = gF Z 0
µ

h
u↵�

µ(Cu
L↵� PL + Cu

R↵� PR)u� + d↵�
µ(Cd

L↵� PL + Cd
R↵� PR)d� +

`↵�
µ(C`

L↵� PL + C`
R↵� PR)`� + ⌫̄↵�

µC⌫
L↵� PL⌫�

i
, (3.3)

where the (hermitian) coupling matrices read:

Cf
L↵� ⌘ V f

↵iQfLi
V f ⇤
�i , Cf

R↵� ⌘ W f
↵iQfRi

W f ⇤
�i . (3.4)

5Note that the flavon coupling to tt̄ vanishes in the interaction basis, since QQ3 = Qu3 = 0. Therefore,

it is suppressed by a t-c rotation in the mass eigenstate basis.
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Interactions of the new gauge boson Z’ flavour-violating by construction:

unitary rotations 

to the fermion mass basis

matrices of 

U(1) charges

new U(1) gauge

coupling

<latexit sha1_base64="HYDpQeH6Uo+IHRHyJPsxvhKejRE="></latexit>

�(Z 0 ! `↵`↵) =
Nf

c g2F mZ0

12⇡

s

1� 4
m2

`↵

m2
Z0

✓
1 + 2

m2
`↵

m2
Z0

◆
|C`

V ↵↵|2 +
✓
1� 4

m2
`↵

m2
Z0

!
|C`

A↵↵|2

Depending on     and      , Z’ can be long-lived or decay inside the detector, e.g. :     <latexit sha1_base64="5HRGWfIgG17yokmBVJhVv0DnH3E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FQTxWtLbQhrLZTtKlm03Y3Qil9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSq4Nq777RTW1jc2t4rbpZ3dvf2D8uHRo04yxbDFEpGoTkA1Ci6xZbgR2EkV0jgQ2A5G1zO//YRK80Q+mHGKfkwjyUPOqLHSfdS/6ZcrbtWdg6wSLycVyNHsl796g4RlMUrDBNW667mp8SdUGc4ETku9TGNK2YhG2LVU0hi1P5mfOiVnVhmQMFG2pCFz9ffEhMZaj+PAdsbUDPWyNxP/87qZCev+hMs0MyjZYlGYCWISMvubDLhCZsTYEsoUt7cSNqSKMmPTKdkQvOWXV8njRdWrVWt3l5VGPY+jCCdwCufgwRU04Baa0AIGETzDK7w5wnlx3p2PRWvByWeO4Q+czx8SLo2l</latexit>gF
<latexit sha1_base64="LUul2bbwzAB7L6w2h4Vkg0UOnQg=">AAAB83icbVBNSwMxEM36WetX1aOXYBE8lV2R2mPBi8cK9gO7a8mm0zY0yYYkK5Slf8OLB0W8+me8+W9M2z1o64OBx3szzMyLFWfG+v63t7a+sbm1Xdgp7u7tHxyWjo5bJkk1hSZNeKI7MTHAmYSmZZZDR2kgIubQjsc3M7/9BNqwRN7biYJIkKFkA0aJdVIoetnDY6g0EzDtlcp+xZ8Dr5IgJ2WUo9ErfYX9hKYCpKWcGNMNfGWjjGjLKIdpMUwNKELHZAhdRyURYKJsfvMUnzuljweJdiUtnqu/JzIijJmI2HUKYkdm2ZuJ/3nd1A5qUcakSi1Iulg0SDm2CZ4FgPtMA7V84gihmrlbMR0RTah1MRVdCMHyy6ukdVkJqpXq3VW5XsvjKKBTdIYuUICuUR3dogZqIooUekav6M1LvRfv3ftYtK55+cwJ+gPv8wdlspHo</latexit>mZ0

(while heavier off-shell Z’ mediate ‘standard’ LFV decays)

Similarly, the branching ratio of the leptonic decays `↵ ! `�Z 0 reads [11, 61, 62] (under

the approximation m`� ⌧ m`↵):

BR(`↵ ! `�Z
0) =

g2F
16⇡ �`↵

m3
`↵

m2
Z0

⇣
|C`

V ↵� |
2 + |C`

A↵� |
2
⌘ 

1 + 2
m2

Z0

m2
`↵

! 
1�

m2
Z0

m2
`↵

!2

, (4.11)

where for the total lepton widths we use �µ ' m5
µG

2
F /(192⇡

3), �⌧ ' 2.3⇥ 10�12 GeV [58].

The axial/vector couplings are defined in Eq. (3.5). Using again the charge assignment

in Eq. (2.19) with QL = 0, i.e., a Z 0 with purely RH couplings, we get C`
V µe = C`

Aµe ⇡

(Qe1 �Qe2)W
e
21/2 ⇡ ✏2` ⇡ ✏4.

The relevant experimental searches depend on the Z 0 lifetime. For a given value of

mZ0 , depending on the coupling gF , Z 0 may indeed either decay into lepton pairs inside the

detector or be long-lived enough to escape it, thus giving rise to a missing energy signature.

In the latter case, one can compare the above rates with the limits from searches for an

invisible boson X in kaon decays at NA62 [63] and in B decays at B-factory experiments

(as recast in Ref. [52] from searches for B ! K⌫⌫̄): for mX ⌧ mK/B, these limits are

respectively BR(K+
! ⇡+X) < 5⇥ 10�11, BR(B+

! K+X) < 7.1⇥ 10�6.

In the lepton sector, limits on ⌧ ! `X have been recently published by Belle II [64]

which, in the light X limit, read BR(⌧ ! eX) < 8.5 ⇥ 10�4, BR(⌧ ! µX) < 6 ⇥ 10�4.

For what concerns the muon decay, since the relevant experimental searches used polarised

beams, the limit on BR(µ ! eX) depends on the angular distribution of the signal, ranging

from 5.8⇥ 10�5 for a (practically) massless boson coupling mainly to LH leptons (thus to

a V �A current) to 2.5⇥ 10�6 if the couplings to RH leptons (hence to a V +A current)

dominate [65, 66], like in our benchmark scenario. For what concerns heavier bosons, the

dependence on mX is mild in the V +A case and the average upper bound is 6⇥10�6 [67],

which is the limit that we employ in the following.

For definiteness, we apply the above limits to the portion of the parameter space where

the Z 0 decay length c⌧Z0 > 1 m, given the typical size of the experimental apparatuses, with

the exception of NA62 for which we take c⌧Z0 > 100 m, where ⌧Z0 = 1/�Z0 and the total Z 0

width is calculated considering the kinematically open decay modes in Eq. (3.8). For larger

values of gF , the lifetime becomes shorter, such that the Z 0 would decay into lepton pairs

inside the detector. In such a case, we can then impose constraints fromK ! ⇡``, B ! ⇡``,

µ ! eee, ⌧ ! µ``, where `` = e+e�/µ+µ�.9 Lepton decays into Z 0 are thus constrained by

the above mentioned limit on µ+
! e+e+e� and by searches for LFV 3-body ⌧ decays at B

factories, which set limits in the O(10�8) range [58]. For what concerns the meson decays,

in view of the di�culties that a↵ect the SM predictions (owing to long-distance e↵ects)

and/or some mild discrepancies with the data (in the case of the B decays), we adopt for

concreteness the conservative limits BR(K ! ⇡``) < 10�7, BR(B ! K``) < 10�7, which

correspond to the order of magnitude of the measured branching fractions [58].

The impact of these constraints on the parameter space featuring a light Z 0 is sum-

marised in Figure 1 separately for meson (left plot) and lepton (right plot) processes.

9Our benchmark charge assignment yields BR(Z0 ! µe) . 10�7 for the Z0 LFV decay, which is too

suppressed to give rise to relevant constraints from e.g. searches for K ! ⇡eµ or B ! Keµ.
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In terms of couplings to vector and axial currents, we can then write:

L = gF Z 0
µ

h
f↵�

µ(Cf
V ↵� + Cf

A↵� �5)f�
i
, Cf

V,A =
Cf
R ± Cf

L

2
. (3.5)

As we can see from Eq. (3.3), flavour-violating Z 0 couplings are typically induced be-

cause di↵erent flavours carry di↵erent U(1)F charges. In fact, because of the unitarity of

the rotation matrices, flavour-violating couplings are proportional to the di↵erence of the

charges of the fermions involved. As a consequence, our Z 0 generally mediates flavour-

changing-neutral-current (FCNC) and lepton-flavour-violating (LFV) processes such as

K � K̄ oscillations, µ ! eee, etc. If Z 0 is light enough (which may occur for gF ⌧ 1),

one should also consider constraints from decays of mesons and leptons into Z 0, such as

K ! ⇡Z 0 and µ ! eZ 0. The resulting flavour bounds are discussed in the next section.

In terms of the couplings defined in Eq. (3.5), the kinematically allowed decay widths

of the Z 0 decaying into fermions read [47]:

�(Z 0
! f↵f�) =

Nf
c g2F mZ0

12⇡

s

1� 2
m2

f↵

m2
Z0

� 2
m2

f�

m2
Z0
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" 
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2
⌘
+ 3
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2
� |Cf

A↵� |
2
⌘#

,

where the colour factor is Nu,d
c = 3, N `,⌫

c = 1. In particular, the flavour-conserving decay

widths take the form:

�(Z 0
! f↵f↵) =

Nf
c g2F mZ0

12⇡

s

1� 4
m2

f↵

m2
Z0
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1 + 2

m2
f↵

m2
Z0

◆
|Cf

V ↵↵|
2 +

✓
1� 4

m2
f↵

m2
Z0

!
|Cf
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2

�
.

(3.7)

For a heavy Z 0, the total decay width is then just given by 6

�Z0 =
X

↵,�

⇥
�(Z 0

! u↵u�) + �(Z 0
! d↵d�) + �(Z 0

! `↵`�) + �(Z 0
! ⌫↵⌫�)

⇤
. (3.8)

For simplicity, when considering a light Z 0, we still estimate its lifetime based on the above

perturbative processes, neglecting hadronization and just eliminating the contributions

below threshold. For what concerns light quarks, no contribution from decays into up and

down (strange) quarks is included for mZ0 below the pion (kaon) kinematic threshold.

4 Flavour constraints

In this section, we focus on the most relevant constraints from low-energy processes on FN

models, which are due to the flavour-violating interactions of the FN gauge boson. In prin-

ciple, the flavon ' can also mediate flavour-changing processes. However, its contributions

6A coupling of the Z0 with photons is induced via fermion loops. However, according to the Landau-

Yang theorem [48, 49], a vector boson cannot decay into two photons, which leaves Z0 ! ��� as the leading

Z0 decay into photons. This mode is highly suppressed and only relevant if Z0 is lighter than any fermion

pair it couples to [50] – in our case, mZ0 < 2m⌫1 , or mZ0 < 2me for models featuring no interaction with

neutrinos, that is, QLi = 0.
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changing-neutral-current (FCNC) and lepton-flavour-violating (LFV) processes such as
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For a heavy Z 0, the total decay width is then just given by 6

�Z0 =
X

↵,�

⇥
�(Z 0

! u↵u�) + �(Z 0
! d↵d�) + �(Z 0

! `↵`�) + �(Z 0
! ⌫↵⌫�)

⇤
. (3.8)

For simplicity, when considering a light Z 0, we still estimate its lifetime based on the above

perturbative processes, neglecting hadronization and just eliminating the contributions

below threshold. For what concerns light quarks, no contribution from decays into up and

down (strange) quarks is included for mZ0 below the pion (kaon) kinematic threshold.

4 Flavour constraints

In this section, we focus on the most relevant constraints from low-energy processes on FN

models, which are due to the flavour-violating interactions of the FN gauge boson. In prin-

ciple, the flavon ' can also mediate flavour-changing processes. However, its contributions

6A coupling of the Z0 with photons is induced via fermion loops. However, according to the Landau-

Yang theorem [48, 49], a vector boson cannot decay into two photons, which leaves Z0 ! ��� as the leading

Z0 decay into photons. This mode is highly suppressed and only relevant if Z0 is lighter than any fermion

pair it couples to [50] – in our case, mZ0 < 2m⌫1 , or mZ0 < 2me for models featuring no interaction with

neutrinos, that is, QLi = 0.
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Neglecting loop-induced couplings to SM gauge bosons, which also stem from the scale-

suppressed interactions with fermions discussed above, the total decay width of a heavy

flavon is then given by
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In practice, if the decay mode ' ! Z 0Z 0 is not open, the flavon will mostly decay to the

heaviest flavours that are kinematically accessible, in particular ' ! tc(h) and ' ! bb̄(h).5

This is a consequence of the hierarchy of the interactions in Eq. (2.24), which follows the

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

Henceforth, we focus on a model with a local flavour symmetry. Note that the above

benchmark charge assignments are anomalous. Nevertheless, gauge anomalies could be

taken care of by the model’s UV completion or within a dark sector of the theory. For

explicit realisations of the former mechanism, see Refs. [11, 45, 46]. If the U(1)F is local,

the theory will include a Z 0 gauge boson with mass

mZ0 =
p
2 gF h�i = gF v� , (3.1)

where gF is the U(1)F gauge coupling. Throughout the paper, we assume the kinetic

mixing between the U(1)F and the hypercharge gauge bosons to be negligible. Hence, the

couplings of this flavoured Z 0 to the SM fields are only controlled by the FN charges and

gF . Given the pattern of charges needed to reproduce the observed Yukawas (shown in the

previous section), the Z 0 will preferably couple to lighter generations. Specifically, we have

the following Z 0 interactions with quark and lepton fields before EW symmetry breaking:

L = gF Z 0
µ

⇥
ui�

µ(QQiPL +QuiPR)ui + di�
µ(QQiPL +QdiPR)di+

`i�
µ(QLiPL +QeiPR)`i + ⌫̄i�

µ
QLiPL⌫i

⇤
. (3.2)

After EW symmetry breaking, we rotate the fields from the interaction basis to the mass

basis by means of the matrices in Eq. (2.5) thus obtaining:
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u↵�

µ(Cu
L↵� PL + Cu

R↵� PR)u� + d↵�
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L↵� PL + Cd
R↵� PR)d� +

`↵�
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L↵� PL + C`
R↵� PR)`� + ⌫̄↵�

µC⌫
L↵� PL⌫�

i
, (3.3)

where the (hermitian) coupling matrices read:
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L↵� ⌘ V f

↵iQfLi
V f ⇤
�i , Cf

R↵� ⌘ W f
↵iQfRi

W f ⇤
�i . (3.4)

5Note that the flavon coupling to tt̄ vanishes in the interaction basis, since QQ3 = Qu3 = 0. Therefore,

it is suppressed by a t-c rotation in the mass eigenstate basis.

– 9 –

Neglecting loop-induced couplings to SM gauge bosons, which also stem from the scale-

suppressed interactions with fermions discussed above, the total decay width of a heavy

flavon is then given by

�' = �(' ! Z 0Z 0)+
X

↵,�

⇥
�(' ! u↵u�) + �(' ! d↵d�) + �(' ! `↵`�)

⇤
+

X

↵,�

⇥
�(' ! u↵u�h) + �(' ! d↵d�h) + �(' ! `↵`�h)

⇤
. (2.32)

In practice, if the decay mode ' ! Z 0Z 0 is not open, the flavon will mostly decay to the

heaviest flavours that are kinematically accessible, in particular ' ! tc(h) and ' ! bb̄(h).5

This is a consequence of the hierarchy of the interactions in Eq. (2.24), which follows the

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

Henceforth, we focus on a model with a local flavour symmetry. Note that the above

benchmark charge assignments are anomalous. Nevertheless, gauge anomalies could be

taken care of by the model’s UV completion or within a dark sector of the theory. For

explicit realisations of the former mechanism, see Refs. [11, 45, 46]. If the U(1)F is local,

the theory will include a Z 0 gauge boson with mass

mZ0 =
p
2 gF h�i = gF v� , (3.1)

where gF is the U(1)F gauge coupling. Throughout the paper, we assume the kinetic

mixing between the U(1)F and the hypercharge gauge bosons to be negligible. Hence, the

couplings of this flavoured Z 0 to the SM fields are only controlled by the FN charges and

gF . Given the pattern of charges needed to reproduce the observed Yukawas (shown in the

previous section), the Z 0 will preferably couple to lighter generations. Specifically, we have

the following Z 0 interactions with quark and lepton fields before EW symmetry breaking:

L = gF Z 0
µ

⇥
ui�

µ(QQiPL +QuiPR)ui + di�
µ(QQiPL +QdiPR)di+

`i�
µ(QLiPL +QeiPR)`i + ⌫̄i�

µ
QLiPL⌫i

⇤
. (3.2)

After EW symmetry breaking, we rotate the fields from the interaction basis to the mass

basis by means of the matrices in Eq. (2.5) thus obtaining:

L = gF Z 0
µ

h
u↵�

µ(Cu
L↵� PL + Cu

R↵� PR)u� + d↵�
µ(Cd

L↵� PL + Cd
R↵� PR)d� +

`↵�
µ(C`

L↵� PL + C`
R↵� PR)`� + ⌫̄↵�

µC⌫
L↵� PL⌫�

i
, (3.3)

where the (hermitian) coupling matrices read:

Cf
L↵� ⌘ V f

↵iQfLi
V f ⇤
�i , Cf

R↵� ⌘ W f
↵iQfRi

W f ⇤
�i . (3.4)

5Note that the flavon coupling to tt̄ vanishes in the interaction basis, since QQ3 = Qu3 = 0. Therefore,

it is suppressed by a t-c rotation in the mass eigenstate basis.

– 9 –

Neglecting loop-induced couplings to SM gauge bosons, which also stem from the scale-

suppressed interactions with fermions discussed above, the total decay width of a heavy

flavon is then given by

�' = �(' ! Z 0Z 0)+
X

↵,�

⇥
�(' ! u↵u�) + �(' ! d↵d�) + �(' ! `↵`�)

⇤
+

X

↵,�

⇥
�(' ! u↵u�h) + �(' ! d↵d�h) + �(' ! `↵`�h)

⇤
. (2.32)

In practice, if the decay mode ' ! Z 0Z 0 is not open, the flavon will mostly decay to the

heaviest flavours that are kinematically accessible, in particular ' ! tc(h) and ' ! bb̄(h).5

This is a consequence of the hierarchy of the interactions in Eq. (2.24), which follows the

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

Henceforth, we focus on a model with a local flavour symmetry. Note that the above

benchmark charge assignments are anomalous. Nevertheless, gauge anomalies could be

taken care of by the model’s UV completion or within a dark sector of the theory. For

explicit realisations of the former mechanism, see Refs. [11, 45, 46]. If the U(1)F is local,

the theory will include a Z 0 gauge boson with mass

mZ0 =
p
2 gF h�i = gF v� , (3.1)

where gF is the U(1)F gauge coupling. Throughout the paper, we assume the kinetic

mixing between the U(1)F and the hypercharge gauge bosons to be negligible. Hence, the

couplings of this flavoured Z 0 to the SM fields are only controlled by the FN charges and

gF . Given the pattern of charges needed to reproduce the observed Yukawas (shown in the

previous section), the Z 0 will preferably couple to lighter generations. Specifically, we have

the following Z 0 interactions with quark and lepton fields before EW symmetry breaking:

L = gF Z 0
µ

⇥
ui�

µ(QQiPL +QuiPR)ui + di�
µ(QQiPL +QdiPR)di+

`i�
µ(QLiPL +QeiPR)`i + ⌫̄i�

µ
QLiPL⌫i

⇤
. (3.2)

After EW symmetry breaking, we rotate the fields from the interaction basis to the mass

basis by means of the matrices in Eq. (2.5) thus obtaining:

L = gF Z 0
µ

h
u↵�

µ(Cu
L↵� PL + Cu

R↵� PR)u� + d↵�
µ(Cd

L↵� PL + Cd
R↵� PR)d� +

`↵�
µ(C`

L↵� PL + C`
R↵� PR)`� + ⌫̄↵�

µC⌫
L↵� PL⌫�

i
, (3.3)

where the (hermitian) coupling matrices read:

Cf
L↵� ⌘ V f

↵iQfLi
V f ⇤
�i , Cf

R↵� ⌘ W f
↵iQfRi

W f ⇤
�i . (3.4)

5Note that the flavon coupling to tt̄ vanishes in the interaction basis, since QQ3 = Qu3 = 0. Therefore,

it is suppressed by a t-c rotation in the mass eigenstate basis.

– 9 –

Smolkovič Tammaro Zupan '19

Interactions of the new gauge boson Z’ flavour-violating by construction:

unitary rotations 

to the fermion mass basis

matrices of 

U(1) charges

new U(1) gauge

coupling

<latexit sha1_base64="HYDpQeH6Uo+IHRHyJPsxvhKejRE="></latexit>

�(Z 0 ! `↵`↵) =
Nf

c g2F mZ0

12⇡

s

1� 4
m2

`↵

m2
Z0

✓
1 + 2

m2
`↵

m2
Z0

◆
|C`

V ↵↵|2 +
✓
1� 4

m2
`↵

m2
Z0

!
|C`

A↵↵|2
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(while heavier off-shell Z’ mediate ‘standard’ LFV decays)

Similarly, the branching ratio of the leptonic decays `↵ ! `�Z 0 reads [11, 61, 62] (under

the approximation m`� ⌧ m`↵):

BR(`↵ ! `�Z
0) =

g2F
16⇡ �`↵

m3
`↵

m2
Z0

⇣
|C`

V ↵� |
2 + |C`

A↵� |
2
⌘ 

1 + 2
m2

Z0

m2
`↵

! 
1�

m2
Z0

m2
`↵

!2

, (4.11)

where for the total lepton widths we use �µ ' m5
µG

2
F /(192⇡

3), �⌧ ' 2.3⇥ 10�12 GeV [58].

The axial/vector couplings are defined in Eq. (3.5). Using again the charge assignment

in Eq. (2.19) with QL = 0, i.e., a Z 0 with purely RH couplings, we get C`
V µe = C`

Aµe ⇡

(Qe1 �Qe2)W
e
21/2 ⇡ ✏2` ⇡ ✏4.

The relevant experimental searches depend on the Z 0 lifetime. For a given value of

mZ0 , depending on the coupling gF , Z 0 may indeed either decay into lepton pairs inside the

detector or be long-lived enough to escape it, thus giving rise to a missing energy signature.

In the latter case, one can compare the above rates with the limits from searches for an

invisible boson X in kaon decays at NA62 [63] and in B decays at B-factory experiments

(as recast in Ref. [52] from searches for B ! K⌫⌫̄): for mX ⌧ mK/B, these limits are

respectively BR(K+
! ⇡+X) < 5⇥ 10�11, BR(B+

! K+X) < 7.1⇥ 10�6.

In the lepton sector, limits on ⌧ ! `X have been recently published by Belle II [64]

which, in the light X limit, read BR(⌧ ! eX) < 8.5 ⇥ 10�4, BR(⌧ ! µX) < 6 ⇥ 10�4.

For what concerns the muon decay, since the relevant experimental searches used polarised

beams, the limit on BR(µ ! eX) depends on the angular distribution of the signal, ranging

from 5.8⇥ 10�5 for a (practically) massless boson coupling mainly to LH leptons (thus to

a V �A current) to 2.5⇥ 10�6 if the couplings to RH leptons (hence to a V +A current)

dominate [65, 66], like in our benchmark scenario. For what concerns heavier bosons, the

dependence on mX is mild in the V +A case and the average upper bound is 6⇥10�6 [67],

which is the limit that we employ in the following.

For definiteness, we apply the above limits to the portion of the parameter space where

the Z 0 decay length c⌧Z0 > 1 m, given the typical size of the experimental apparatuses, with

the exception of NA62 for which we take c⌧Z0 > 100 m, where ⌧Z0 = 1/�Z0 and the total Z 0

width is calculated considering the kinematically open decay modes in Eq. (3.8). For larger

values of gF , the lifetime becomes shorter, such that the Z 0 would decay into lepton pairs

inside the detector. In such a case, we can then impose constraints fromK ! ⇡``, B ! ⇡``,

µ ! eee, ⌧ ! µ``, where `` = e+e�/µ+µ�.9 Lepton decays into Z 0 are thus constrained by

the above mentioned limit on µ+
! e+e+e� and by searches for LFV 3-body ⌧ decays at B

factories, which set limits in the O(10�8) range [58]. For what concerns the meson decays,

in view of the di�culties that a↵ect the SM predictions (owing to long-distance e↵ects)

and/or some mild discrepancies with the data (in the case of the B decays), we adopt for

concreteness the conservative limits BR(K ! ⇡``) < 10�7, BR(B ! K``) < 10�7, which

correspond to the order of magnitude of the measured branching fractions [58].

The impact of these constraints on the parameter space featuring a light Z 0 is sum-

marised in Figure 1 separately for meson (left plot) and lepton (right plot) processes.

9Our benchmark charge assignment yields BR(Z0 ! µe) . 10�7 for the Z0 LFV decay, which is too

suppressed to give rise to relevant constraints from e.g. searches for K ! ⇡eµ or B ! Keµ.
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In terms of couplings to vector and axial currents, we can then write:

L = gF Z 0
µ

h
f↵�

µ(Cf
V ↵� + Cf

A↵� �5)f�
i
, Cf

V,A =
Cf
R ± Cf

L

2
. (3.5)

As we can see from Eq. (3.3), flavour-violating Z 0 couplings are typically induced be-

cause di↵erent flavours carry di↵erent U(1)F charges. In fact, because of the unitarity of

the rotation matrices, flavour-violating couplings are proportional to the di↵erence of the

charges of the fermions involved. As a consequence, our Z 0 generally mediates flavour-

changing-neutral-current (FCNC) and lepton-flavour-violating (LFV) processes such as

K � K̄ oscillations, µ ! eee, etc. If Z 0 is light enough (which may occur for gF ⌧ 1),

one should also consider constraints from decays of mesons and leptons into Z 0, such as

K ! ⇡Z 0 and µ ! eZ 0. The resulting flavour bounds are discussed in the next section.

In terms of the couplings defined in Eq. (3.5), the kinematically allowed decay widths

of the Z 0 decaying into fermions read [47]:
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Nf
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where the colour factor is Nu,d
c = 3, N `,⌫

c = 1. In particular, the flavour-conserving decay

widths take the form:

�(Z 0
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(3.7)

For a heavy Z 0, the total decay width is then just given by 6

�Z0 =
X

↵,�

⇥
�(Z 0

! u↵u�) + �(Z 0
! d↵d�) + �(Z 0

! `↵`�) + �(Z 0
! ⌫↵⌫�)

⇤
. (3.8)

For simplicity, when considering a light Z 0, we still estimate its lifetime based on the above

perturbative processes, neglecting hadronization and just eliminating the contributions

below threshold. For what concerns light quarks, no contribution from decays into up and

down (strange) quarks is included for mZ0 below the pion (kaon) kinematic threshold.

4 Flavour constraints

In this section, we focus on the most relevant constraints from low-energy processes on FN

models, which are due to the flavour-violating interactions of the FN gauge boson. In prin-

ciple, the flavon ' can also mediate flavour-changing processes. However, its contributions

6A coupling of the Z0 with photons is induced via fermion loops. However, according to the Landau-

Yang theorem [48, 49], a vector boson cannot decay into two photons, which leaves Z0 ! ��� as the leading

Z0 decay into photons. This mode is highly suppressed and only relevant if Z0 is lighter than any fermion

pair it couples to [50] – in our case, mZ0 < 2m⌫1 , or mZ0 < 2me for models featuring no interaction with

neutrinos, that is, QLi = 0.
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Figure 1. Regions of the mZ0 � gF plane excluded by searches for various rare meson (left) and
lepton (right) decays into a light Z 0 (including the o↵-shell Z 0 case). See the main text for details.

Clearly the former supersede the latter if the same U(1)F is responsible for both quark

and lepton hierarchies. We also note that searches for B and ⌧ decays into an invisible

boson have little or no impact because the Z 0 lifetime is too short in the relevant ranges of

mZ0 , where the visible counterparts of these decays set the strongest bounds. As we can

see, invisible and visible decays are complementary in constraining wide ranges of gF for a

given mZ0 , such that their combination yields the following approximate lower bounds on

the U(1)F breaking scale in the relevant mZ0 ranges:

K+
! ⇡+Z 0 : v� & 8.3⇥ 1010 GeV , B+

! K+Z 0 : v� & 3.0⇥ 107 GeV , (4.12)

µ ! eZ 0 : v� & 1.3⇥ 107 GeV , ⌧ ! `Z 0 : v� & 7.6⇥ 105 GeV . (4.13)

5 Cosmic strings and the gravitational-wave background

The previous sections established the model under consideration as well as its implications

in the context of flavour physics. We now shift gears and consider the possibility of cosmic

strings formation within FN flavour models. More specifically, we are interested in assessing

the detectability of the resulting GWB signal from the cosmic strings [68–77] using next-

generation GW detectors. The goal is to identify any complementarity of the regions of

the parameter space attainable with GW detectors and the flavour searches outlined in the

previous sections. We first describe the FN phase transition and the associated formation

of cosmic strings. Subsequently, we investigate the dependence of the string width and its

tension, two of the key quantities that determine the GWB spectrum, on the fundamental

parameters of the model. We then comment on the resulting GWB spectrum induced by

the cosmic strings, and conclude by exploring the cosmic string parameter space to assess

the detectability of such signals with next-generation GW detectors.

5.1 The FN phase transition and the formation of cosmic strings

In the following, we assume that the reheating temperature after inflation is higher than

the FN breaking scale v�, and hence the FN U(1)F symmetry is restored at the highest
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Summary

Light bosons with flavour-violating couplings to leptons 
arise within a wide class of new physics models

Very large symmetry-breaking scales can be probed

We have large room for improvement over the old limits 
searching for LFV decays into light bosons

Essential interplay among 𝜇, 𝜏, and astrophysical bounds
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Figure 8. The impact of present and future µ ! ea searches compared to other light ALP DM
searches, taking EUV = 1, 0 as two representative examples. The green solid line shows the
current best bound on the isotropic LFV ALP [9], the (dark) orange thin line gives our MEGII-
fwd projection assuming F = 100 focusing enhancement (no focusing). The dark red line shows
the sensitivity of Mu3e-online analysis [42]. In the blue region enclosed by the solid blue line the
ALP decays within the present Hubble time, while the region to the right of the dashed blue line
is excluded by the extragalactic di↵use background light measurements for EUV = 0, 1. We also
show the X-rays constraints for EUV = 0 [92, 93]. The red blob indicates where ALP DM could
explain the XENON1T anomaly [94]. The dashed gray lines denote two scenarios where the
observed DM relic abundance is due to ALPs produced trough the misalignment mechanism. On
the upper line the ALP mass is temperature independent, cf. Eq. (6.17), while on the lower line
the temperature dependence is parametrically similar to the one for the QCD axion, cf. Eq. (6.18).
The gray shaded regions are excluded by the star cooling bounds, and the ADMX data [95–97].
The light green region is excluded byt the S2 nly analysis of XENON1T [98] and Panda-X [99].
The purple shaded region shows the future reach of axion-magnon conversion experiments such as
QUAX [100–102]. Regarding the coupling to photons, the cyan band shows the future sensitivity
of SPHEREx estimated in Ref. [103], assuming ALP decay exclusively to two photons, while the
yellow bands show the future sensitivities of resonant microwave cavities such as ADMX [104],
CAPP [105], KLASH [106], and ORGAN [107], dielectric haloscopes such as MADMAX [108] and
the reach of the dielectric stack proposal [109] is shown with light blue.

A conservative bound on the decay width �(a ! ��) is obtained by requiring that the line

intensity in Eq. (6.16) is less than what is observed at that frequency [103]. An updated map

of the EBL observations at di↵erent frequencies can be found in Ref. [110]. For instance,

the observed EBL intensity in the optical band is 10�8 Wm�2sr�1, constraining the axion
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Table IV. – Complete list of the CLFV dimension-6 operators from [107]. The SM fields are
denoted as in eq. (3), and Bµν and W I

µν (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 τI are the Pauli matrices.
Flavour indices of the fermions are not indicated.

4-leptons operators Dipole operators

Q"" (L̄LγµLL)(L̄LγµLL) QeW (L̄LσµνeR)τIΦW I
µν

Qee (ēRγµeR)(ēRγµeR) QeB (L̄LσµνeR)ΦBµν

Q"e (L̄LγµLL)(ēRγµeR)

2-lepton 2-quark operators

Q(1)
"q (L̄LγµLL)(Q̄LγµQL) Q"u (L̄LγµLL)(ūRγµuR)

Q(3)
"q (L̄LγµτILL)(Q̄LγµτIQL) Qeu (ēRγµeR)(ūRγµuR)

Qeq (ēRγµeR)(Q̄LγµQL) Q"edq (L̄a
LeR)(d̄RQa

L)

Q"d (L̄LγµLL)(d̄RγµdR) Q(1)
"equ (L̄a

LeR)εab(Q̄
b
LuR)

Qed (ēRγµeR)(d̄RγµdR) Q(3)
"equ (L̄a

i σµνeR)εab(Q̄
b
LσµνuR)

Lepton-Higgs operators

Q(1)
Φ" (Φ†i

↔
Dµ Φ)(L̄LγµLL) Q(3)

Φ" (Φ†i
↔
D I

µ Φ)(L̄LτIγµLL)

QΦe (Φ†i
↔
Dµ Φ)(ēRγµeR) QeΦ3 (L̄LeRΦ)(Φ†Φ)

mix and give rise to photon-dipole operators Qeγ(11). Those that are relevant to µ → eγ
read

L ⊃
Ceµ

eγ

Λ2

v√
2

ē σµνPR µFµν +
Cµe

eγ

Λ2

v√
2

µ̄σµνPR eFµν + h.c.,(37)

with Cij
eγ = cos θW Cij

eB − sin θW Cij
eW (sin θW % 0.23 being the weak mixing). Matching

the above Lagrangian to the decay amplitude written in eq. (22), we find

AR =
√

2 v

Λ2
Ceµ

eγ , AL =
√

2 v

Λ2
Cµe ∗

eγ .(38)

Thus, employing these amplitudes in the expression for the decay rate in eq. (24), we get

Γ(µ → eγ) =
m3

µv2

8πΛ4

(
|Ceµ

eγ |2 + |Cµe
eγ |2

)
.(39)

We can now make use of this last expression —and the analogous formulae for µ → eee,
µ → e in nuclei, and τ decays [36, 107, 111-114, 120]— to translate the experimental

(11) The flavour-conserving dipole operators contribute to leptonic anomalous magnetic moments
and electric dipole moments, hence these observables are typically related to CLFV processes.
For a review on the interplay between the muon g − 2 and CLFV, see [28].

Grzadkowski et al. ’10;  Crivellin Najjari Rosiek ‘13

If NP scale 𝚲≫mW :
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LFV quarkonium decays

LFVQD Present bounds on BR (90%CL)
J/ ! eµ 4.5⇥ 10�9 BESIII (2022) [16]
⌥(1S) ! eµ 3.6⇥ 10�7 Belle (2022) [17]
⌥(1S) ! eµ� 4.2⇥ 10�7 Belle (2022) [17]
J/ ! e⌧ 7.5⇥ 10�8 BESIII (2021) [18]
⌥(1S) ! e⌧ 2.4⇥ 10�6 Belle (2022) [17]
⌥(1S) ! e⌧� 6.5⇥ 10�6 Belle (2022) [17]
⌥(2S) ! e⌧ 3.2⇥ 10�6 BaBar (2010) [19]
⌥(3S) ! e⌧ 4.2⇥ 10�6 BaBar (2010) [19]
J/ ! µ⌧ 2.0⇥ 10�6 BES (2004) [20]
⌥(1S) ! µ⌧ 2.6⇥ 10�6 Belle (2022) [17]
⌥(1S) ! µ⌧� 6.1⇥ 10�6 Belle (2022) [17]
⌥(2S) ! µ⌧ 3.3⇥ 10�6 BaBar (2010) [19]
⌥(3S) ! µ⌧ 3.1⇥ 10�6 BaBar (2010) [19]

Table 1: Present 90%CL upper limits on vector quarkonium LFV decays. No limit is currently
available for LFV decays of (pseudo)scalar or other vector resonances.

processes under study. It has been shown that the B anomalies can be addressed by operators
involving 3rd-generation fermions only, the couplings to lighter generations being induced by field
rotations from the interaction basis to the mass basis [12–15].

The above considerations prompt us to address the experimental prospects of LFV processes
involving heavy quark flavours, either flavour-violating or flavour-conserving in the quark sector.
In this paper, we focus on the latter case, in particular on new physics that can induce LFV decays
of heavy quarkonia, that is, cc̄ and bb̄ bound states. The existing limits on LFV quarkonium decays
(LFVQD), concerning vector resonances only, are listed in Table 1. We note the recent results by
BESIII and Belle, which improved previous bounds notably and even searched for new channels
such as ⌥(1S) ! ``0�. The experimental prospects of these processes are even more interesting:
the extended run of BESIII [21] and the proposed Super-Tau-Charm Factory (STCF) [22–24] could
increase the sensitivity on the J/ ! `i`j decays by several orders of magnitude and, for the
first time, search for LFV decays of (pseudo)scalar charmonium states. Similarly, Belle II [25] is
expected to reach an integrated luminosity about two orders of magnitude larger than the previous
B factories, hence it should improve the limits on the ⌥(nS) modes by at least one order of
magnitude.

However, any new physics giving rise to this kind of decays would also induce other LFV
processes, in particular LFV muon or tau decays [26], as well as other high-energy LFV processes
such as LFV Z decays, which will give competitive limits at future high-energy e+e� colliders— see
Ref. [27]. The obvious question is then whether the stringent constraints on the latter processes
(see Table 2) still allow sizeable effects for LFV quarkonia decay. In other words, is it possible to
discover new physics searching for quarkonium LFV? The aim of this paper is to give a precise
quantitative answer to this question, providing model-independent indirect upper limits on the
LFV decay rates of quarkonia, in a similar way to what was done in Ref. [27] for LFV Z decays.

To be agnostic about the new dynamics that can give rise to these effects, we employ an
effective-field-theory approach, working within both the so-called Low-Energy Effective Field The-
ory (LEFT) [45], which involves QED⇥QCD invariant operators of fields below the EW scale, and
the Standard Model Effective Field Theory (SMEFT) where invariance under the full SM gauge
group and also heavy fields are considered [46, 47] — for a review cf. Ref. [48]. In this context,
new physics contributions to the quarkonium decays we are interested in are described by 2q2`
operators of the schematic form c̄ c ¯̀i`j and b̄ b ¯̀i`j (`i,j = e, µ, ⌧ , i 6= j). On the other hand,
diagrams obtained by closing the quark loop will induce (e.g. via a virtual photon exchange, as

2

BESIII continues taking data, a high-lumi Super Tau-Charm Factory (STCF) 
is being discussed with c.o.m. E ~2-7 GeV that could produce ~1013 J/𝜓 

(x1000 current BESIII), Belle II will collect x50-100 the data of Belle/BaBar
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What can we learn from these processes?

• In principle, ideal modes to test 2q2𝓁 operators involving heavy quarks            

(that could stem e.g. from by Z’/LQs with MFV-like couplings)


• Searches for radiative modes and decays of (pseudo)scalar resonances 
would be sensitive to different LEFT operators than the vector ones


• The question is: can we find new physics searching for these modes?


• Tau/mu processes unavoidably induced: strong indirect constraints:

qq̄

`j

`i

`i

`j

q

f

f̄

Figure 1: Diagrammatic example of how the same EFT vertex (grey circle) generating quarkonia
LFV decays can induce other LFV processes at loop level.

2 EFT framework

As discussed in the introduction, we parameterise the effects of LFV new physics in terms of
non-renormalisable operators. Throughout this work, we assume that the new particles related
to the NP scale ⇤ responsible for LFV are much heavier than the EW scale, ⇤ � mW . In such
a scenario, in order to assess the NP effects across different scales, it is then convenient to work
within the SMEFT framework, whose Lagrangian consists of that of the SM extended with a tower
of higher-dimensional operators constructed by gauge-invariant combinations of the SM fields only
and suppressed by inverse powers of the scale ⇤:

Lsmeft = Lsm +
X

d>4

X

a

C(d)
a

⇤d�4
O

(d)
a , (1)

where O
(d)
a are the effective operators of dimension-d and the C(d)

a represent the corresponding
Wilson Coefficients (WCs), whose values depend on the renormalisation scale µ. Notice that we
are working with dimensionless SMEFT WCs. In the rest of the paper, we will focus on dimension-6
operators — that are expected to provide the dominant contributions to LFV processes — and adopt
the conventions of the Warsaw basis [47]. All dimension-6 SMEFT operators that can induce LFV
effects [56] are listed in Table 3.

In a specific UV-complete model, the WCs at the scale ⇤ can be determined by integrating out
the heavy NP fields. In the spirit of our model-independent approach, we will instead consider the
WC of the O(d)

a at µ = ⇤ as independent free parameters. However, at lower energies, the coefficients
of different operators will mix as an effect of the RGEs. In particular, multiple operators will be
induced at the EW scale even if the UV physics is assumed to match dominantly to a single operator
(or just a few of them) at the scale ⇤.

Below the EW scale, we work within the LEFT employing the basis introduced by Ref. [45]. As
we will see in the next section, the observables that we focus on — the LFV quarkonium decays —
and the LFV decays of muons and taus that will set indirect constraints on them can be induced
by dimension-5 photon dipole operators1

Ldipole = Ce�,pr (¯̀p�
µ⌫PR`r)Fµ⌫ + h.c. , (2)

by dimension-6 2q2` operators

L2q2` = CV,LL
eq,prst (¯̀p�

µPL`r)(q̄s�µPLqt) + CV,RR
eq,prst (¯̀p�

µPR`r)(q̄s�µPRqt)

+ CV,LR
eq,prst (¯̀p�

µPL`r)(q̄s�µPRqt) + CV,LR
qe,prst (q̄p�µPLqr)(¯̀s�

µPR`t)

+
h
CS,RL
eq,prst (¯̀pPR`r)(q̄sPLqt) + CS,RR

eq,prst (¯̀pPR`r)(q̄sPRqt)

+ CT,RR
eq,prst (¯̀p�µ⌫PR`r)(q̄s�

µ⌫PRqt) + h.c.
i
, (3)

1We adopt the following convention for the fermionic QED couplings: LQED = �eQf f̄⇢Af .

4

Effect summarised by the RGE running of the EFT operators
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SMEFT running and SMEFT/LEFT matching induce stronger bounds:
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Figure 4: Same as Figure 3 for the ⌧e sector.

⌧ ! e� (grey). We find that current constraints (dark colour) for LFV ⌧ decays provide the most
stringent constraints. Nevertheless, if the sensitivity of LFVQD searches is improved by 2-3 orders
of magnitude, they may probe currently unexplored new physics scales ⇤ for some of the operators.
While this observation is in line with the results of the above LEFT analysis for J/ ! e⌧ , the
results for ⌥(nS) ! e⌧ in Figure 4 look somewhat less optimistic than those obtained within the
LEFT framework, cf. Table 6a.

The origin of these strong constraints for some of the operators involving b quarks is precisely
the above-mentioned additional RGE effects that SMEFT operators are subject to. In particular,
diagrams obtained by closing the quark loop of a 2q2` operator can contribute to the lepton-Higgs
operators displayed in Table 3, which induce LFV couplings of the Z boson, see Eqs. (53, 54). In
turn, such couplings give rise to both LFV Z decays and all kinds of LFV 4-fermion operators
(2q2` as well as 4`) through the matching shown in Appendix A, see e.g. Ref. [27]. Due to the
large coupling to the Higgs field, this effect is particularly pronounced for those operators involving
top quarks and it enhances the relative importance of LFV ⌧ decays and Z ! e⌧ compared to
LFVQD, as can be seen in the right plot of Figure 4. Interestingly, this plot also shows that, in
line to the observations in Ref. [27], a Z-pole run of future e+e� colliders such as the FCC-ee or
the CEPC would probe these operators through Z LFV as well as (or better than) Belle II will
do searching for LFV ⌧ decays. On the other hand, operators that do not involve top quarks will
not generate large Z LFV effects (e.g. C`d,⌧ebb and Ced,⌧ebb) and can be probed better by searches
for ⌥(nS) ! e⌧ (and LFV ⌧ decays) than Z ! e⌧ . This provides an interesting example of the
complementarity between low-energy and high-energy searches for LFV phenomena.
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stringent constraints. Nevertheless, if the sensitivity of LFVQD searches is improved by 2-3 orders
of magnitude, they may probe currently unexplored new physics scales ⇤ for some of the operators.
While this observation is in line with the results of the above LEFT analysis for J/ ! e⌧ , the
results for ⌥(nS) ! e⌧ in Figure 4 look somewhat less optimistic than those obtained within the
LEFT framework, cf. Table 6a.

The origin of these strong constraints for some of the operators involving b quarks is precisely
the above-mentioned additional RGE effects that SMEFT operators are subject to. In particular,
diagrams obtained by closing the quark loop of a 2q2` operator can contribute to the lepton-Higgs
operators displayed in Table 3, which induce LFV couplings of the Z boson, see Eqs. (53, 54). In
turn, such couplings give rise to both LFV Z decays and all kinds of LFV 4-fermion operators
(2q2` as well as 4`) through the matching shown in Appendix A, see e.g. Ref. [27]. Due to the
large coupling to the Higgs field, this effect is particularly pronounced for those operators involving
top quarks and it enhances the relative importance of LFV ⌧ decays and Z ! e⌧ compared to
LFVQD, as can be seen in the right plot of Figure 4. Interestingly, this plot also shows that, in
line to the observations in Ref. [27], a Z-pole run of future e+e� colliders such as the FCC-ee or
the CEPC would probe these operators through Z LFV as well as (or better than) Belle II will
do searching for LFV ⌧ decays. On the other hand, operators that do not involve top quarks will
not generate large Z LFV effects (e.g. C`d,⌧ebb and Ced,⌧ebb) and can be probed better by searches
for ⌥(nS) ! e⌧ (and LFV ⌧ decays) than Z ! e⌧ . This provides an interesting example of the
complementarity between low-energy and high-energy searches for LFV phenomena.
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SMEFT running induce large coefficients of Higgs-
lepton ops (for 2q2l ops involving top quarks):

large effects for tau decays and Z LFV
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SMEFT analysis

Flat directions are possible along which tau/Z constraints vanish:
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Figure 6: Contours of BR(⌥(1S) ! e⌧) as a function of the Wilson coefficients Ced,⌧e33 and C'e,⌧e

(top panel) and Ceq,⌧e33 and C'e,⌧e (bottom panel) at the scale ⇤ = 1 TeV. Colours as in Figure 5.

positive, while in the left panels the 2q2` WC is negative. The top panels show results for operators
involving right-handed quark currents and the bottom panels for left-handed quark currents. For
illustration purposes, we only show results for right-handed lepton currents but we find qualitatively
similar results for operators built from the corresponding left-handed currents. Notice that we set
⇤ = 1 TeV for all plots.

The light-coloured regions in Figures 5 and 6 are allowed by the present bounds on ⌧ ! eee
(blue), ⌧ ! ⇡e (green), ⌧ ! ⇢e (yellow). The corresponding darker colours indicate the future
reach of these processes, that is, how negative results of future searches would reduce the allowed
parameter space. Besides those three ⌧ decays, we display the impact of the future sensitivity on
Z ! e⌧ (red), while we do not show its current bound, as this process is not sensitive enough to
constrain the displayed WCs at present. The plots show that constraints from LFV Z (future)
and ⌧ decays are generally more relevant than LFVQD, in line with the results previously shown
in Figure 4. However, there exist non-trivial relations among the Wilson coefficients that can lead
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SMEFT analysis

That’s not the case for charmonium decays:
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Figure 5: Contours of BR(J/ ! e⌧) as a function of the Wilson coefficients Ceu,⌧e22 and C'e,⌧e

(top panel) and Ceq,⌧e22 and C'e,⌧e (bottom panel) at ⇤ = 1 TeV. The light coloured regions are
allowed by the current constraints on ⌧ ! eee (blue), ⌧ ! ⇡e (green), ⌧ ! ⇢e (orange). The dark
coloured regions show the respective future sensitivities and, in addition, that of Z ! e⌧ (red).

As in the previous LEFT analysis, switching on a single WC is a good first approach to analysing
the LFVQD. However, it is a somewhat unrealistic scenario for any UV-complete theory. Unless
some additional symmetry is present, we could expect that several of our SMEFT operators are
generated at the new physics scale ⇤ where we can integrate out the new degrees of freedom, and
this could induce possible interferences and cancellations among different operators, changing the
conclusions drawn above. Indeed, this is not an unlikely outcome, given the interplay among 2q2`
operators and RGE-induced lepton-Higgs operators that we have just discussed.

In order to explore possible deviations from the single operator analysis, we now turn to a
two-operator SMEFT analysis in the ⌧e sector. In Figures 5 and 6 we show the resulting LFVQD
branching ratios as functions of the 2q2` and lepton-Higgs Wilson coefficients on a logarithmic
scale. We choose the lepton-Higgs WC to be positive, hence in the right panels both WCs are
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