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Finding axions at muon experiments



Motivation: we have high-intensity muon experiments!
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Lorenzo Calibbi (Nankai)ALPs at muon experiments

Current landscape of searches for charged lepton flavour violation (CLFV):



What about searching for light new physics there?

  Assume there is a light, invisible, new particle “a”
with flavour-violating couplings to leptons

CLFV modes would then be

Interesting interplay with cosmology/astrophysics:

Light: Invisible:
• Neutral 
• Feebly coupled (long-lived)

ma < mμ , mτ

μ → e a, τ → μ a, μ → e γ a, etc .

• Can a be Dark Matter? (yes, if long-lived enough) 
• Bounds from star cooling/supernovae (if light and feeble enough)
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Lepton-flavour-violating ALPs

Why should a be light and feebly-coupled? 

Examples of lepton-flavour-violating (LFV) ALPs:

Natural, if it is the (pseudo) Nambu-Goldstone boson (PNGB) of a 
spontaneously broken global U(1), aka an axion-like particle (ALP)

Equivalent possibility: light Z′ of a local U(1), e.g. Li-Lj (with g ≪1) 
Heeck ‘16

Wilczek ‘82

Pilaftsis ‘93

Feng et al. ‘97

LC Goertz Redigolo 
Ziegler Zupan ‘16

Di Luzio et al. ‘17, ’19

…

LC Redigolo Ziegler 
Zupan ‘20

Broken global 
symmetry: PNGB:

• Neutrino masses → Lepton Number Majoron

• Strong CP problem → Peccei-Quinn Axion

• Flavour problem → Flavour symmetry 
(Froggatt-Nielsen) Familon

…
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Lepton-flavour-violating ALPs
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General interactions to leptons (dimension 5 operators):

Where does lepton flavour violation come from?

• If lepton U(1) charges are flavour non-universal              
      naturally flavour-violating couplings 

• Alternatively, loop-induced flavour-violating couplings

Explicit examples at the end…

Shift symmetry (PNGB!) →  mass arises ma from (small) explicit U(1) breaking

U(1)-breaking scale → coupling suppression
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Lepton-flavour-violating ALPs

Where does lepton flavour violation come from?
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This generic Lagrangian induces 2-body LFV decays such as: 

Feng et al. ‘97

La`` =
@µa

2fa

�
CV

ij `i�µ`j + CA
ij `i�µ�5`j

�
<latexit sha1_base64="+IolpgmdWYoOPH+Lgq5kmoxRFSI="></latexit>

General interactions to leptons (dimension 5 operators):
Shift symmetry (PNGB!) →  mass arises ma from (small) explicit U(1) breaking

U(1)-breaking scale → coupling suppression
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𝜇 → e a: signal and background
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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 –
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+
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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
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�m2
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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
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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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the forward direction
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the bkd goes to zero 
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(the direction opposite 
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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!]
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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
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signal depends on the chirality of the couplings

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

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

Lorenzo Calibbi (Nankai)ALPs at muon experiments
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Figure 1. Summary of the present bounds and future projections for an ALP with generic couplings
to leptons, i.e., we set CV

``0 = C
A

``0 = 1 for all the couplings in Eq. (2.1). For the isotropic case we
set CV

µe
= 0 and C

A

µe
= 1 (the opposite choice leads to the same results). In the V± A case we set

C
V

µe
= ±C

A

µe
= 1. The gray shaded regions are excluded by the astrophysical bounds from star

cooling due to C
A

ee
and by SN1987A due to C

A

ee
and C

A

µµ
, see Sec. 6.1. We present these bounds for

the isotropic case. The blue shaded region corresponds to a prompt/displaced ALP. The green
solid line is the exclusion due to the bound on µ

+
! e

+
a by Jodidio et al., assuming an isotropic

ALP [9]. The green dotted (dashed) line is our recast of this bound for the V � A (V + A)
case. The sensitivity in the V � A case is worse since then the signal is suppressed in the forward
direction as much as the background. The blue solid (dotted, dashed) lines are the bounds
from the TWIST experiment on isotropic (V �A, V +A) ALP [10]. The dark orange thin solid
line is the MEGII-fwd projection for an isotropic ALP with no magnetic focusing while for the
orange thin solid line we assumed that focusing increases the luminosity in the forward direction
by a factor of 100, cf. Sec. 3.2 for details. The dark red thin solid line is the Mu3e projection
from [42], for the isotropic ALP. The sensitivity for the other chiral structures is expected to be
similar since there is no background suppression in this setup. The purple solid line is the bound
from the ⌧ ! µa search by the ARGUS collaboration [43], and does not dependent on the chirality
of the ALP couplings. The purple thin line is the projected reach at Belle-II, see Sec. 5 for details.
The bound on µ

+
! e

+
a� from Crystal Box is subdominant, see Sec. 4, and is not displayed.

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

(invisible) ALP in the final state.3 The corresponding total decay width is given by

�(`i ! `j a) =
1

16⇡

m
3
`i

F
2
`i`j

 
1�

m
2
a

m
2
`i

!2

, (2.3)

3We note in passing, that while we do not study the phenomenology of the LFV neutrino decays,

⌫i ! ⌫ja, the typical decay time for this process is shorter than the age of the Universe for the ALP decay

constants under consideration. This has interesting phenomenological consequences on neutrino cosmology

– 5 –

Lepton-flavour-violating invisible ALPs

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)
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1

16⇡
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, (2.1)

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

d�(`i ! `j a)

d cos ✓
=

m3
`i
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`i`j
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1 + 2P cos ✓
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`i`j
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`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?]
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Figure 1. Summary of the present bounds and future projections for an ALP with generic couplings
to leptons, i.e., we set CV

``0 = C
A

``0 = 1 for all the couplings in Eq. (2.1). For the isotropic case we
set CV

µe
= 0 and C

A

µe
= 1 (the opposite choice leads to the same results). In the V± A case we set

C
V

µe
= ±C

A

µe
= 1. The gray shaded regions are excluded by the astrophysical bounds from star

cooling due to C
A

ee
and by SN1987A due to C

A

ee
and C

A

µµ
, see Sec. 6.1. We present these bounds for

the isotropic case. The blue shaded region corresponds to a prompt/displaced ALP. The green
solid line is the exclusion due to the bound on µ

+
! e

+
a by Jodidio et al., assuming an isotropic

ALP [9]. The green dotted (dashed) line is our recast of this bound for the V � A (V + A)
case. The sensitivity in the V � A case is worse since then the signal is suppressed in the forward
direction as much as the background. The blue solid (dotted, dashed) lines are the bounds
from the TWIST experiment on isotropic (V �A, V +A) ALP [10]. The dark orange thin solid
line is the MEGII-fwd projection for an isotropic ALP with no magnetic focusing while for the
orange thin solid line we assumed that focusing increases the luminosity in the forward direction
by a factor of 100, cf. Sec. 3.2 for details. The dark red thin solid line is the Mu3e projection
from [42], for the isotropic ALP. The sensitivity for the other chiral structures is expected to be
similar since there is no background suppression in this setup. The purple solid line is the bound
from the ⌧ ! µa search by the ARGUS collaboration [43], and does not dependent on the chirality
of the ALP couplings. The purple thin line is the projected reach at Belle-II, see Sec. 5 for details.
The bound on µ

+
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+
a� from Crystal Box is subdominant, see Sec. 4, and is not displayed.

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

(invisible) ALP in the final state.3 The corresponding total decay width is given by
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3We note in passing, that while we do not study the phenomenology of the LFV neutrino decays,

⌫i ! ⌫ja, the typical decay time for this process is shorter than the age of the Universe for the ALP decay

constants under consideration. This has interesting phenomenological consequences on neutrino cosmology

– 5 –

Decays mediated by dim-5 operators: much larger NP scales can be reached 
than µ → eγ, µ → 3e, µ → e conv. (from dim-6 ops, NP scale reach ∼107−108GeV) 

https://arxiv.org/abs/2006.04795


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 polarized 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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1
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j
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!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
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(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]).
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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:
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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
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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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Past searches: 𝜇 → e a
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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 polarized 𝜇+ 

interpreted in terms of 𝜇 → ea too 

Past searches: 𝜇 → e a

(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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, (3.1)

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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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

) Fµe > 4.8⇥ 109 GeV

<latexit sha1_base64="o3on/7rtH2j1MvgQ4M7W+VKlQYU="></latexit>
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FIG. 4. (color online) Confidence intervals set on branching
ratios for µ+ ! e+X0 decays determined from the muon de-
cay spectrum for signals well separated from the endpoint.
Statistical and energy calibration uncertainties are included.
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FIG. 5. (color online) FC confidence intervals determined
at the endpoint as a function of the momentum calibration
o↵set. The black dotted line shows the best a priori estimate
of the momentum calibration as determined from Table I.

density and e↵ective sample size. Since the momentum
resolution was also better than that of the TWIST de-
tector by a factor of 2 at similar angles, the upper limit
on the branching ratio is an order of magnitude smaller
than the comparable limits set by this work. However,
the experiment was also insensitive to signal anisotropies.
Consequently, a signal with A = �1 would have not been
visible, while a signal with A = +1 would have been ex-
cluded with a 1.3 ppm upper limit at 90% confidence.

VII. CONCLUSIONS

No significant evidence for µ+ ! e+X0 decays has
been found in this search. The limits on these decays
for 13 MeV/c2 < mX0 < 80 MeV/c2, where the X0

Decay Signal 90% C.L. p-value
(in ppm)

A = 0 Average 9
p = 37.03 MeV/c 26 0.66

Endpoint 21 0.81
A = �1 Average 10

p = 37.28 MeV/c 26 0.60
Endpoint 58 0.80

A = +1 Average 6
p = 19.13 MeV/c 6 0.59

Endpoint 10 0.90

Previous Results
Balke et al. [24] 100
Bryman and Cli↵ord [25] 300
Jodidio et al. [26] 2.6

TABLE II. The 90% upper limits for the branching ratio of
µ+ ! e+X0 processes which produce positron signals with
positive, negative, and no anisotropy. The average of the
upper limits of e+ signals produced in the presence of massive
X0 particles is shown for all three cases as well as similar
limits associated with massless X0 particles determined from
the positron spectrum endpoint. The momentum, 90% upper
confidence limits, and p-value of the most significant massive
signal is also given. The results of Balke et al. and Bryman
and Cli↵ord are directly comparable to the case of µ+ !
e+X0 decays producing massive bosons with no anisotropy
(A = 0), while the results of Jodidio are comparable to the
production of massless X0 bosons, also assuming A = 0.

decay is not observed, have been improved by a factor of
10 over previously published limits. The dependence of
these limits on the decay anisotropy has been studied for
the first time.
Due to the systematics associated with the detailed

understanding of the decay positron spectrum endpoint,
our limits on µ+ ! e+X0 processes with mX < 13
MeV/c2 are much less restrictive. For this range we have
reported the first inclusive limit on decays having the
same anisotropy as ordinary muon decay, while for other
anisotropies the Jodidio et al. measurement is more sen-
sitive.
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•   TWIST 2014 Precise measurement of Michel parameters plus dedicated search  
for 𝜇 → ea in the whole ma range considering anisotropy of the signal
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FIG. 5. (color online) FC confidence intervals determined
at the endpoint as a function of the momentum calibration
o↵set. The black dotted line shows the best a priori estimate
of the momentum calibration as determined from Table I.

density and e↵ective sample size. Since the momentum
resolution was also better than that of the TWIST de-
tector by a factor of 2 at similar angles, the upper limit
on the branching ratio is an order of magnitude smaller
than the comparable limits set by this work. However,
the experiment was also insensitive to signal anisotropies.
Consequently, a signal with A = �1 would have not been
visible, while a signal with A = +1 would have been ex-
cluded with a 1.3 ppm upper limit at 90% confidence.

VII. CONCLUSIONS

No significant evidence for µ+ ! e+X0 decays has
been found in this search. The limits on these decays
for 13 MeV/c2 < mX0 < 80 MeV/c2, where the X0

Decay Signal 90% C.L. p-value
(in ppm)

A = 0 Average 9
p = 37.03 MeV/c 26 0.66

Endpoint 21 0.81
A = �1 Average 10

p = 37.28 MeV/c 26 0.60
Endpoint 58 0.80

A = +1 Average 6
p = 19.13 MeV/c 6 0.59

Endpoint 10 0.90

Previous Results
Balke et al. [24] 100
Bryman and Cli↵ord [25] 300
Jodidio et al. [26] 2.6

TABLE II. The 90% upper limits for the branching ratio of
µ+ ! e+X0 processes which produce positron signals with
positive, negative, and no anisotropy. The average of the
upper limits of e+ signals produced in the presence of massive
X0 particles is shown for all three cases as well as similar
limits associated with massless X0 particles determined from
the positron spectrum endpoint. The momentum, 90% upper
confidence limits, and p-value of the most significant massive
signal is also given. The results of Balke et al. and Bryman
and Cli↵ord are directly comparable to the case of µ+ !
e+X0 decays producing massive bosons with no anisotropy
(A = 0), while the results of Jodidio are comparable to the
production of massless X0 bosons, also assuming A = 0.

decay is not observed, have been improved by a factor of
10 over previously published limits. The dependence of
these limits on the decay anisotropy has been studied for
the first time.
Due to the systematics associated with the detailed

understanding of the decay positron spectrum endpoint,
our limits on µ+ ! e+X0 processes with mX < 13
MeV/c2 are much less restrictive. For this range we have
reported the first inclusive limit on decays having the
same anisotropy as ordinary muon decay, while for other
anisotropies the Jodidio et al. measurement is more sen-
sitive.
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SM-like

Limits (with 5.8×108 𝜇+):

BR(µ ! ea) < 5.8⇥ 10�5
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For V-A coupl. and ma ≈ 0:

) Fµe > 1.0⇥ 109 GeV
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Future prospects

  Present bounds based on old experiments and/or
moderate luminosities (<109 total muon decays)

 Modern facilities, e.g. 𝜋E5 beamline at PSI (where MEGII and
 Mu3e are located), can deliver >108 muons per second:

 next generation experiments must do better!

Lorenzo Calibbi (Nankai)ALPs at muon experiments



MEG: Signature and experimental setup

• The MEG experiment aims to search for μ+ → e+ γ with a sensitivity of ~10-13  (previous 
upper limit BR(μ+ → e+ γ) ≤ 1.2 x 10-11 @90 C.L. by MEGA experiment) 

• Five observables (Eg, Ee, teg, ϑeg, ϕeg) to characterize μ→ eγ events

�
µ+e+

�
µ+e+

�

�

�

µ+e+

�

�

Signature

Backgrounds

�53

A. Baldini et al. (MEG Collaboration), 
Eur. Phys. J. C73 (2013) 2365

Future prospects: MEG II

slide borrowed from A. Papa

Final result (with 7.5x1014 𝜇+ on target): BR(µ ! e�) < 4.2⇥ 10�13 (90%CL)
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RF05: CLFV..., Jul 2 2020J. Zupan   Light new physics in muon decays

Calibbi, Redigolo, Ziegler, JZ, 2006.04795

MEGII-fwd
• MEGII is designed to search for 

• could be repurposed for  search  MEGII-fwd

• already has polarized muons

• place a Lyso ECAL downstream 
 
 
 
 

• need to reconfigure the magnetic field 

• most conservative no focusing, F=1

• possibly more realistic F=100

• interesting reach already with 2weeks of running* 

μ → eγ
μ+ → e+a ⇒

6

MEG-II, 1801.04688 

     LYSO calorimeter 
    

* projections done for , PSI  beamline potentially   in 2025+ 108μ+/s πE5 1010μ+/s

What about a Jodidio-like search at MEG II for ma ≈ 0 with a forward calorimeter? 

Future prospects: MEG II

• Prospect at MEG II for 𝜇 → e a 

We propose a modified setup of MEG II (“MEGII-fwd”) and ~2 weeks dedicated run

RF05: CLFV..., Jul 2 2020J. Zupan   Light new physics in muon decays

Calibbi, Redigolo, Ziegler, JZ, 2006.04795

MEGII-fwd
• MEGII is designed to search for 

• could be repurposed for  search  MEGII-fwd

• already has polarized muons

• place a Lyso ECAL downstream 
 
 
 
 

• need to reconfigure the magnetic field 

• most conservative no focusing, F=1

• possibly more realistic F=100

• interesting reach already with 2weeks of running* 

μ → eγ
μ+ → e+a ⇒

6
* projections done for , PSI  beamline potentially   in 2025+ 108μ+/s πE5 1010μ+/s

~1.5 m from the target, diameter ~ 10 cm

• Muon beam already polarized 
• A suitable magnetic field can 

reduce depolarization effects 
• Reconfiguring the field we can 

also increase the acceptance 
(“magnetic focusing” up to F~100) 

• Two weeks of run after MEG II 
main run are enough to improve 
the bound (even with F=0) 

idea from discussions with A. Papa and G. Signorelli, thanks! 

Lorenzo Calibbi (Nankai)ALPs at muon experiments
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Future prospects: MEG II

Our estimate of the sensitivity of a dedicate run (2 weeks with 108 𝜇+/s):

What about a Jodidio-like search at MEG II for ma ≈ 0 with a forward calorimeter? 

idea from discussions with A. Papa and G. Signorelli, thanks! 

We propose a modified setup of MEG II (“MEGII-fwd”) and ~2 weeks dedicated run

magnetic focusingpolarization

Positron  
momentum  
resolution

xe =
2pe
mµ
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Figure 6. Left: The orange contours show the 90% C.L. expected sensitivity on BR(µ+
! e

+
a)

at MEGII-fwd for a massless isotropic ALP (either C
V

µe
6= 0 or C

A

µe
6= 0) as a function of the

momentum resolution �xe, and the deviation of average polarization hPµi from �1, assuming there
is no magnetic focusing. Right: The expected sensitivity at MEGII-fwd (orange contours) as
a function of the momentum resolution �xe and focusing F , setting muon polarization to hPµi =
�1+�xe. The angular resolution is assumed to be subdominant and systematic uncertainties below
the statistical one. The darker green region are excluded by the 1986 Jodidio et al. experiment [9],
cf. Table 1. The dashed dark orange line indicates where our future projections assume that
systematic uncertainties can be lowered compared to the ones in Jodidio et al. ✏sys = 0.9⇥ 10�6.

Mu3e experiment [42]. The dark thin red line in Fig. 1 shows the 95% C.L. limit on fa for

isotropic LFV ALP that Mu3e is projected to achieve with a physics run of 300 days. The

⇠ 104 improvement in fa reach over the TWIST experiment is mostly driven by the seven

orders of magnitude larger dataset, which, however, does not come without challenges.

For µ+
! e

+
a search the Mu3e will be able to reconstruct online all the single positron

events corresponding to “short tracks”, i.e., events with only four hits on the four detector

layers. The online reconstruction of “short tracks” in the filter farm has been shown to

reduce by a factor of a 100 the data rate [69], making it possible to process all the short

tracks events and store positron three-momenta, ~pe. A search for BR(µ+
! e

+
a) positron

line can be done as a bump hunt on the smooth SM |~pe| distribution, assuming that every

positron event corresponds to a single track.

The tracks in Mu3e will gyrate around the magnetic field of roughly 1T. The typical

e
+ gyroradius will be much larger than the radius of the Mu3e instrumented region – a

cylinder with radius of around 6 cm. Encountering the detector material the positron will

loose momentum and eventually stop. The positron will typically stop after half a turn,

i.e., after having encountered at least four detector layers: 2 central layers + 2 external

layers. This justifies the assumption of one positron per one track. Positrons emitted

perpendicularly to the muon beam will instead perform many turns in the central layers

– 19 –

• Prospect at MEG II for 𝜇 → e a 
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Future prospects: MEG II

• Prospect at MEG II for 𝜇 → e a 𝛾

Search sensitive to V-A couplings too, requires a dedicated trigger:

7

scheme as S/
q

B + ⌘2sys(B + S)2. The contours of S/B

in Fig. 4 indicate that the parameter ⌘sys should be kept
below 0.1% in order for systematics uncertainties to be
negligible. This assumption can again only be validated
by the MEG collaboration.

IV. DISCUSSION

✶✶

10-6 10-5 10-4 10-3 10-2 10-1 1 101 102 103 104

109

1010

1011

ma [eV]

f a
[G
eV

]

TWIST
RG cooling

WD cooling

MEG II-ALP (1 year)

MEG II-ALP (1 month)

EB
L
(E
U
V
=1

)

|Ce |=|Cμe
V-A |=1

A
D
M
X
(E
U
V
=1)

Mu3e-online

ALP-DM

ALP-basin

→

X
E
N
O
N
1T-S

2

X
rays

(E
U
V
=0)

FIG. 5. ALP parameter space as a function of the decay
constant fa and the mass ma, assuming Ce = CV �A

eµ = 1
and EUV = 0. The dark red line is the present TWIST
bound [16], while the purple bands correspond the projec-
tions for the MEG II-ALP dedicated run shown in Fig. 1.
The solid/dashed line corresponds to 1 month/1 year of data
taking. The dashed orange line shows the (speculative) pro-
jection for a Mu3e online analysis of µ+ ! e+a data [27]. The
shaded grey regions show existing bounds from white dwarf
(WD) and red giants (RG) cooling [28–30], X rays searches
of � lines from decaying DM [31, 32], absorption in direct
detection experiments [33, 34], and existing resonant cavi-
ties [35–37] for EUV = 1. The dashed grey line show the
bound on decaying DM from di↵use extra-galactic light obser-
vations [38] if EUV = 1 (the arrow points towards the excluded
region). In the dark orange blob ALP DM can explain the
Xenon1T excess in electron recoils [39–41], while in the dark

green region the solar basin can fit the same excess [42].

The experimental program for rare muon decays has
primarily focused on well motivated but very specific
LFV final states such as µ+

! e+� and µ+
! e+e�e�,

with no (or very little) missing energy. These final states
are very interesting tests of heavy new physics generat-
ing LFV operators of dimension six in the SM and can
explore the flavor structure at the multi-TeV scale, for
instance in supersymmetric or composite Higgs models
(see for example Ref. [43]). They are however by design
insensitive to signatures of low energy remnants of high
scale LFV, such as light LFV axions.

The implementation of new trigger strategies can ad-
dress this blind spot, by directly targeting events con-
taining missing energy. These searches would enlarge the
physics case of the muon experimental program in a com-

pletely orthogonal direction by testing dimension five op-
erators with new, light long-lived particles that are very
weakly coupled to the SM. In this context, rare muon de-
cays can test scales as high as 1010 GeV and probe non-
trivial embeddings of the Peccei-Quinn symmetry inside
the SM flavor group, as well as spontaneously broken
lepton flavor symmetries more generally.
An example in this direction is the online trigger strat-

egy for µ+
! e+a at the Mu3e experiment proposed in

Ref. [27], or the MEG II-fwd proposal put forward in
Ref. [8]. Both these proposals are complementary to the
one explored here, because they are expected to have lim-
ited sensitivity for a left-handed massless ALP: In par-
ticular, the whole MEG II-fwd proposal ceases to be ad-
vantageous because the signal acceptance of left-handed
ALPs is tiny in the forward region. The proposed search
for Mu3e (orange dashed line in Fig. 5) on the other
hand faces severe challenges related to systematics uncer-
tainties in hunting for a bump on top of the Michel end
point. (This region is typically assumed to be signal-free
and used for experimental calibration.) In addition, the
MEG II experiment is already commissioned and should
be able to perform the measurement on a shorter time
scale than Mu3e. In the same spirit, we show in Ap-
pendix C the reach of our proposal on right-handed and
vectorial/axial ALP couplings. With 1 year of data tak-
ing MEG II can sensibly do better than the current best
bound from the experiment performed by Jodidio et al.
in 1986 [44] and set a bound which is only slightly weaker
than the projections of Mu3e and MEG II-fwd.
In Fig. 5 we show the impact of our projections in the

ALP parameter space, assuming the flavor diagonal (FD)
couplings to electrons

L
FD
e↵ � Ce

@µa

2fa
ē�µ�5e+ h.c. , (12)

are of the same order of the LFV coupling.5 The coupling
to photons

L
��
e↵ =

Ee↵

fa

↵

8⇡
aF F̃ (13)

is controlled by Ee↵ = EUV + CeB(⌧e), where EUV is
the electromagnetic anomaly coe�cient in the ultraviolet
theory and B(⌧) = ⌧ arctan2(1/

p
⌧ � 1) � 1 with ⌧e =

4m2
e/m

2
a � i✏ is the IR contribution from the electron

threshold. We see that a MEG II-ALP dedicated run
can probe new parameter space beyond the stellar cooling
constraints already with 1 month of running.
A particularly interesting model is the photophobic

ALP with EUV = 0, which can be the DM with a mass
ma ' 2 � 3 keV and explain the recent XENON1T ex-
cess in electron recoils [39–41], without being in tension

5
The @µa ē�µe vanishes due to current conservation, up to a con-

tribution to the SU(2)L anomaly.
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Figure 2: Schematic of the phase I Mu3e experiment in lateral projection with a simulated
µ ! eee event.

2.1 Signal and Background

The signal decay µ+ ! e+e�e+ is characterised by the coincidence of two positrons and one
electron1 from a common vertex. As muons are stopped in the detector and decay at rest, the
momenta of the three decay products vanishes whereas the invariant mass equals the muon
rest mass.
There are two sources of background to µ ! eee searches. On the one hand, there is back-
ground from the rare muon decay µ+ ! e+e�e+⌫µ⌫e which has the same visible final state
as µ+ ! e+e�e+. This source of background can be distinguished from signal by measuring
the missing energy carried by the undetected neutrinos.
On the other hand, high muon stopping rates give rise to accidental combinations of two
positrons and an electron from di↵erent processes. The most common source of this back-
ground stems from positrons that undergo Bhabha scattering in the detector material and
have a considerable momentum transfer to the electron. Paired with another positron from a
close-by Michel decay, these three particles can mimic a signal decay. In addition to kinematic
constraints, this type of background is suppressed by means of vertexing and timing.
Thus, for the Mu3e experiment a very accurate electron tracking and a precise timing mea-
surement are required in addition to high muon stopping rates.

2.2 Experimental Concept

The Mu3e experiment is designed to measure low momentum electrons with outmost precision
and at high rates. In phase I, it will be located at an existing muon beam line at PSI which
can provide muon rates of about 108 µ/s. In the second phase, higher muon rates in the range
of 109 µ/s are required. PSI is currently investigating on options for the High Intensity Muon
Beam line with muon rates of the order of 1010 µ/s.
The detector is shown in figure 2. The incoming muon beam is stopped on a hollow double
cone target made from Mylar foil. The momentum of the decay products is measured by their
curvature in the solenoidal magnetic field. The tracking detector is based on silicon pixel
sensors and is cylindrically arranged around the beam axis. Two layers of pixel sensors sur-
round the target for precise vertexing while two further layers are placed at a larger radius for
momentum measurements. A minimum transverse momentum pT of 10MeV is required for

1In the following, the two positrons and the electron will simply be referred to as three electrons.
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(b) Simulated µ ! eX signal events.

Figure 9: Spectra of the reconstructed momentum of positrons from simulated Standard
Model background and µ ! eX signal events.

TWIST experiment [11]. Averaged over the mass range, branching fractions larger 9⇥ 10�6

are excluded at 90% CL. Driven by the large number of muon decays, an improvement by
a factor of 600 is estimated for the Mu3e experiment in phase I with expected branching
fraction limits in the order of 10�8.

4 Conclusion

The upcoming Mu3e experiment at PSI is going to search for the lepton flavour violating
decay µ+ ! e+e�e+ with an unprecedented sensitivity. Already in phase I, a branching
fraction of 5.2⇥ 10�15 can be measured or excluded at 90% CL. Furthermore, conclusions on
the type of underlying physics can be drawn from the decay distributions in case of discovery.
In addition to µ ! eee searches, the experiment is also suited to investigate other signatures
of physics beyond the Standard Model. Substantial improvements can be expected in searches
for decays of the type µ ! eX for which branching fractions in the order of 10�8 can be tested.
Also in the case of dark photons a currently uncovered parameter space can be studied.
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A Robust Search for Lepton Flavour Violating Axions at Mu3e
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We propose a search at Mu3e for lepton flavor violating axion(-like) particles in µ ! 3e + a
decays. By requiring an additional e+e� pair from internal conversion, one can circumvent the
calibration challenges which plague the µ ! e+a channel for axions lighter than 20MeV. Crucially,
the corresponding reduction in signal rate is to a large extent compensated for by Mu3e’s ability to
resolve highly collimated tracks. For phase I of Mu3e, we project a sensitivity to decay constants
as high as 6⇥ 109 GeV which probes uncharted parameter space in scenarios of axion dark matter.
The sensitivity to axions which couple primarily to right-handed leptons can be further improved
by leveraging the polarisation of the muon beam.

I. INTRODUCTION

The Standard Model (SM) features a large SU(3)5

flavour symmetry, broken (albeit weakly) by the Yukawa
couplings. The precise origin of this breaking remains
one of the main unsolved mysteries in particle physics.
Should this breaking be spontaneous in nature, one would
expect a collection of extremely weakly coupled pseudo-
Nambu-Goldstone bosons (pNGb), many of which may
well be light [1–4]. Concrete realizations of this general
class of pNGb’s are familons in Frogatt-Nielsen models
of flavor [5], as well as majorons in models addressing
the origin of the neutrino masses [6–9]. Moreover, any of
these pNGb’s may play the role of the QCD axion, if the
Peccei-Quinn symmetry has a non-trivial embedding in
the SM flavour group [6, 10–12].

In this letter, we consider the possibility of such an
axion-like particle, denoted as a, with flavour-violating
couplings to the muon and electron of the form

LFV-a =
mµ

2fa

1

|Ceµ|
aµ̄(CV

eµ + CA
eµ�5)e+ h.c. , (1)

with |Ceµ| ⌘
q

(CV
eµ)

2 + (CA
eµ)

2, where one or both CV,A
eµ

are non-zero. The scale fa is the decay constant asso-
ciated with the breaking of the flavour symmetry in the
ultraviolet. The coefficients CV,A

eµ are model-dependent
and parametrize the low energy imprint of the full the-
ory. If the mass of the axion-like particle, ma, is less than
mµ�me, Eq. (1) induces exotic muon decays of the form
µ ! e+a. For a given limit on this exotic branching frac-
tion, the extraordinarily small width of the muon already
affords exclusion limits at large values of fa & 109 GeV
for CV,A

eµ ⇠ 1.
The axion’s lifetime on the other hand is determined by

the size of its flavor diagonal couplings, either to photons
or electrons. If these couplings are assumed to be as small
as the flavor violating ones, an axion lighter than 1MeV
would easily live for several hours or more before decay-
ing. It is therefore expected to be stable and invisible
at typical detector length scales, unless a highly unnat-
ural hierarchy is engineered between the flavor-diagonal

µ+

e+

a

e+

e+

e�

FIG. 1: Representative diagram for the µ ! 3e+a decay,
with an additional e+e� pair from the internal conversion

of a virtual photon. We presume a to be invisible.

and flavor-violating couplings. While such a hierarchy
can be constructed, such a model is expected to gener-
ate tension with other searches for charged lepton flavor
violation, such as µ+ ! e+�, µ+ ! e+e�e+ and µ ! e
conversions. Finally, the axion a could also be stable on
the scale of the Universe today, in which case it could
play the role of the dark matter either produced through
a combination of thermal [13, 14] and non-thermal mech-
anisms [6].

For the above reasons, searches for invisible axions in
µ ! e+ a decays were carried out at TRIUMF [15, 16],
yielding limits as high as fa & 2.45 ⇥ 109 GeV. The
upcoming Mu3e experiment at the Paul Scherrer Insti-
tute (PSI) is ideally suited to carry this program for-
ward with a nearly hermetic tracker and expecting well
over 1015 muons on target. The strategy is to search
for a monochromatic line on top of the Michel spec-
trum [17, 18]. This method is particularly powerful for
ma & 25MeV, but runs into complications at lower
masses. This is primarily because the monochromatic
line now lies very close to the kinematic edge of the
Michel spectrum, which serves as the basis for calibrat-
ing the detector. Consequently, an alternative calibration
technique and/or search strategy is required.

In this Letter we propose an alternative search strategy
which circumvents the need for a new calibration tech-
nique, by using the sub-leading µ ! 3e+a channel, where
an additional e+e� pair originates from the internal con-
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FIG. 2: Left: The missing mass, denoted as m/E , distribution is shown for two signal benchmark points: a light axion
with a mass below the detector resolution in orange and a 15MeV axion in blue. The µ ! 3e + 2⌫ background is
shown in black. It’s important to note that due to the finite track momenta resolution, m/E can be reconstructed
as a negative number (see Footnote 1). Right: This panel displays the angle of the missing momentum vector with
respect to the beam line and polarisation vector (cos ✓/E) for four signal chirality structures with ma = 0. Here, the A
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in yellow. The background distribution is limited to events with m/E < 5MeV. Both panels are based on the phase I

of Mu3e with Nµ = 2.5⇥ 1015 muons on target.

version of a virtual photon (Fig. 1). As a result none of
the three electron momenta are close to the kinematic
edge of the Michel spectrum. This trades a potentially
irreducible systematic limitation for an effective reduc-
tion in statistics. The latter is however ameliorated by
the exquisite sensitivity of Mu3e to collimated tracks, as
both signal and background are enhanced in the colinear
part of the phase space.

In the remainder of this letter, we investigate the sen-
sitivity of this strategy compared with the projected sen-
sitivity of the µ ! a+ e channel either at Mu3e [17, 18]
or at Mu2e [19], as well as a recent proposal to search
for µ ! a + e + � at MEG II during a dedicated, low-
luminosity run [20]. Our results are summarised in Fig. 3.

II. ANALYSIS STRATEGY

We used the FeynRules 2.3 package [21] to gen-
erate a Universal FeynRules Output [22] model file
for the model defined by Eq. (1). We then used
MadGraph5_aMC@NLO 3.4.1 [23] to generate the signal
events, accounting for the polarisation of the muon.
Similarly, the µ ! 3e + 2⌫ background was generated
with MadGraph5_aMC@NLO 3.4.1, again accounting for
the muon polarisation. We assumed that other back-
grounds, such as Bhabha scattering, external conver-

sions and random coincidences, are negligible compared
to µ ! 3e+2⌫ after applying vertex quality cuts, as is the
case in the standard µ ! 3e analysis [24] and searches
for dark photons [18, 25]. As a benchmark, we assumed
that the muons are 86% polarised, as was measured at
MEG [26]. However, this value is experiment-dependent
and will need to be measured by the collaboration. We
assumed a sample of 2.5⇥1015 (5.5⇥1016) muons stopped
in the target for phase I (phase II) of Mu3e [24]. For
phase II, there is also expected to be a significant im-
provement in the detector itself, though the number of
coincident Michel decays will also increase. We do not
include these changes in our analysis as they have not
yet been finalised by the Mu3e collaboration. Instead we
simply extrapolate the phase I sensitivity to the larger
number of muons that will be collected during phase II.

Our modelling of the Mu3e detector acceptance and
resolution is explained in detail in our companion paper,
Ref. [31]. For this analysis, the most important features
are the following: (i) tracks with transverse momentum
less than 12MeV were assumed not to be reconstructed,
(ii) the track and vertex efficiencies were taken to be the
same as those projected for the µ ! 3e analysis [24], and
(iii) the resolution on the missing mass was modelled
as Gaussian-distributed with a mean ranging between
1.21MeV and 0.9MeV, depending predominantly on the
number of short/long tracks reconstructed. To estimate
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version of a virtual photon (Fig. 1). As a result none of
the three electron momenta are close to the kinematic
edge of the Michel spectrum. This trades a potentially
irreducible systematic limitation for an effective reduc-
tion in statistics. The latter is however ameliorated by
the exquisite sensitivity of Mu3e to collimated tracks, as
both signal and background are enhanced in the colinear
part of the phase space.

In the remainder of this letter, we investigate the sen-
sitivity of this strategy compared with the projected sen-
sitivity of the µ ! a+ e channel either at Mu3e [17, 18]
or at Mu2e [19], as well as a recent proposal to search
for µ ! a + e + � at MEG II during a dedicated, low-
luminosity run [20]. Our results are summarised in Fig. 3.

II. ANALYSIS STRATEGY

We used the FeynRules 2.3 package [21] to gen-
erate a Universal FeynRules Output [22] model file
for the model defined by Eq. (1). We then used
MadGraph5_aMC@NLO 3.4.1 [23] to generate the signal
events, accounting for the polarisation of the muon.
Similarly, the µ ! 3e + 2⌫ background was generated
with MadGraph5_aMC@NLO 3.4.1, again accounting for
the muon polarisation. We assumed that other back-
grounds, such as Bhabha scattering, external conver-

sions and random coincidences, are negligible compared
to µ ! 3e+2⌫ after applying vertex quality cuts, as is the
case in the standard µ ! 3e analysis [24] and searches
for dark photons [18, 25]. As a benchmark, we assumed
that the muons are 86% polarised, as was measured at
MEG [26]. However, this value is experiment-dependent
and will need to be measured by the collaboration. We
assumed a sample of 2.5⇥1015 (5.5⇥1016) muons stopped
in the target for phase I (phase II) of Mu3e [24]. For
phase II, there is also expected to be a significant im-
provement in the detector itself, though the number of
coincident Michel decays will also increase. We do not
include these changes in our analysis as they have not
yet been finalised by the Mu3e collaboration. Instead we
simply extrapolate the phase I sensitivity to the larger
number of muons that will be collected during phase II.

Our modelling of the Mu3e detector acceptance and
resolution is explained in detail in our companion paper,
Ref. [31]. For this analysis, the most important features
are the following: (i) tracks with transverse momentum
less than 12MeV were assumed not to be reconstructed,
(ii) the track and vertex efficiencies were taken to be the
same as those projected for the µ ! 3e analysis [24], and
(iii) the resolution on the missing mass was modelled
as Gaussian-distributed with a mean ranging between
1.21MeV and 0.9MeV, depending predominantly on the
number of short/long tracks reconstructed. To estimate

3

102 103 104 105 106 107 108

Axion mass ma [eV]

108

109

1010

1011

A
xi
on

d
ec
ay

co
n
st
an

t
f a

[G
eV

]

SN1987A (µf ! efa)

TWIST

Jodidio et al.

White-dwarf
cooling

Red-giant
cooling

M
u
3e

(µ
!

ea)

MEG II fwd

MEG II-ALP

Mu2e-X

Independent calibration

Partial Michel calibration

Mu3e (µ ! 3e+ a)
Phase I

Phase II

|CV
eµ| or |CA

eµ| = 1
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µ ! 3e+ a channel can still be used to search for axions with ma > 20MeV, but in this region the normal µ ! e+ a
search should always be superior and we therefore terminate the yellow line. The phase I (phase II) limits correspond
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standard MEG II detector configuration. The MEG II-fwd curve refers to a proposal to install a dedicated forward

detector at MEG II whose sensitivity strongly depends on the details of the configuration [6].

the missing mass resolution, we used the resolution on
mee, the invariant mass of an electron-positron pair, from
the µ ! e⌫̄⌫X(X ! e+e�) search in Fig. (6.12a) of
Ref. [18] as a proxy. This resolution is almost flat as a
function of mee, allowing extrapolation to the low miss-
ing mass required here. Note that without information
on the angular resolution as a function of energy, a more
accurate determination of the missing mass resolution
is not possible. By assuming that the muon decayed at
rest, one can reconstruct1 the missing mass m/E , which at
truth-level corresponds to ma for the signal. The m/E ⇡ 0
regime is also the kinematic endpoint for the background,
where both neutrinos are collinear. This implies that the

1 Due to the finite resolution of track momenta, the square of the
invariant mass m2

/E
can be reconstructed as a negative number.

To allow for this possibility, we defined m/E ⌘ sign(m2
/E
)
q

|m2
/E
|,

hence m/E can take negative values, as seen in Fig. 2.

background drops quickly as m/E ! 0, affording excel-
lent sensitivity, as is evident from the left-hand panel of
Fig. 2.

Secondly, we consider the angle between the missing
momentum vector and the beamline (cos ✓/E), as shown
in the right-hand panel of Fig. 2. In this panel, a slight
tilt in the background distribution is observed, which can
be attributed to the left-handedness of the weak interac-
tion and the polarisation of the muons. Similarly, the sig-
nal distributions exhibit a tilt for V � A (CV

eµ = �CA
eµ)

and V + A (CV
eµ = CA

eµ) couplings, while the vector V
(CV

eµ = 1, CA
eµ = 0) and axial A (CV

eµ = 0, CA
eµ = 1) cases

are symmetric in cos ✓/E . Other kinematical variables,
such as the magnitudes and angles of the various tracks
and missing momenta, were systematically explored, as
well as pairwise invariant masses and angles between each
track and the missing momentum. All of these variables
were found to be strongly correlated with m/E and cos ✓/E ,
and were therefore not included in the analysis for sim-

Knapen Langhoff Opferkuch Redigolo ‘23
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FIG. 2. Electron spectrum for majoron emission in orbit for Al (solid line). The second panel is a zoom for Ee > 100 MeV.
The dashed line in the second panel is the electron spectrum for DIO in Al, multiplied by a constant (C = 415) to make it
coincide with the MEIO rate at Ee = 100 MeV.

To obtain a more detailed estimate of the upper limit for B(µ → eJ) that Mu2e and COMET could obtain, we
need to convolute the MEIO spectrum with the experimental energy resolution modeled by those collaborations. Once
again, from Eq. (24) we get the electron spectrum for MEIO for Al, which for illustration we plot in Fig. 2 as the
solid line. We find that the spectrum for energies Ee > 100 MeV is very well fitted by1

1

Γ0

dΓ

dEe

∣

∣

∣

∣

Al, Ee>100 MeV

=
1

mµ

(

3.289× 10−10δ + 3.137× 10−7δ2 + 1.027× 10−4δ3 + 1.438× 10−3δ4 + 2.419× 10−3δ5 + 1.215× 10−1 δ6
)

.

(36)
Convoluting the above equation with the estimated energy resolution of the experiment (which we denote as F (Ee))
we can obtain a value of fJ

fJ |Ee>x =

ˆ Eµe

x

(

1

Γ0

dΓ

dEe
⊗ F

)

dEe, (37)

where ⊗ denotes the convolution. Using the estimated energy resolution for Mu2e and COMET, and estimating the
expected number of DIO events in the signal region (NDIO $ 2400), we find that the bound on B(µ → eJ) that a
conversion experiment with Rµe ∼ 10−16 on Al may be able to place will be B(µ → eJ) < 2 × 10−5, roughly at the
same level as the current one in Eq. (1).
Since COMET and Mu2e also consider Ti as a viable target we give, for completeness, the polynomial that fits the

MEIO spectrum in Ti for Ee > 99 MeV 2

1

Γ0

dΓ

dEe

∣

∣

∣

∣

Ti, Ee>99 MeV

=
1

mµ

(

5.404× 10−10δ + 9.301× 10−7δ2 + 5.552× 10−4δ3 + 8.113× 10−3δ4 + 5.470× 10−2δ5 + 4.244× 10−1 δ6
)

.

(38)
The bounds on B(µ → eJ) we would obtain with a Ti target are similar to those for Al.

C. Discussion

We have shown in the previous section that a µ → e conversion experiment with an Al target and sensitivity at
the 10−16 − 10−18 level may be able to produce bounds on the µ − e − J coupling which are competitive with the

1 Eq. (36) may be used in a wider energy range. It reproduces Eq. (24) for Al with an accuracy better than 10% until Ee ∼ 90 MeV.
2 It can be used until Ee ∼ 93 MeV to reproduce Eq. (24) for Ti with an accuracy better than 10%.

Spectrum of 𝜇 → ea emission in orbit (for Al):
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FIG. 1. Electron spectrum for majoron emission in orbit for gold (solid line). The second panel is a zoom for Ee > 90 MeV.
The dashed line in the second panel is the electron spectrum for DIO in gold, multiplied by a constant (C = 333) to make it
coincide with the MEIO rate at Ee = 90 MeV.

given by

fJ |Au, Ee>90 MeV =

ˆ Eµe

90MeV

1

Γ0

dΓ

dEe
dEe = 2.4× 10−8. (32)

The total muon lifetime in gold is 88 ns, determined by the capture rate. Therefore, using the estimate for the limit
on the branching ratio that we derived in Eq. (6), we have

B(µ → eJ) ∼
NRRµe

fJ

Γcapture

Γ(µ → eνµν̄e)
∼

NRRµe

fJ

2.197µs

88ns
∼

NRRµe

fJ
25, (33)

where we also used that the free muon width is Γ(µ → eνµν̄e) = 1/(2.197µs), and NR is the factor representing the
event distribution observed below the conversion peak. The upper limit Rµe < 7×10−13 set by Ref. [20] was obtained
from a likelihood analysis considering the mono-energetic conversion signal, muon DIO, and additional backgrounds
from radiative muon capture, pion decays and cosmic rays. The shape of the electron energy distribution seen in the
experiment was well described by muon DIO. It is reasonable to assume that the events seen in the region Ee > 90
MeV came from muon DIO and that no additional events from majoron emission were present. Nevertheless, to avoid
doing background subtractions of DIO events, we will consider that the number of MEIO events cannot be larger
than those seen in the experiment. Six events were seen for Ee > 90 MeV, and if we assume a Gaussian distribution
(with mean and variance equal to 6), the 90% C.L. limit corresponds to 9 events. Therefore, to obtain the limit on
B(µ → eJ), we use Eq. (33) with the factor NR = 9/2.3 (where the 2.3 in the denominator corresponds to the events
for 90% C.L. on a Poisson distribution with expected number of occurrences 1 or 0). Doing that we obtain

B(µ → eJ) !
NRRµe

fJ
25 ∼

9
2.37× 10−13

2.4× 10−8
25 ∼ 3× 10−3. (34)

The upper limit in Eq. (34) is still less restrictive than the current limit in Eq. (1). Thus, the existing conversion data
does not improve on the present limits for the µ− e− J coupling.

B. New conversion experiments (Mu2e and COMET)

Future µ → e conversion experiments Mu2e at Fermilab [13] and COMET at J-PARC [14] aim to reach sensitivities
at the 10−16 level, and to use an aluminum (Al, Z = 13) target. The ratio of muon capture width in Al over the free
muon width is around 1.5 (as compared to 25 for Au, as in Eq. (33)), but fJ is lower due to the much lower Z. The
µ → e conversion energy in Al is around 105 MeV (see Table I). Using Ee > 100 MeV as the signal region, fJ for Al
is 2.2× 10−10, and NR = 27 based on subtraction of the DIO background, resulting in

B(µ → eJ) ∼
NRRµe

fJ

Γcapture

Γ(µ → eνµν̄e)
∼

NRRµe

fJ
1.5 ∼

27× 10−16

2.2× 10−10
1.5 ∼ 1.9× 10−5, (35)

which is comparable to the current limit in Eq. (1). If a sensitivity of 10−18 is reached, the limit on B(µ → eJ) will
improve by an order of magnitude due to improved statistical precision on DIO.

Sensitivity in terms of the 𝜇 → e conv. limit:

27 (in Al)

2×10-10 (Ee > 100 MeV)

10-17

2×10-6

ma ≈ 0 

Fraction of 𝜇 → ea  
events in the signal region

Phase-space  
correction factor

• Prospect at 𝜇 → e conversion experiments

Muon decay 
in orbit

Possible bound at the level of Jodidio et al. 
Limited by the 𝜇 → e conv. signal region (only the tail included): dedicated search?

Lorenzo Calibbi (Nankai)ALPs at muon experiments

Garcia i Tomo et al. ’11
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Future prospects: a COMET study

One can try to lower the lower limit of the signal window 
(very large background from muons decaying in orbit)

• Prospect at 𝜇 → e conversion experiments

Significance factor

lower limit of 
signal window

COMET Phase II can reach ~10-8 coping with a bg rate ~O(100)kHz

Lorenzo Calibbi (Nankai)ALPs at muon experiments

Xing et al. '22
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• Prospect at 𝜇 → e conversion experiments
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for me ⌧ mN . m⇡, is given by

BR(⇡+
! e

+
N) = |UeN |

2m
2
N (m2

⇡ �m
2
N )2

m2
µ(m

2
⇡ �m2

µ)
2
. (3)

The dominant background is due to µ
+
! e

+
⌫⌫ decays,

which can be significantly reduced with timing and ge-
ometric cuts [44]. In Fig. 4 we show a compilation of
limits from existing experiments and overlay projections
for Mu2e-X in a configuration that could be used during
a ⇡

+
! e

+
⌫ calibration of the detector response. Since

the sensitivity to an HNL is highly mass dependent, cf.
Eq. (3), we focus on the region mN/m⇡ . O(1), and
leave the very light HNL mass range, mN < 20 MeV for
future dedicated studies.

C. Dark Z
0 models

Another class of models that may be searched for at
Mu2e-X are the BSM models that contain a light flavor
violating Z

0 [169–178], decaying predominantly to invisi-
ble final states, Z 0

! ��̄. Here, � can be dark matter or
a mediator to the dark sector [179–181]. The effective La-
grangian, assuming renormalizable interactions, is given
by3 [169]

L �Z
0
µg

0
�̄�

µ
�+ Z

0
µ

X

f,i,j

h
g
0
c
ij
fL

�
f̄
(i)
L �

µ
f
(j)
L

�

+ g
0
c
ij
fR

�
f̄
(i)
R �

µ
f
(j)
R

�i
,

(4)

where we assumed that � is a Dirac fermion, while the
sum runs over all the SM fermions, f = u, d, `, ⌫, and the
generation indices i, j = 1, . . . , 3,. Assuming � is light
enough that Z

0
! ��̄ decays are kinematically allowed,

these will dominate over the Z 0 decays to SM fermions, as
long as the corresponding effective coefficients are small,
|c

ij
fL,R

| ⌧ 1. A concrete realization of such a scenario
is a Z

0 that is the gauge boson of a dark U(1)X under
which the dark sector is charged, while the interactions of
the SM fermions are induced through mixings with dark
vector-like fermions. In general, this induces both flavor
conserving and flavor violating couplings c

ij
fL

, cijfR . The
µ ! eZ

0 decay width is given by [169]

�(µ ! eZ
0) =

h
(c12`L)

2 + (c12`R)
2
i

⇥
g
02

32⇡

m
3
µ

m
2
Z0

�
1� rZ0

�2�
1 + 2rZ0

�
,

(5)

where we neglected the terms suppressed by me/mµ, and
shortened rZ0 = m

2
Z0/m

2
µ. The mass of the Z

0 gauge

3
The µ ! eZ0

decays could in general also occur through dimen-

sion 5 dipole operators, see, e.g., Ref. [171] .

μ → e X Mu2e-X (μ)

π → e X Mu2e-X (π)

μ → e X COMET-X (μ)

π → e X COMET-X (π)
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BR
(9
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C
L
)

FIG. 5. Estimated branching ratio limits (90% C.L) for
µ ! eX and ⇡ ! eX as a function of mX for Mu2e-X and
COMET-X. The shape of the exclusion depends both on the
acceptance as a function of energy, and on the background as
a function of energy. See Table I for details of the inputs used
in estimating projected sensitivity. The different shapes of the
COMET-X (⇡) and Mu2e-X (⇡) curves arise due to different
acceptances which depend on the positron momentum.

boson is given by mZ0 = g
0
v
0, where v

0 is the vev that
breaks the U(1) gauge symmetry. We see that �(µ !

eZ
0) /

h
(c12`L)

2 + (c12`R)
2
i
/v

02, and is vanishingly small if
either c

12
`L,R

! 0, or if v0 is large.
Another example of flavor violating light Z 0 is the pos-

sibility that the U(1)X is the horizontal symmetry re-
sponsible for the hierarchy of SM fermion masses, such
as in the Froggatt-Nielsen model of Ref. [169]. In that
case the FCNC bounds from other states in the theory
require v

0 & 107 GeV, while Z
0 can be light if g

0
⌧ 1.

Both invisible decays, Z 0
! ⌫⌫̄, and visible decays to SM

fermions Z 0
! ff̄ need to be considered in the final state

since both can have large branching ratios. The values of
c
ij
fL,R

coefficients depend on the details of the numerical
inputs in the model benchmark, but are in general O(1)
for diagonal and 10�3–10�1 for off-diagonal entries [169].

Let us close this section by mentioning the possibility
of neutrino-induced CLFV couplings due to heavy neu-
tral leptons. Models of this type have been studied in
the context of neutrino portal dark matter [182, 183],
and produce off-diagonal CLFV couplings via triangle
diagrams, with flavor mixing from an (extended) PMNS
matrix. The result is an off-diagonal flavor coupling given
by (cf. Eq. (6.4) of [182])

c
ij
L,R ⇡ UiNU

⇤
jN

g
2

4⇡

m
2
N

m
2
W

, (6)

where UiN are the PMNS matrix elements between flavor
i and the HNL, N , and we have assumed that N is very
nearly aligned with the mass basis.

2

cally important channel is the ⇡
+

! e
+
N decay, where

N is a heavy neutral lepton (HNL).
Motivated by its potential physics impact, we will use

“Mu2e-X” as a shorthand for employing the Mu2e valida-
tion data for BSM searches, and similarly “COMET-X”
for COMET. Mu2e is investigating the projected sensi-
tivity of such a dataset internally [61]. The rest of the
paper is organized as follows: In Section II we outline new
physics models, and regions of parameter space, that pre-
dict rates of µ+

! e
+
X to which Mu2e will be sensitive.

We translate bounds on branching ratios to constraints
on new physics model parameters, emphasizing the com-
petitive reach of a µ

+
! e

+
X search relative to astro-

physical constraints. In Section III we briefly describe
the inputs and procedures underlying our sensitivity es-
timates for µ+

! e
+
X and ⇡

+
! e

+
X searches. Finally,

in Section IV we summarize our findings and comment
on possible future applications for the Mu2e validation
data.

II. MODELS OF NEW PHYSICS

We begin by discussing the theoretical motivation to
search for two body decays µ

+
! e

+
X and ⇡

+
! e

+
X.

These are experimentally convenient because the pre-
dicted signature involves a monoenergetic e

+. Models
with three body decays are also of interest but their ex-
perimental projections require further study; we briefly
discuss this case in Section IV.

In what follows we consider several benchmark new
physics models for which a µ

+ run at Mu2e could lead
to a discovery or interesting limits. Axion like particles
(ALPs) can be discovered through two body µ

+
! e

+
X

decays, while MeV scale DM can be searched for either
through two body or three body µ

+
! (e+ + invisible)

decays. The rare ⇡
+

! e
+
X decay mode can probe

heavy neutral leptons (HNLs), but must overcome a siz-
able muon decay in flight background.

A. Axion-like models

Any spontaneously broken (approximate) global U(1)
symmetry results in a light (pseudo) Nambu-Goldstone
boson in the low energy effective theory of the system. A
particularly important example is the case of a sponta-
neously broken Peccei Quinn (PQ) symmetry giving rise
to the QCD axion that can solve the strong CP problem
and provide a cold dark matter candidate [62–65]. Such
particles extending the SM are generically referred to as
ALPs (axion like particles) [66]. If the spontaneously
broken U(1) is flavor non-universal, it can lead to sizable
µ ! ea decays for ALPs a with masses ma < 105 MeV
[60, 67–84].

To understand whether or not a µ
+ validation run

could be sensitive to an interesting region of parame-
ter space we explore three ALP benchmarks: i) a general
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FIG. 1. The 95% C.L. limits on a general ALP with anar-
chic couplings to all three generations of leptons. The present
laboratory exclusions are denoted with solid lines, and fu-
ture projections with dashed lines, assuming isotropic ALP
production with axial couplings, see text for further details.
Astrophysical constraints are shown as gray region, while the
parameter space that could lead to displaced decays inside
detector volume, c⌧a < 1m is shown as blue region. Adapted
and updated from Ref. [60].

ALP with anarchic couplings to leptons (i.e., all couplings
to leptons are of similar size), Fig. 1, ii) a leptophilic ALP
that can be a DM candidate, Fig. 2, and iii) the QCD
axion with lepton flavor violating couplings, Fig. 3. The
three benchmarks, along with other ALP models, were
recently discussed in detail in Ref. [60]. Here we fo-
cus on the part of the phenomenology most relevant for
µ
+
! e

+
X.

The effective Lagrangian describing the ALP couplings
to the SM leptons (`i) gluons (Gµ⌫) and photons (Fµ⌫)
is given by1

La = NUV
↵s

8⇡

a

fa
Gµ⌫G̃

µ⌫ + EUV
↵em

4⇡

a

fa
Fµ⌫ F̃

µ⌫

+
X

i,j

@µa

2fa
`i�

µ
⇥
C

V
ij + C

A
ij�5

⇤
`j ,

(1)

where i, j = 1, 2, 3 are generational indices, color indices
are suppressed, and the subscript UV denotes “ultravio-
let”. Since we are mostly interested in processes involv-
ing leptons, the equivalent couplings to quarks are set
to zero. The derivative couplings are a hallmark of the
pseudo Nambu-Goldstone boson (pNGB) nature of the
ALP, i.e., we assume that the shift symmetry is softly
broken only by the ALP mass, ma. All the couplings in
(1) are of dimension 5 and are suppressed by the ALP
decay constant, fa, which can be identified with the scale
of spontaneous symmetry breaking.

1
Note that CV

ii
couplings do not contribute, as can be seen from

equations of motion.

Idea: search for a mono-energetic positron excess over the Michel spectrum, 
using data from calibration runs employing positive muon beams (1013 -1014𝜇+)

Conversion experiments employ 𝜇- beams to form muonic atoms: in the signal 
window for 𝜇 → e conversion, the SM bg is suppressed, but 𝜇→ea would be too

https://arxiv.org/abs/2310.00043
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and Dimuon channels are µ

+
µ
�
! ���, µ+

µ
�
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+
µ
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+
µ
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��,

respectively.

collimated and boosted techniques are required to reconstruct the resonance. For ALP with
mass ma = 1 TeV, the coefficients can be probed as low as |CB̃|/fa ⇠ 10�2 (10�3) TeV�1 at
p
s = 3 (10) TeV.

In scenario (III) CB̃ = 0, the suppressed coupling ga�� affects both the ��-fusion produc-
tion and the diphoton branching fraction, resulting in looser bounds. It is worth noting that,
at

p
s = 3 TeV, the associated production of Za exceed the VBF processes for ma & 700 GeV.

3.3 Characterizing the CP Property of ALPs at Muon Collider

To verify the CP property of the scalar particle produced at a muon collider, we first consider
the associated production

µ
+
µ
�
! Z� , (3.19)

followed by Z ! `
+
`
� and � = a as 0� pseudoscalar ALP or � = h as 0+ SM Higgs scalar.

The azimuthal angle �`` is defined as the opening angle between the Z production and decay
planes. The differential cross section of �`` for ALP becomes

1

�

d�

d�``
=

1

2⇡

✓
1�

1

4
cos 2�``

◆
. (3.20)

We also examine the following exclusive VBF channels to probe the CP property

µ
+
µ
�
! µ

+
µ
�
� . (3.21)

We apply mµµ > 100 GeV for final states to enhance the VBF topology and require the
following basic cuts

pT (µ) > 10 GeV, 10� < ✓µ < 170�, �Rµµ > 0.4 . (3.22)
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with

OG̃ ⌘ �
a

fa
G

i
µ⌫G̃

µ⌫
i , OW̃ ⌘ �

a

fa
W

j
µ⌫W̃

µ⌫
j , (2.2)

OB̃ ⌘ �
a

fa
Bµ⌫B̃

µ⌫
, Oa� ⌘ i

@
µ
a

fa
(�† !

D µ�) , (2.3)

where � is the SM Higgs doublet, Gi
µ⌫ (i = 1, · · · , 8), W j

µ⌫ (j = 1, 2, 3) and Bµ⌫ denote the
field strength tensors of SU(3)c, SU(2)L and U(1)Y gauge fields, respectively, and the dual
field strengths are defined as X̃

µ⌫
⌘

1
2✏

µ⌫↵�
X↵� with ✏

0123 = 1. The new physics scale is
denoted by the constant fa. After the electroweak symmetry breaking, except the Yukawa-
axion coupling induced by Oa�, the interactions between ALP and the physical SM gauge
bosons are

Leff � �
gagg

4
aG

a
µ⌫G̃

µ⌫
a �

ga��

4
aFµ⌫F̃

µ⌫
�

ga�Z

4
aFµ⌫Z̃

µ⌫

�
gaZZ

4
aZµ⌫Z̃

µ⌫
�

gaWW

4
aWµ⌫W̃

µ⌫
, (2.4)

where

gagg =
4

fa
CG̃ , ga�� =

4

fa
(s2✓CW̃ + c

2
✓CB̃) , gaZZ =

4

fa
(c2✓CW̃ + s

2
✓CB̃) ,

ga�Z =
8

fa
s✓c✓(CW̃ � CB̃) , gaWW =

4

fa
CW̃ , (2.5)

with s✓ (c✓) being the sine (cosine) of the weak mixing angle ✓W . Below we assume the absence
of the gluonic contribution and the Yukawa-axion coupling CG̃ = Ca� = 0 to focus on the EW
sector only for simplicity. The Feynman rule between the ALP and two SM gauge bosons (V1

and V2) turns out to be1

�igaV1V2 pV1↵pV2� ✏
µ⌫↵�

, (2.6)

with the momenta (pV1 , pV2) flowing inwards in the vertices. The independent model param-
eters to be studied are CW̃ /fa and CB̃/fa in this formalism.

3 ALP phenomenology at Muon Colliders

The future high energy Muon colliders have great potential in probing ALP at multi-TeV
scales. In the section, we study the ALP phenomenology at high energy muon colliders. In
particular, we consider three benchmark scenarios where

(I) CW̃ = CB̃ 6= 0 ; (3.1)
(II) CW̃ = 0, CB̃ 6= 0 ; (3.2)
(III) CW̃ 6= 0, CB̃ = 0 . (3.3)

1The complete Feynman rules from the bosonic ALP effective Lagrangian can be found in the Appendix B
of Ref. [85]
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Figure 2. The cross sections of different production modes from the direct annihilation µ
+
µ
�

!

�a, Za, and the VBF processes, as a function of ma at
p
s = 10 TeV muon colliders. The dashed

brown curves indicate the �Z destructive interference.

3.1.2 Vector boson fusion production

At higher colliding energies, the productions of ALPs through VBF processes

��, ZZ, �Z, WW ! a (3.6)

become increasingly important. For c.m. energies
p
s � mW , the initial muon beams substan-

tially radiate EW gauge bosons under an approximately unbroken SM gauge symmetry. This
becames particularly problematic for photon-photon fusions, where the collinear singularity
is regulated by the tiny muon mass and and leads to large logarithm ln(s/m2

µ). We treat the
vector bosons as initial state partons, and calculate the VBF cross sections, by utilizing the
leading-order framework of electroweak parton distribution functions (EW PDFs) [107] with a
dynamical scale Q =

p
ŝ/2, where

p
ŝ is the partonic c.m. energy. For the initial gauge boson

partons Vi and Vj , the VBF production cross section can be factorized as the product of the
parton luminosity dLij/d⌧ and the partonic cross section �̂

�(`+`� ! F +X) =

Z 1

⌧0

d⌧

X

ij

dLij

d⌧
�̂(ViVj ! F ) ,

dLij

d⌧
=

1

1 + �ij

Z 1

⌧

d⇠

⇠

h
fi(⇠, Q

2)fj(
⌧

⇠
, Q

2) + (i $ j)
i
, (3.7)

where F (X) denotes an exclusive final state (the underlying remnants), fi(⇠, Q2) is the EW
PDF for vector Vi with Q being the factorization scale, ⌧0 = m

2
F /s and ⌧ = ŝ/s. By summing

over all gauge boson initial states, one can obtain the total cross section of the “inclusive”
production processes. The cross section is enhanced by collinear logarithm ln(ŝ/m2

µ) for
photon or ln(ŝ/m2

V ) for massive gauge boson V at high beam energies. In contrast to the
constant behavior in the associated production, such logarithmic enhancement can be seen
in Fig. 1 where we choose the factorization scale as Q =

p
ŝ/2. Moreover, suppose the

momenta of incoming two gauge bosons (pV1↵, pV2�) are longitudinally back-to-back along
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At a high-energy muon collider, one could e.g. 
test the ALP couplings to EW gauge bosons:

Han Li Wang ’22

https://arxiv.org/abs/2203.05484


What about high-energy leptonic colliders?

Lorenzo Calibbi (Nankai)ALPs at muon experiments

Flavour-conserving couplings to muons can be also tested at colliders, 
e.g. at the Tera-Z factory runs of future e+e- colliders such as the CEPC:

LC Huang Qin Yang Yin ’22

`+

a

⌧�

Z

⌧+

`�

a

⌧+

Z
⌧�

Figure 43: Illustrative Feynman diagrams for the ALP production via Z ! ⌧±`⌥a, where

lepton flavor is violated.

12 Light BSM States from Heavy Flavors

Light NP states are widely predicted in BSM scenarios involving dark sectors and feebly

interacting particles [279], and may couple to lepton and quark sectors. Candidates for

such particles include axions and axion-like-particles (ALPs) a [280–283], dark photons A0

and light Z 0 bosons [284], heavy neutral leptons (HNL) [285–287], hidden valley hadrons

such as the dark pion ⇡̂ [288], etc. As a handy example, an ALP a can couple with the SM

fermions via the dimension-5 operators

L � @µa

2fa

�
cA
ff 0 f̄�µ�5f 0 + cV

ff 0 f̄�µf 0
�
, (12.1)

where f and f 0 are SM fermions, cA,V

ff 0 are dimensionless couplings, (with the vector ones

cV
ff

being unphysical if f = f 0), and fa is the ALP decay constant that can be regarded

as a measure of the NP energy scale. These light BSM states could thus be explored in

flavor-physics experiments if their production via lepton and/or quark radiation or decay is

turned on. Interestingly, the production in the former case does not conserve lepton flavor

and is usually heightened by the narrow width of the SM fermions. Owing to their feebly-

interacting nature, (so as for them to remain undetected so far), the produced BSM particles

tend to be long-lived. They are often subject to displaced decays or they contribute to

missing energy directly. Both kinematic features being used as collider signatures of light

BSM particles have been widely studied. Note that the heavy-flavored particles in the

SM are also long-lived; in order to enable their identification, detectors have often been

designed for reconstructing the tracking/vertexing information with high quality. Even if

the light BSM particle in question is invisible, the techniques for reconstructing the missing

energy at the Z pole can facilitate the reconstruction of its invariant mass. Therefore, the

exploration of light BSM states in this context is naturally expected. Below, let us consider

the detection of light BSM states which are produced via the decays of heavy-flavored

leptons and quarks, using the ALP and dark pion as respective examples.

12.1 Lepton Sector

As discussed in Sections 3, 4, and 8, the CEPC has a strong potential for carrying out

⌧ -related searches, due to the excellent performance of its tracker. A prominent example
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Summary

Old searches for muon decays into invisible ALPs already 
tested new physics scales up to 109 GeV

We have huge room for improvement over old limits: next 
generation experiments may discover axions with muons!

Lorenzo Calibbi (Nankai)ALPs at muon experiments

A wide class of new physics models entails axions/ALPs 
with flavour-violating couplings to SM leptons

These searches are complementary to tau decays, 
astrophysical/cosmological bounds and are sensitive to 

regions of the parameter space where ALP can be dark matter

Plenty of new ideas to improve the limit on BR(𝜇 → e a) by 
2-3 orders of magnitude (testing scales above 1010 GeV). 

Future high-energy colliders can play an important role too
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Summary of the model-independent bounds
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ma ≈ 0Comparison in the case 

Present best limits

Process BR Limit Decay constant Bound (GeV) Experiment

Star cooling – F
A
ee 4.6⇥ 109 WDs [44]

– F
A
µµ 1.6⇥ 106 SN1987Aµµ [45]

4⇥ 10�3
Fµe 1.4⇥ 108 SN1987Aµe (Sec. 6.1)

µ ! e a 2.6⇥ 10�6⇤
Fµe (V orA) 4.8⇥ 109 Jodidio at al. [9]

µ ! e a 2.5⇥ 10�6⇤
Fµe (V +A) 4.9⇥ 109 Jodidio et al. [9]

µ ! e a 5.8⇥ 10�5⇤
Fµe (V �A) 1.0⇥ 109 TWIST [10]

µ ! e a � 1.1⇥ 10�9⇤
Fµe 5.1⇥ 108# Crystal Box [46]

⌧ ! e a 2.7⇥ 10�3⇤⇤
F⌧e 4.3⇥ 106 ARGUS [43]

⌧ ! µa 4.5⇥ 10�3⇤⇤
F⌧µ 3.3⇥ 106 ARGUS [43]

Expected future sensitivities

Process BR Sens. Decay constant Sens. (GeV) Experiment

µ ! e a 1.3⇥ 10�6⇤
Fµe (V orA) 6.8⇥ 109 MEGII-fwd?

µ ! e a 1.3⇥ 10�7⇤
Fµe (V orA) 2.1⇥ 1010 MEGII-fwd??

µ ! e a 7.3⇥ 10�8⇤
Fµe (V orA) 2.9⇥ 1010 Mu3e [42]

⌧ ! e a 8.4⇥ 10�6⇤⇤
F⌧e 7.7⇥ 107 Belle II

⌧ ! µa 1.6⇥ 10�5⇤⇤
F⌧µ 5.6⇥ 107 Belle II

Table 1. The present model independent 95% C.L. best bounds on leptonic ALP couplings FV,A

``0 ,
Eq. (2.2), are given in the upper part of the Table, with future projections listed in the lower part.
The bounds assume ma below the mass resolution of the experiments considered here (see Fig. 1 for
modifications when ma is sizable). These follow from 90% C.L. (⇤) and 95% C.L. (⇤⇤) bounds on
branching ratios in the 2nd column, rescaled using Poisson statistics when necessary. The MEGII-
fwd projections are obtained for two di↵erent sets of assumptions: MEGII-fwd? assumes �xe = 10�2

and hPµi�1 = 10�2 with no focusing, while MEGII-fwd?? in contrast sets the focusing to F = 100,
roughly what was achieved in the 1986 experiment by Jodidio et al [9], cf. Sec. 3.2 for details. The
Belle II projection for ⌧ ! µa is rescaled from the Belle MC simulation in Ref. [47], while the one
for ⌧ ! ea is rescaled directly from the ARGUS result [43]. (#) The Crystal Box bound on Fµe can
vary between (5.1� 8.3)⇥ 108 GeV depending on the assumed positron energy loss, cf. Eq. (4.9).

while the ALP decays to neutrinos are often suppressed, so that in the bulk of the paper we

set �(a ! ⌫i⌫j) = 0 (the majoron is an important exception, see Sec. 7.4). The coupling

to photons, Ee↵ , depends on the UV physics as well as on the IR derivative couplings of

ALP to the SM leptons running in the loop,

Ee↵ = EUV +
X

f

C
A

f
B(⌧f ), B(⌧) = ⌧ arctan2

1
p
⌧ � 1

� 1. (2.8)

Here, ⌧f = 4m2
f
/m

2
a� i✏, and the summation is over the SM leptons, f = e, µ, ⌧ . Note that

the loop function in (2.8) tends to B(1) = 0 for heavy fermions, and thus the contributions
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A search with the Crystal Box detector shows no evidence for the lepton-family-number- 
nonconserving decays p - e y ,  p - e y y ,  or p-eee. The search provides upper limits for the 
branching ratios of r ( p - e y ) / T ( p - e v V ) < 4 . 9 X 1 0 ~ "  (90% C.L.), r ( p - e y y ) / T ( p + e v i s )  
< 7 . 2 ~  1 0 ' '  (90% C.L.), and r ( p + e e e ) / r ( p + e v o i  < 3 . 5 ~  lo- ' '  (90% C.L.). In addition, a limit 
for the emission of a light scalar or pseudoscalar boson in radiative muon decay is given. 

I. INTRODUCTION 

The standard model' of electroweak interactions 
correctly describes the presently available experimental 
data. In this model, the known quarks and leptons are 
divided into three generations or families. However, the 
multiplicity of generations of particles is not understood. 
This paper describes a new search for neutrinoless transi- 
tions from the muon, a second-generation lepton, to the 
electron of the first generation. The observation of such a 
lepton-family-number-nonconserving decay would indi- 
cate a connection between lepton generations and would 
be direct evidence for physics beyond the standard mod- 
el. 

The muon's role in the spectrum of elementary parti- 
cles has been a mystery since its discovery2 in 1936. For 
over a decade the muon was thought to be the quantum 
mediating the strong nuclear force, as predicted by Yu- 
k a ~ a . ~  However, in 1947 an experiment4 using muons 
absorbed in dense materials clearly showed that the muon 
does not interact via the strong force. Subsequent high- 
precision tests of the electromagnetic and weak couplings 
of muons and electrons have found no significant 
differences between these two particles except for their 
masses. 

The normal decay of the muon is to an electron and 
two neutrinos. Neutrinoless decay modes of the muon, 
such as p-e y ,  p-eee, and p-eyy, obey all conserva- 
tion principles associated with space-time symmetries. 
However, none of these decays has been observed. To ex- 
plain this, various lepton-number-conservation laws have 
been proposed. The first such law was introduced by 
Konopinski and Mahmoud5 in 1953, followed by the ad- 
ditive lepton-number-conservation law6 with separate 

lepton-family numbers in 1957, and a third lepton conser- 
vation law7 based on a multiplicative lepton number in 
1961. These conservation laws prohibit the neutrinoless 
decays as well as the process p p Z - e - Z .  The add- 
itive lepton-number-conservation law also prohibits 
muonium-antimuonium conversion and pt -e + ?,vp. 

The latter two lepton-number schemes require separate 
types of neutrinos for the muon and the electron. Pon- 
tecorvo and schwartz8 independently proposed experi- 
ments to reveal their existence. In 1962, an experiment9 
confirmed that there were indeed two different types of 
neutrinos and supported the hypothesis of separate lep- 
ton numbers. wi th  this discovery, interest in-the search 
for neutrinoless decay modes of the muon waned and ex- 
perimentation essentially ended for about 15 years. 

A resurgence of interest in the search for rare muon 
decays occurred in 1977 when rumors circulated that an 
experiment at the Swiss Institute for Nuclear Research 
(SIN) had found a signal for the decay p-ey. This re- 
port underscored the fact that conservation of muon 
number is only empirical and without a fundamental 
basis. The rumors were later refuted, but not until after a 
burst of both theoretical and experimental activity. 
Theorists found that the suppression of the branching ra- 
tios for lepton-family-number-nonconserving decays to 
below the experimental upper limits ( - lop8)  was a natu- 
ral result of the new models. On the experimental side, 
besides the search at SIN (Ref. lo), two other experi- 
ments were quickly assembled to search with improved 
sensitivity for p-ey. One was located at the Tri- 
University Meson Facility (TRIUMF) (Ref. 1 I ) ,  and the 
other experiment was at the Los Alamos Meson Physics 
Facility (LAMPF) (Ref. 12). The results from these ex- 
periments showed no evidence for the decay p-e y  at a 
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Fig. 26. – (a) The Crystal Box experiment set limits on a host of CLFV decays, including
µ+ → e+γ and µ → eee, thanks to its large acceptance and good energy resolution for both
neutral and charged particles. (b) The experiment at LAMPF [268] was the first to couple a
dedicated proton accelerator to calibrate the detector.

(a)                                                                                   (b)

Fig. 27. – The MEGA detector and an example of pair conversion of the photon.

the sensitivity reached by the MEGA experiment was 35 times worse than written in
the proposal, demonstrating how hard is to make progress in this search. The source of
many of the experiment shortcomings was analyzed in depth in [260] and proved to be
very useful in designing the next experiment: MEG.

13.1.1. The MEG experiment. In order to improve upon the previous experiment, MEG
was designed around two concepts: an anti-bottle magnetic field and an innovative liquid
xenon detector, for the positron and photon tracking respectively, as is depicted in fig. 28.
A surface muon beam is moderated and then stopped on a thin polyethylene target at
the center of the magnet. The positron momentum is measured by a set of drift chambers
followed by plastic scintillator timing counters, while the photon energy and direction are
measured in a 800 litre liquid xenon volume viewed by more than 800 photo-multiplier
tubes.

•   Crystal Box 1988
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apparatus and performed an appropriate action if any 
sensor reading fell outside its predefined normal operat- 
ing range. The rms also monitored and controlled the 
high voltages on the drift chamber. An autodialing 
modem was connected to the rms providing phone 
alarms. 

J. Data collection 

There were three major data-taking periods, called I, 
11, and 111. During the first, the instantaneous beam in- 
tensity was - 4 . 9 ~  lo6 y' s- '  with an  average duty fac- 
tor of 6%. The pileup-detection system was not installed 
for this period. During period 11, the instantaneous beam 
intensity was -4.7 X lo6 y +  s- '  with an average duty 
factor of 9%. The pileup-detection system was partially 
installed during this period but was not used in the 
analysis. The pileup-detection system was fully installed 
and utilized during the final data-taking period, which 
had an average duty factor of 6.6%. Runs with different 
instantaneous beam intensities, varying from 4 X  lo6 
y +  s p l  to 9 x 1 0 ~  y +  s-I, were interspersed so rate- 
dependent effects could be studied. 

During data taking there were runs to calibrate the 
plastic-scintillator timing every day, and runs to calibrate 
the NaI(T1) timing twice a week (see Sec. IV B 2). There 
were three energy-calibration periods with the drift 
chamber removed, the liquid-hydrogen target installed, 
and a .rrp beam incident. One such period occurred dur- 
ing the period I, one at the end of period 11, and one mid- 
way through period 111. There were also occasional cali- 
bration runs with a Pu-a-Be source (whenever the beam 
went off for a long time) and special runs (such as runs 
triggered on a pulser and runs triggered on a single pho- 
ton) at  various times. 

A data run took typically two hours to fill a 2400-ft, 
1600-bpi (bits-per-inch) tape with - 35 000 events. Each 
data run was preceded by a short run to establish the 
A D C  pedestals and a flasher run (see Sec. I V A 4 )  for 
NaI(T1) channel gain corrections. A total of 1500 mag- 
netic tapes were used in this experiment; approximately 
half of them contained production muon data. 

111. MONTE CARL0 SIMULATION 
A. Introduction 

A Monte Carlo program was written to simulate the 
response of the detector to many different types of events 
(see Table I). The Monte Carlo program followed only 
electrons, positrons, and photons, as these were the only 
particles that were detected. As described below, care 
was taken to ensure that this program faithfully repro- 
duced the behavior of the detector. The program pro- 
duced an output file that contained pulse heights and 
times for each individual detector element in the same 
format as for actual data; both data and Monte Carlo 
output files were then processed by the same programs. 

B. Event generation 
1. Muon decay 

I t  was assumed that all processes initiated by muon de- 
cays originated with an unpolarized muon decaying in 

TABLE I. Types of events generated with the Monte Carlo 
program. 

Process Trigger 

p + - e + y  e-Y 
p++e+yvC e - y ,  1-y 
P + + ~ + Y Y  e - y - y ,  e - y  

p+-e+e+e-  e  -e -e 
+ + - -  p+-e e  e  YV e  -e -e 

p++e f  vii 1 -e 
p + + e + y f  (f =familon) e-Y 

"O-yy Y - Y ,  1-Y 
.rr-p+ny 1 -Y 

the polystyrene target. A small residual polarization 
would have had a very small effect because the apparatus 
was symmetric about 90". The muon position distribu- 
tion on the target was derived from the intersection of 
the drift-chamber track with the target from data runs 
triggered on single positrons from y' -e ' V V .  

Single positrons from y + - t e ' v ~  were generated ac- 
cording to the Michel d i~t r ibut ion,~ '  F ( x ) = ( 2 x  - x 2 ) x 2 ,  
where x =2P,/mp. The parameter x varies between 0 
and 1. No  radiative corrections were used in the genera- 
tion of these positrons because the resolution of the 
NaI(T1) was large enough to mask this effect and because 
radiated photons tended to enter the same NaI(T1) crys- 
tals as the positron. 

For y + - e t y  the positron and photon each have en- 
ergies approximately equal to one-half of the muon mass 
and are emitted at 180" with respect to each other. The 
energy of each particle in y  ' -e +e +e - was generated 
uniformly over the allowed region of phase space, con- 
sistent with conservation of energy and momentum. The 
final-state particle momentum distributions for 
y + - e + y y  were calculated from a general local interac- 
t i ~ n . ~ '  The resulting form of the distribution is 

where E,, E l ,  and E, are the energies of the positron, the 
higher-energy photon, and the lower-energy photon, re- 
spectively, 8 is the opening angle between the photons, 
and K is a constant. This equation can be rewritten as 

where y =(El  -E2  ) / m ,  and - x  2y g x .  A nonlocal 
interaction, such as a soft photon being emitted from one 
of the external lines from y+-e  + y ,  would have a 
different distribution; however, the expected branching 
ratio would then certainly be lower than that for + p++e y .  

For muon inner bremsstrahlung, y++e + m y ,  a coin- 
cident photon and positron were generated according to 
the distribution given by Fronsdal and ~ b e r a l l . , ~  T o  
reduce the amount of computer time needed for event 
generation, only positrons and photons with energies 
above some threshold were generated; this threshold was 
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FIG. 25. At,,, for events with (a) E + P >  110 MeV and ib) 
E+P < 100 MeV. 

than 10 MeV and E,,, > 45 MeV: for this region of phase 
space, the prediction is B;3evv = 1.18 X The mea- 
sured branching ratio is B;3evv = [ l .  l l k0 .  l l (stat) 20.08 
(syst)]X in agreement with the theoretical predic- 
tion. The largest contribution to the systematic error is 
the uncertainty in the threshold of the individual NaI(T1) 
discriminators: the majority of p f  -+e + e +e -vV events 
had at least one particle depositing less than 10 MeV in 
the NaI(T1). 

The e + y  data were also used to search for light scalar 
or pseudoscalar b o ~ o n s ~ ~ - ~ '  such as familons, axions, and 
Majorons. Such bosons might be produced in the radia- 
tive decay p+-e  + y f ,  where f is any particular such bo- 
son. 

A discussion of the various Lagrangians that could 
generate p f  -e + y f and of the resulting differential dis- 
tributions was given in Ref. 31. Events from p i  -e + y f ,  
with the light boson undetected, are characterized by the 
fact that M:, -0, where M:, is the calculated square of 
the effective mass of the unobserved neutral particle($. 
Events from muon inner bremsstrahlung satisfy M:, 2 0 
while random events have - 1000 < M t f  < 500 M ~ v ~ .  
This is illustrated in Fig. 26. Strictly speaking, the limit 
is applicable to m f  < 2me since heavier bosons would be 
expected to rapidly decay into an e + e  - pair. 

To maximize the sensitivity to p + -e + y f ,  the analysis 
was performed on data set 111, which had the least un- 
detected pileup. The final cuts were relaxed to E,, > 38 
MeV, EeNa1 > 38 MeV, and O,,, > 140". To utilize the 
lower energies, the detection efficiency as a function of 
energy deposited in each NaI(T1) quadrant had to be 

determined and then put into the Monte Carlo program. 
The efficiency was determined by comparing EeNaI from 
out-of-time events, for which the positron comes from 
p+-+e+vT,  with EeNa1 from le  events with no energy 
threshold. Figure 27 illustrates the comparison for the 
top quadrant. 

The number of p +  -+e + y f events in the 20 015 events 
with I At,, 1 < 1.5 ns was estimated with the maximum- 
likelihood method as described above. Here n, (n,, is the 
estimate of the number of p+-e  + y  f ( p + - e + v V y )  
events. The vector x has components M : ~  and At,,,. Fig- 
ure 26 shows the M : ~  distributions for p+-e  + y f ,  
p+-e+vOy,  randoms and for the data events, together 
with the distribution corresponding to the maximum- 
likelihood fit. The difference between the fit and data dis- 

- l " l " l " l ' -  
- 1 - - ' e y f  (a> - 
- - 

I 
I 

- I 

- 
1 ,  - l " l " l " l ' -  

- 

7 
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FIG. 26. The distributions for M : ,  the calculated square of 
the effective mass of the unobserved neutral particlek) for 
events from (a) p-eyf; (b) p-evVy; (c) random events; and 
id) the final data set. (a) and (b) were generated with the Monte 
Carlo program. Also shown in (d) is the sum of p-tevvy and 
random events with the relative normalization determined by 
the best likelihood fit. 
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CRYSTAL BOX (1988). Another bound which is even less dependent on the nature

of the PNGB couplings can be obtained requiring an extra photon in the final state [9] (see

also [10]):

BR(µ ! e a �) < 1.1⇥ 10�9 (90% CL) ) Fµe & 9.8⇥ 108 GeV. (2.4)

This has been obtained as in [11] in the limit of me ⇡ 0:

BR(µ ! e a �) ⇡
↵em

2⇡
I(xmin, ymin)BR(µ ! e a) (2.5)

where the phase space integral is defined as

I(xmin, ymin) =

Z 1

xmin,ymin

dxdy
(x� 1)(2� xy � y)

y2(1� x� y)
(2.6)

and x = 2Ee/mµ and y = 2E�/mµ [11]. xmin and ymin depend on the low energy threshold

of the experiment. For the Cristal Box detector [9] we have

Ee > 38 MeV , E� > 38 MeV ) xmin = ymin = 0.72 (2.7)

which gives I(xmin, ymin) ⇡ 0.01, such that we obtain numerically:

BR(µ ! e a �) ⇡ 1.4⇥ 10�5
⇥

I(xmin, ymin)

10�2
⇥ BR(µ ! e a) (2.8)

See also [1] where similar bounds were obtained.

[LC: Crystal Box limit was obtained comparing data with a MC that assumed ma ⇡ 0.

Can we do a simple recast to extract limits for ma 6= 0?]

2.1.2 Future Searches

MEG-II. Old stu↵ still to be revised: The luminosity of [9] corresponds to 1.4 ⇥

1012 stopped muons. More recently the MEG experiment has collected 1.8⇥ 1014 muons,

however the experiments is optimized to improve the bounds on µ ! e� [14]. A dedicated

analysis on electron only event will then be needed to improve the bound from the TRIUMF

experiment. The hiearchion gives a strong physics case to study the feasibility of such an

analysis which was also motivated in [11] in the context of R-parity violating SUSY models.

Quite interestingly, recently MEG started taking data with a polarized muon beam to

measure µ ! e⌫⌫̄ [15] which is the main background of (2.8). Study better how MEG

works also in view of MEG II

TO DO:

• Compute the di↵erential width to try to estimate the MEG/ MEGII acceptance (the

detector is not hermetic)

• produce lines of sensitivity for � + e+MET
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Analysis for massless familon ma ≈ 0  
(with 1.4×1012 stopped 𝜇+ ) yields:
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CRYSTAL BOX (1988). Another bound which is even less dependent on the nature
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↵em

2⇡
I(xmin, ymin)BR(µ ! e a) (2.5)
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I(xmin, ymin) =

Z 1

xmin,ymin

dxdy
(x� 1)(2� xy � y)

y2(1� x� y)
(2.6)
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Crystal Box energy thresholds:

Hirsch et al. ‘09

weaker but independent  
of V/A nature of the couplings

•   Crystal Box 1988

) Feµ > (5.1� 8.3)⇥ 108 GeV

<latexit sha1_base64="skKLa5Bndl2p6YkqooYTwuDZijg="></latexit>

improvements in the reach were a similar search to be implemented at MEG II. A more

detailed analysis of a dedicated trigger at MEG II for this channel is left for future work.

4.1 Past Searches at Crystal Box

In order to lower the trigger rate the Crystal Box required at the trigger level a hard positron

and a photon of similar energy [46, 72]. The search for the three-body µ
+
! e

+
�a decay

is then a search for a bump in the missing mass distribution in the collected data. The

signal would be centered at mmiss = m
2
a and spread by the photon and positron energy

resolutions and the resolution on the angle between the two. The SM background has two

main components: the four-body µ
+
! e

+
�⌫⌫̄ decays, and the combinatorics background

due to coincident µ+
! e

+
⌫⌫̄ and µ

+
! e

+
�⌫⌫̄ events. For the latter, a su�ciently hard

positron from the µ+
! e

+
⌫⌫̄ decay is detected within a 1.5 ns time window together with

a hard photon from the µ+
! e

+
�⌫⌫̄ decay, while the soft positron is left undetected. The

background and signal shapes at Crystal Box are shown in Fig. 7 (left).

The rate of the three-body decay �(µ ! e a �) for an ALP of mass ma is given by (in

the limit me ⌧ mµ)

�(µ ! e a �) ⇡
↵em

32⇡2

m
3
µ

F 2
µe

I(xmin, ymin, ⌘a) , (4.1)

with the phase space integral given by

I(xmin, ymin, ⌘a) =

Z 1�⌘a

ymin

dy

Z 1�y�⌘a
1�y

max(xmin,1�y�⌘a)
dx

y(1� x
2
� ⌘

2
a)� 2(1� ⌘a)(1� x� ⌘a)

y2(1� x� y � ⌘a)
, (4.2)

where

x = 2Ee/mµ, y = 2E�/mµ, ⌘a = m
2
a/m

2
µ. (4.3)

These kinematic variables are related to the angle ✓e� between the electron and photon

momenta,

cos ✓e� = 1 +
2(1� x� y � ⌘a)

xy
. (4.4)

The branching ratio for the three-body decay, BR(µ ! e a �), is related to the branching

ratio for the 2-body decay, BR(µ ! e a),

BR(µ ! e a �) ⇡
↵em

2⇡(1� ⌘a)2
I(xmin, ymin, ⌘a)BR(µ ! e a) . (4.5)

where in the expressions for both BR(µ ! e a �) and BR(µ ! e a) the mass of electron

should be neglected.

The infrared and collinear divergences (we are working in the limit me ! 0) are

regulated by the experimental cuts on photon and positron energies xmin, ymin. The exper-

imental cuts in the Cristal Box search were [46]

Ee > 38� 43 MeV , E� > 38 MeV ) xmin = 0.72� 0.81 , ymin = 0.72 . (4.6)
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• How generic is a PNGB with flavour-violating couplings to leptons?  
• Can we test ALPs with LFV beyond stars? 
• That is, how are FC and FV couplings related (Fee, F𝜇e, etc.) ?  

To answer these questions, we need to consider specific models

Models for LFV ALPs

• LFV QCD axion:  
QCD axion (DSFZ type) with leptons carrying non-universal PQ 

• LFV axiflavon:  
QCD axion obtained by identifying PQ = Froggatt-Nielsen U(1) 
(FV axion-quark couplings suppressed by an additional flavour SU(2)) 

• Leptonic familon 
PNGB from spontaneously broken Froggatt-Nielsen U(1) (acting on leptons only) 

• Majoron 
spontaneously broken lepton number (in the context of low-energy seesaw)

Lorenzo Calibbi (Nankai)ALPs at muon experiments



LFV QCD axion

Our final example, the majoron, is the PNGB associated with the spontaneous breaking

of the lepton number [117, 118]. In Sec. 7.4 we show that in a non-minimal class of

seesaw models the majoron has parametrically enhanced LFV couplings. In these theories

an approximate generalized lepton number suppresses the neutrino masses [41, 119–127],

without suppressing the majoron couplings to the SM.

7.1 The LFV QCD Axion

The mass of the QCD axion is entirely due to the QCD anomaly, and is given by [128]

ma = 5.691(51)µeV

✓
1012GeV

fa

◆
. (7.1)

The value of the axion decay constraint fa therefore completely determines the mass of the

QCD axion, which for all the processes we consider is e↵ectively massless.

Astrophysical constraints require the axion to be very weakly coupled, with a lifetime

larger than the age of the universe and a mass below 3⇥ 10�2 eV. In this range the QCD

axion is a perfectly viable cold DM candidate in large parts of the parameter space. One

of the simplest scenarios for axion production is the misalignment mechanism described in

Sec. 6.2. In the QCD axion case the observed DM abundance is obtained for misalignment

angles of order unity ✓0 ⇠ 1 with an axion decay constants fa ⇠ 10(11÷13) GeV. For smaller

decay constants, within the reach of LFV experiments, the axion relic from the standard

misalignment contribution is under abundant unless non-trivial dynamics or tuning are

invoked (see discussion in Sec. 6.2).

The axion couplings to fermions in Eq. (2.1) arise from rotating the PQ current to the

fermion mass basis, with unitary rotations V f defined by V
f †
L

yfV
f

R
= y

diag
f

. Denoting the

PQ charge matrices by Xf , one has

C
V,A

fifj
=

1

2N

⇣
V

f †
R

XfRV
f

R
± V

f †
L

XfLV
f

L

⌘

ij

, (7.2)

where 2N is the domain wall number. The o↵-diagonal couplings arise when the PQ charges

are not diagonal in the same basis as the Yukawa couplings, yf . Their sizes depend on the

misalignment between the two bases, which is parametrized by the unitary rotations V f

R,L
.

We focus on the situation where the PQ charges in the quark sector are universal, so that

the QCD axion only has flavor violating couplings in the lepton sector. (This is of course

not the most general case. If PQ charges in the quark sector are not universal, the results

from Ref. [23] apply, with the bound from K
+
! ⇡

+
a leading to tight constraints on fa.)

In the following, we specify a DFSZ-like model of the QCD axion with LFV couplings.

The field content of the theory consists of the SM fermions, two Higgs doublets, H1,2, and

a complex scalar S that is a gauge singlet. The model contains an anomalous global U(1)

PQ symmetry under which the scalar fields carry charges XS = 1, XH2 = 2 + XH1 . As

a consequence, the scalar potential contains the couplings H
†
2H1S

2 and (S†
S)2, but not,

for instance, H
†
1H2S

2 or S
4. The fermionic U(1)PQ charges are flavor universal in the

quark sector, XuRi = �XH1 , XdRi = XH2 , XqLi = 0, i = 1, 2, 3, while they are generation
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Figure 10. Left: the “V + A” LFV axion corresponds to the orange bold solid line. Right:
the “V � A” LFV axion corresponds to the green bold solid line. The grey shaded regions
show the present bounds on LFV QCD axion couplings to photons as a function of axion mass for
the two benchmarks. The grey dashed lines denote future projected sensitivities on the photon
coupling. The solid orange/green vertical lines show the present upper bound on the axion mass
from WD cooling in the two models. The dotted orange/green vertical lines show the present
bound and future reach on the axion mass from LFV experiments. For a comparison we also show
lines corresponding to the standard KSVZ (dark blue) and DSFZ-II (blue) models. The former
one is limited by the SN1987A bound, the latter one by WD cooling. For both the DSFZ-II and
our LFV QCD axion models we set � = 1. See the main text for details.

• Benchmark “V +A” (⌘ =
p
2me/mµ)

C
V

µe ⇡ C
A

µe ⇡ 1/6 , C
A

ee ⇡ c
2
�
/3� 1/2 , (7.12)

• Benchmark “V �A” (⌘ = 1/
p
2)

C
V

µe ⇡ �C
A

µe ⇡ 1/6 , C
A

ee ⇡ c
2
�
/3� 1/2 . (7.13)

We can now reinterpret the model independent bounds on LFV ALPs, derived in Sections

3-6, for the three LFV QCD axion benchmarks (choosing � = 1 as a representative value).

The resulting bounds on fa from µ ! ea and from WD cooling, obtained by rescaling

respectively the bounds on F
A,V
µe , FA

ee in Table 1 by the appropriate values of CV,A
µe , CA

ee in

the three benchmarks, are collected in Table 3 and presented graphically in Fig. 9.

The SN1987 bound is modified with respect to the one discussed in Sec. 6.1 due to the

axion couplings to quarks and gluons that then result in the axion couplings to nucleons

(due to smaller scattering cross sections the processes involving electrons lead only to

subleading corrections). Adopting the treatment of Ref. [138], the relevant bound is on the

e↵ective coupling to nucleons,

CN ⌘

q
C2
n + 0.29C2

p + 0.27CpCn , (7.14)
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LFV QCD axion
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where 2N is the domain wall number. The o↵-diagonal couplings arise when the PQ charges

are not diagonal in the same basis as the Yukawa couplings, yf . Their sizes depend on the

misalignment between the two bases, which is parametrized by the unitary rotations V f
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the QCD axion only has flavor violating couplings in the lepton sector. (This is of course
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L and R unitary rotations  
to the lepton mass basis

matrices of  
PQ charges

flavor non-universal charges   
      flavor-violating couplings

Bound on fa (in GeV)

Benchmark “V ” Benchmark “V +A” Benchmark “V �A”

SN1987A 9.4⇥ 107 9.4⇥ 107 9.4⇥ 107

WD cooling 1.3⇥ 109 9.3⇥ 108 9.3⇥ 108

µ ! e a 1.1⇥ 108 8.0⇥ 108 1.2⇥ 108

Table 3. Bounds on the axion decay constant fa (in GeV) for the three bechmarks of the LFV
axion model choosing � = 1, cf. Eqs. (7.11)-(7.13).
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Figure 9. Present and expected future bounds on fa and ma for the LFV QCD axion in the
three scenarios described in detail in the text, see also Table 3 and Eqs. (7.11)-(7.13). On the
lower axis we indicate the corresponding values for the e↵ective axion mass defined by mi,e↵ =
4.7 eV ⇥ 106 GeV/Fi.

The parameter ⌘ controls the size of left- and right-handed rotations. We restrict its values

to the range me/mµ  ⌘  1 such that there are no unnaturally large cancellations when

diagonalizing the mass matrix. Choosing three representative values of ⌘ gives

(V e

L)12 ⇡

8
>>><

>>>:

1p
2

⌘ = 1p
2
,

q
me
mµ

⌘ =
q

me
mµ

,

me
mµ

⌘ =
p
2me
mµ

,

(V e

R)12 ⇡

8
>>><

>>>:

�
me
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2
,

�

q
me
mµ

⌘ =
q

me
mµ

,

�
1p
2

⌘ =
p
2me
mµ

,

(7.10)

which we take as the three representative benchmarks: the “V � A”, “V ” and “V + A”

scenarios, respectively. As per our assumptions, the only flavor violating couplings are

between the 1st and the 2nd generation leptons.

More explicitly, the axion couplings in the three scenarios are,

• Benchmark “V ” (⌘ =
p
me/mµ)

C
V

µe ⇡ 2/3
q
me/mµ , C

A

µe = 0 , C
A

ee ⇡ c
2
�
/3� 2/3 , (7.11)
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3

achieved by measuring majoron couplings without ever
observing the heavy right-handed neutrinos.
To this e↵ect let us point out some interesting proper-

ties of the hermitian matrix MDM
†
D [9]: its determinant

is simply detMDM
†
D = detMn =

Q6
j=1 mj , which is

strictly positive in the model at hand even if one of the
light neutrinos were massless at tree level [23]. Thus,
MDM

†
D is positive definite, which yields a chain of in-

equalities for the o↵-diagonal entries (MDM
†
D)ij , i 6= j

(see e.g. Ref. [24]):

|(MDM
†
D)ij | <

q
(MDM

†
D)ii(MDM

†
D)jj


(MDM

†
D)ii + (MDM

†
D)jj

2


1

2
tr(MDM

†
D) .

(7)

This provides a useful way to constrain magnitudes of
the elements of MDM

†
D since its trace appears in many

couplings of the majoron.
From Eq. (3) all loop-induced majoron couplings are

necessarily proportional to 1/f . But many couplings con-
tain additional powers of M�1

R / 1/f , which makes them
higher order in the seesaw expansion. We will neglect
these suppressed couplings and focus on those that are
down by only one power of 1/f . For the sake of generality,
we determine the majoron couplings assuming an explicit
shift-symmetry-breaking majoron mass term �

1
2m

2
JJ

2,
making J a pseudo-Goldstone boson. This mass could be
explicit [25, 26] or arise from quantum-gravity e↵ects [27–
29].

A. Neutrino couplings

By inserting Eq. (6) into Eq. (3), the tree-level majoron
coupling to the light active Majorana neutrinos in the
seesaw limit is

LJ =
iJ

2f

3X

j=1

mjnj�5nj . (8)

These diagonal majoron couplings to neutrinos are
formally second order in the seesaw expansion since
m1,2,3/f ⇠ M

2
D/(MRf) ⇠ (v/f)2. The omitted o↵-

diagonal Jninj couplings are determined by the ma-
trix AA

†
AMRA

T
/f ⇠ (v/f)3 which are further sup-

pressed, and lead to irrelevantly slow active-neutrino de-
cays ni ! njJ [4].

Assuming for simplicity mJ � m1,2,3, the majoron’s
partial decay rate into light neutrinos is

�(J ! ⌫⌫) =
mJ

16⇡f2

3X

j=1

m
2
j . (9)

For su�ciently large f the majoron becomes a long-lived
DM candidate [26, 28, 30–35], discussed in Sec. IVC.
As mentioned earlier, the majoron couplings to all

other SM particles are leading order in the seesaw expan-
sion, i.e. proportional to 1/f , and may easily dominate

the phenomenology despite the additional loop suppres-
sion [9]. Therefore, a thorough discussion of the majoron
requires knowledge of all loop-induced couplings that are
leading order in the seesaw expansion. Using the tree-
level couplings of Eq. (3) we calculate the loop-induced
majoron couplings to the rest of the SM particles and
provide them below.

B. Charged fermion couplings

The leading order couplings to charged fermions are
obtained from the one-loop diagrams in Fig. 1. These
were calculated long ago, both in the one-generation
case [3] and in the three-generation case, which leads to
o↵-diagonal majoron couplings to leptons [17]. At lead-
ing order in the seesaw expansion, these couplings take a
simple form [9], with (diagonal) quark couplings

LJqq =
iJ

16⇡2v2f
tr(MDM

†
D)

�
d̄Md�5d� ūMu�5u

�
, (10)

and charged lepton couplings

LJ`` =
iJ

16⇡2v2f

¯̀
⇣
M` tr(MDM

†
D)�5

+2M`MDM
†
DPL � 2MDM

†
DM`PR

⌘
` ,

(11)

where M`,u,d denote the diagonal mass matrices of the
appropriate SM fermions. In addition to exhibiting de-
coupling in the seesaw limit MR ⇠ f ! 1, these cou-
plings vanish in the electroweak symmetric limit v ! 0
as expected since J is an electroweak singlet. The quark
couplings can be used to derive the majoron couplings to
nucleons N = (p, n)T , using the values from Ref. [36]:

LJNN '
iJ tr(MDM

†
D)

16⇡2v2f
N̄

✓
�1.30mp 0

0 1.24mn

◆
�5N .

(12)

At this point let us make some remarks about CP vi-
olation. Already in the one-loop processes above one en-
counters loop-induced majoron mixing with the Brout–
Englert–Higgs boson h, which would result in majoron
couplings to the scalar bilinear f̄f as opposed to the
pseudo-scalar f̄ i�5f . It was noted in Ref. [17] that the
relevant J–h mixing diagrams vanish for mJ = 0. For
mJ 6= 0 the J–h amplitude is of order (v/f)2 in see-
saw and hence negligible. This can be understood by
noting that CP-violating phases in the Davidson–Ibarra
parametrization reside both in the active-neutrino mass

FIG. 1. Loop-induced majoron couplings to charged fermions
with the Majorana neutrino mass eigenstates ni running in
the loops.
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Table 2: Bounds on the coe�cients of some of the flavour-violating operators of Table 1 for
⇤ = 1 TeV, and corresponding bounds on ⇤ (in TeV) for |Cx| = 1. Adapted from [?, ?, ?].

No direct e↵ect is induced in the charged lepton sector by such an operator, but flavour
violation is transmitted to charged leptons via a W � ⌫ loop, although at an unobservable
level as we will see below. The situation might change as an e↵ect of the UV completion of
the Weinberg operator. Only three kinds of new fields can generate this operator at the tree
level: (i) fermions that are total singlets under the SM gauge group, usually called RH or
sterile; (ii) scalar SU(2)L triplets with hypercharge Y = 1; (iii) fermion SU(2)L triplets with
Y = 0. These three options – which have been respectively labelled as type I [cite], type II
[cite], and type III [cite] seesaw – are schematically depicted in Fig. 1. In the following, we
will sketch the main features of the three kinds of the seesaw mechanism for what concerns
the CLFV phenomenology.

The Lagrangian of type I seesaw can be written as

L = LSM + iN /@N �

✓
YNN e�†

L+
1

2
MNNN

c + h.c.

◆
, (5)

where e� ⌘ i⌧2�⇤ and family indices are understood. MN is a matrix of Majorana mass terms
for the RH neutrinos (that give the necessary violation of L), whose number should be at
least two (three) in order to give mass to two (three) mostly LH (‘active’) neutrinos. Upon
EW symmetry breaking the Yukawa couplings in YN give raise to Dirac RH-LH neutrino mass
terms YNv/

p
2, hence the mass matrix for (⌫L, N

c) reads in blocks:

M⌫ =

✓
0 Y

T
N v/

p
2

YNv/
p
2 MN

◆
. (6)

Assuming for the mass eigenvalues MNk of MN that MNk � YNv – which is equivalent to
integrating out the N fields from the Lagrangian, thus recovering the e↵ective operator in
Eq. (4) – one obtains the famous seesaw formula for the mass matrix of the light states that

4

|Cx| [⇤ = 1 TeV] ⇤ (TeV) [|Cx| = 1] CLFV Process

C
µe
e� 2.1⇥ 10�10 6.8⇥ 104 µ ! e�

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

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

C
µe
e� 4.0⇥ 10�9 1.6⇥ 104 µ ! eee

C
µeee
``,ee 2.3⇥ 10�5 207 µ ! eee

C
µeee,eeµe
`e 3.3⇥ 10�5 174 µ ! eee

C
µe
e� 5.2⇥ 10�9 1.4⇥ 104 µ

�Au ! e
�Au

C
eµ
`q,`d,ed 1.8⇥ 10�6 745 µ

�Au ! e
�Au

C
eµ
eq 9.2⇥ 10�7 1.0⇥ 103 µ

�Au ! e
�Au

C
eµ
`u,eu 2.0⇥ 10�6 707 µ

�Au ! e
�Au

C
⌧µ
e� 2.7⇥ 10�6 610 ⌧ ! µ�

C
⌧e
e� 2.4⇥ 10�6 650 ⌧ ! e�

C
µ⌧µµ
``,ee 7.8⇥ 10�3 11.3 ⌧ ! µµµ

C
µ⌧µµ,µµµ⌧
`e 1.1⇥ 10�2 9.5 ⌧ ! µµµ

C
e⌧ee
``,ee 9.2⇥ 10�3 10.4 ⌧ ! eee

C
e⌧ee,eee⌧
`e 1.3⇥ 10�2 8.8 ⌧ ! eee

Table 2: Bounds on the coe�cients of some of the flavour-violating operators of Table 1 for
⇤ = 1 TeV, and corresponding bounds on ⇤ (in TeV) for |Cx| = 1. Adapted from [?, ?, ?].

No direct e↵ect is induced in the charged lepton sector by such an operator, but flavour
violation is transmitted to charged leptons via a W � ⌫ loop, although at an unobservable
level as we will see below. The situation might change as an e↵ect of the UV completion of
the Weinberg operator. Only three kinds of new fields can generate this operator at the tree
level: (i) fermions that are total singlets under the SM gauge group, usually called RH or
sterile; (ii) scalar SU(2)L triplets with hypercharge Y = 1; (iii) fermion SU(2)L triplets with
Y = 0. These three options – which have been respectively labelled as type I [cite], type II
[cite], and type III [cite] seesaw – are schematically depicted in Fig. 1. In the following, we
will sketch the main features of the three kinds of the seesaw mechanism for what concerns
the CLFV phenomenology.

The Lagrangian of type I seesaw can be written as

L = LSM + iN /@N �

✓
YNN e�†

L+
1

2
MNNN

c + h.c.

◆
, (5)

where e� ⌘ i⌧2�⇤ and family indices are understood. MN is a matrix of Majorana mass terms
for the RH neutrinos (that give the necessary violation of L), whose number should be at
least two (three) in order to give mass to two (three) mostly LH (‘active’) neutrinos. Upon
EW symmetry breaking the Yukawa couplings in YN give raise to Dirac RH-LH neutrino mass
terms YNv/

p
2, hence the mass matrix for (⌫L, N

c) reads in blocks:

M⌫ =

✓
0 Y

T
N v/

p
2

YNv/
p
2 MN

◆
. (6)

Assuming for the mass eigenvalues MNk of MN that MNk � YNv – which is equivalent to
integrating out the N fields from the Lagrangian, thus recovering the e↵ective operator in
Eq. (4) – one obtains the famous seesaw formula for the mass matrix of the light states that

4

Figure 1: Possible tree-level UV completion of the Weinberg operator of Eq. (4). From
[Abada-etal].

are identified with the active neutrinos:

m⌫ = �
v
2

2
Y

T
NM

�1
N YN . (7)

The CLFV e↵ects of the type I seesaw can be easily observed by considering that the
unitary matrix that diagonalises m⌫ – the PMNS matrix U – does not coincide with the
matrix U that appears in the charged current, as an e↵ect of the mixing between LH and RH
neutrinos. In particular, U is not unitary:

U =

✓
1�

v
2

2
Y

†
NM

�2
N YN

◆
U . (8)

Entries of U then appear at the vertices of W �⌫ loop diagrams inducing the decays `i ! `j�,
such that [cite]:

�(`i ! `j�)

�(`i ! `j⌫i⌫̄j)
=

3↵em

32⇡

���
P

k UikU
†
kjF (xk)

���
2

(UU†)ii(UU†)jj
, (9)

where xk = m
2
⌫k/M

2
W (with m⌫k the eigenvalues of m⌫) and the loop function reads:

F (x) =
10� 43x+ 78x2 � 49x3 + 4x4 + 18x3 lnx

3(x� 1)4
=

10

3
� x+O

�
x
2
�
. (10)

From the above equations, one can see that if the RH neutrinos are decoupled, U reduces to
the unitary PMNS U and the constant term in F (xk) does not contribute to �(`i ! `j�).
As a consequence, one recovers from Eq. (9) the classical expression for the neutrino-induced
CLFV [cite] that is severely suppressed by the small neutrino mass di↵erences: BR(`i !

`j�) ⇠ |�m
2
⌫k/M

2
W |

2. This gives for instance BR(µ ! e�) . 10�54, way below any foreseeable
experimental sensitivity. On the contrary, the e↵ect (encoded in the non-unitarity of U) can
be raised at observable level for low-scale RH neutrinos [cite]. The expression in Eq. (9) does
not give the exact one-loop result, as it does not consider loops involving the RH neutrinos
themselves.1 Still it provides a reliable order-of-magnitude estimate of the rates [cite] and

1Exact expressions – as well as formulae for `i ! `j`k`k and µ ! e conversion in nuclei – can be found in
[cite].
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Type I seesaw:

Spontaneous breaking of the lepton number:

MN � YNv
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L-breaking term

The Majoron J arises when the scale MN (which breaks lepton number by two units) is

generated dynamically by the vev of a new SM singlet scalar field �, with decomposition

� =
fN + �̂
p
2

e
iJ/fN . (6.15)

The right-handed neutrino mass term in (6.13) is replaced by a Yukawa coupling to the

scalar � with coupling matrix �N , such that MN = �NfN/
p
2. This Yukawa term provides

also the couplings of the Majoron J (and the radial mode �̂) to right-handed neutrinos.

It is well-known that these couplings induce couplings of J to charged leptons and quarks

at loop-level [21], and complete expressions have been provided in Ref. [23]. Here we are

interested only in the seesaw limit of these general expressions, which we match to our

Lagrangian (1.1) upon identifying a ! J, fa ! fN . Using the results of Ref. [24], we find

for the resulting couplings

C
V
qiqj = 0 , C

A
qiqj = �

T
q
3

16⇡2
�ij Tr

⇣
yDy

†
D

⌘
, (6.16)

C
V
eiej =

1

16⇡2

⇣
yDy

†
D

⌘

ij
, C

A
eiej =

1

16⇡2


�ij

2
Tr
⇣
yDy

†
D

⌘
� (yDy

†
D)ij

�
, (6.17)

where T
u,d
3 = ±1/2. Note that F V

µe = �F
A
µe, so the weaker bound on Fµe applies.

As the Majoron couplings depend on the Dirac Yukawa couplings in a di↵erent way

than the light neutrino masses, further model building is needed in order to make predic-

tions for LFV decays to Majorons, similar to LFV decays to photons mediated by heavy

neutrinos. In both cases it is clear that that these e↵ects are negligible in the generic case,

since for Yukawas with a characteristic size |(yD)ij | ⇠ y the e↵ective suppression scale

of LFV decays is given by F ⇠ fN/C ⇠ 16⇡2
fN/y

2
⇠ 16⇡2

v
2
/m⌫ ⇠ 1016GeV, which

is far above the sensitivity of present experiments. However, since yDM
�1
N y

T
D transform

non-trivially under lepton number (in contrast to yDy
†
D), it is clear that light neutrino

masses can be parametrically suppressed in the presence of an approximate generalized

lepton number. Such scenarios, usually referred to as the “TeV Scale See-Saw Mecha-

nism”, have been extensively studied in the literature [25–28], and we simply use these

results of Ref. [28] in the following.

In the simplest setup one considers two right-handed neutrinos N1,2 with a (Dirac)

mass matrix MN and Dirac Yukawa couplings parametrized as

MN =

 
0 M

M 0

!
, yD =

0

B@
ye1 ye2

yµ1 yµ2

y⌧1 y⌧2

1

CA . (6.18)

In the limit of e.g. y`1 ! 0 for all ` = e, µ, ⌧ , the Dirac Yukawas respect the residual U(1)

symmetry MN ! PMNP , yD ! e
i↵
yDP with P = diag{ei↵, e�i↵

}. Clearly this symmetry

is also respected by yDy
†
D, but not by the light neutrino mass matrix, which transform as

m⌫ ! e
2i↵

m⌫ . Working in a basis where the charged lepton matrix is diagonal, we can

adjust the above parameters to reproduce all neutrino observables (2 mass di↵erences + 3

mixing angles). This leaves just two parameters free, which we choose to be M , the mass
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PNGB: Majoron!

Couplings to SM fermions:
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No direct e↵ect is induced in the charged lepton sector by such an operator, but flavour
violation is transmitted to charged leptons via a W � ⌫ loop, although at an unobservable
level as we will see below. The situation might change as an e↵ect of the UV completion of
the Weinberg operator. Only three kinds of new fields can generate this operator at the tree
level: (i) fermions that are total singlets under the SM gauge group, usually called RH or
sterile; (ii) scalar SU(2)L triplets with hypercharge Y = 1; (iii) fermion SU(2)L triplets with
Y = 0. These three options – which have been respectively labelled as type I [cite], type II
[cite], and type III [cite] seesaw – are schematically depicted in Fig. 1. In the following, we
will sketch the main features of the three kinds of the seesaw mechanism for what concerns
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The Lagrangian of type I seesaw can be written as

L = LSM + iN /@N �
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YNN e�†

L+
1

2
MNNN

c + h.c.

◆
, (5)

where e� ⌘ i⌧2�⇤ and family indices are understood. MN is a matrix of Majorana mass terms
for the RH neutrinos (that give the necessary violation of L), whose number should be at
least two (three) in order to give mass to two (three) mostly LH (‘active’) neutrinos. Upon
EW symmetry breaking the Yukawa couplings in YN give raise to Dirac RH-LH neutrino mass
terms YNv/

p
2, hence the mass matrix for (⌫L, N

c) reads in blocks:

M⌫ =

✓
0 Y
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N v/

p
2

YNv/
p
2 MN

◆
. (6)

Assuming for the mass eigenvalues MNk of MN that MNk � YNv – which is equivalent to
integrating out the N fields from the Lagrangian, thus recovering the e↵ective operator in
Eq. (4) – one obtains the famous seesaw formula for the mass matrix of the light states that
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Figure 1: Possible tree-level UV completion of the Weinberg operator of Eq. (4). From
[Abada-etal].

are identified with the active neutrinos:

m⌫ = �
v
2

2
Y

T
NM

�1
N YN . (7)

The CLFV e↵ects of the type I seesaw can be easily observed by considering that the
unitary matrix that diagonalises m⌫ – the PMNS matrix U – does not coincide with the
matrix U that appears in the charged current, as an e↵ect of the mixing between LH and RH
neutrinos. In particular, U is not unitary:

U =

✓
1�

v
2

2
Y

†
NM

�2
N YN

◆
U . (8)

Entries of U then appear at the vertices of W �⌫ loop diagrams inducing the decays `i ! `j�,
such that [cite]:

�(`i ! `j�)

�(`i ! `j⌫i⌫̄j)
=

3↵em

32⇡

���
P

k UikU
†
kjF (xk)

���
2

(UU†)ii(UU†)jj
, (9)

where xk = m
2
⌫k/M

2
W (with m⌫k the eigenvalues of m⌫) and the loop function reads:

F (x) =
10� 43x+ 78x2 � 49x3 + 4x4 + 18x3 lnx

3(x� 1)4
=

10

3
� x+O

�
x
2
�
. (10)

From the above equations, one can see that if the RH neutrinos are decoupled, U reduces to
the unitary PMNS U and the constant term in F (xk) does not contribute to �(`i ! `j�).
As a consequence, one recovers from Eq. (9) the classical expression for the neutrino-induced
CLFV [cite] that is severely suppressed by the small neutrino mass di↵erences: BR(`i !

`j�) ⇠ |�m
2
⌫k/M

2
W |

2. This gives for instance BR(µ ! e�) . 10�54, way below any foreseeable
experimental sensitivity. On the contrary, the e↵ect (encoded in the non-unitarity of U) can
be raised at observable level for low-scale RH neutrinos [cite]. The expression in Eq. (9) does
not give the exact one-loop result, as it does not consider loops involving the RH neutrinos
themselves.1 Still it provides a reliable order-of-magnitude estimate of the rates [cite] and

1Exact expressions – as well as formulae for `i ! `j`k`k and µ ! e conversion in nuclei – can be found in
[cite].
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Type I seesaw:

Spontaneous breaking of the lepton number:

MN � YNv
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L-breaking termThe Majoron J arises when the scale MN (which breaks lepton number by two units) is

generated dynamically by the vev of a new SM singlet scalar field �, with decomposition

� =
fN + �̂
p
2

e
iJ/fN . (6.15)

The right-handed neutrino mass term in (6.13) is replaced by a Yukawa coupling to the

scalar � with coupling matrix �N , such that MN = �NfN/
p
2. This Yukawa term provides

also the couplings of the Majoron J (and the radial mode �̂) to right-handed neutrinos.

It is well-known that these couplings induce couplings of J to charged leptons and quarks

at loop-level [21], and complete expressions have been provided in Ref. [23]. Here we are

interested only in the seesaw limit of these general expressions, which we match to our

Lagrangian (1.1) upon identifying a ! J, fa ! fN . Using the results of Ref. [24], we find

for the resulting couplings

C
V
qiqj = 0 , C

A
qiqj = �

T
q
3

16⇡2
�ij Tr

⇣
yDy

†
D

⌘
, (6.16)

C
V
eiej =

1

16⇡2

⇣
yDy

†
D

⌘

ij
, C

A
eiej =

1

16⇡2


�ij

2
Tr
⇣
yDy

†
D

⌘
� (yDy

†
D)ij

�
, (6.17)

where T
u,d
3 = ±1/2. Note that F V

µe = �F
A
µe, so the weaker bound on Fµe applies.

As the Majoron couplings depend on the Dirac Yukawa couplings in a di↵erent way

than the light neutrino masses, further model building is needed in order to make predic-

tions for LFV decays to Majorons, similar to LFV decays to photons mediated by heavy

neutrinos. In both cases it is clear that that these e↵ects are negligible in the generic case,

since for Yukawas with a characteristic size |(yD)ij | ⇠ y the e↵ective suppression scale

of LFV decays is given by F ⇠ fN/C ⇠ 16⇡2
fN/y

2
⇠ 16⇡2

v
2
/m⌫ ⇠ 1016GeV, which

is far above the sensitivity of present experiments. However, since yDM
�1
N y

T
D transform

non-trivially under lepton number (in contrast to yDy
†
D), it is clear that light neutrino

masses can be parametrically suppressed in the presence of an approximate generalized

lepton number. Such scenarios, usually referred to as the “TeV Scale See-Saw Mecha-

nism”, have been extensively studied in the literature [25–28], and we simply use these

results of Ref. [28] in the following.

In the simplest setup one considers two right-handed neutrinos N1,2 with a (Dirac)

mass matrix MN and Dirac Yukawa couplings parametrized as

MN =

 
0 M

M 0

!
, yD =

0

B@
ye1 ye2

yµ1 yµ2

y⌧1 y⌧2

1

CA . (6.18)

In the limit of e.g. y`1 ! 0 for all ` = e, µ, ⌧ , the Dirac Yukawas respect the residual U(1)

symmetry MN ! PMNP , yD ! e
i↵
yDP with P = diag{ei↵, e�i↵

}. Clearly this symmetry

is also respected by yDy
†
D, but not by the light neutrino mass matrix, which transform as

m⌫ ! e
2i↵

m⌫ . Working in a basis where the charged lepton matrix is diagonal, we can

adjust the above parameters to reproduce all neutrino observables (2 mass di↵erences + 3

mixing angles). This leaves just two parameters free, which we choose to be M , the mass
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CV
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16⇡2
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YNY †
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⌘

ij
, CA
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�ij
2

Tr
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YNY †

N

⌘
� (YNY †

N )ij

�

<latexit sha1_base64="1gYiNv2Rwa/NS/aQ/e3Bp+O3fzs="></latexit>

The Majoron J arises when the scale MN (which breaks lepton number by two units) is

generated dynamically by the vev of a new SM singlet scalar field �, with decomposition

� =
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The right-handed neutrino mass term in (6.13) is replaced by a Yukawa coupling to the

scalar � with coupling matrix �N , such that MN = �NfN/
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2. This Yukawa term provides

also the couplings of the Majoron J (and the radial mode �̂) to right-handed neutrinos.

It is well-known that these couplings induce couplings of J to charged leptons and quarks

at loop-level [21], and complete expressions have been provided in Ref. [23]. Here we are

interested only in the seesaw limit of these general expressions, which we match to our
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than the light neutrino masses, further model building is needed in order to make predic-
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D transform
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masses can be parametrically suppressed in the presence of an approximate generalized
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nism”, have been extensively studied in the literature [25–28], and we simply use these

results of Ref. [28] in the following.

In the simplest setup one considers two right-handed neutrinos N1,2 with a (Dirac)
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MN =
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In the limit of e.g. y`1 ! 0 for all ` = e, µ, ⌧ , the Dirac Yukawas respect the residual U(1)

symmetry MN ! PMNP , yD ! e
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yDP with P = diag{ei↵, e�i↵

}. Clearly this symmetry

is also respected by yDy
†
D, but not by the light neutrino mass matrix, which transform as

m⌫ ! e
2i↵

m⌫ . Working in a basis where the charged lepton matrix is diagonal, we can

adjust the above parameters to reproduce all neutrino observables (2 mass di↵erences + 3

mixing angles). This leaves just two parameters free, which we choose to be M , the mass
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Lorenzo Calibbi (Nankai)ALPs at muon experiments



Majoron

Lepton number anomaly free: suppressed coupling to photons (EUV=0) 

Figure 2. Summary of the bounds and future projections for LFV ALPs. The color coding is the
same as in Fig 1. Left: We set Cµe = 1, while all the other couplings in Eq. (2.1) are set to zero.
For comparison we also show the bound on µ ! ea from SN1987A derived in Sec. 6.1 even though
it is subdominant relative to the existing bounds from ground based experiments. Right: The only
nonzero coupling is C⌧e = 1. The plot for C⌧µ = 1 is similar, and is not displayed for brevity.

where for simplicity we neglected the mass of the final-state lepton. The di↵erential decay

rate reads (in the same m`j = 0 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 ✓

Re(CV

`i`j
C

A⇤
`i`j

)

|CV

`i`j
|2 + |CA

`i`j
|2

#
, (2.4)

where ✓ is the angle between the polarization vector, ⌘̂, of the decaying lepton `i and the

momentum of the final state lepton `j , while P`i is the polarization of the decaying leptons.

The convention used for P`i is such that for the phenomenologically most important case of

µ
+
! e

+
a decays we have P`i = ⌘̂ · ẑ, where ẑ is the beam axis. The µ+ are predominantly

polarized antiparallel to the beam direction, thus P`i < 0 and ✓ is the angle between �ẑ

and the momentum of the positron, cf. Fig. 4 (left).

The total width of the ALP can be computed as a function of its mass by summing

the di↵erent partial decay widths

�tot(ma) = �(a ! ��) +
X

i,j=1,2

�(a ! `i`j) +
X

i,j=1,2,3

�(a ! ⌫i⌫j) . (2.5)

Since we restricted the ALP mass to ma < m⌧ , only the decays to photons, neutrinos,

electrons, and possibly muons are kinematically open. The corresponding partial decay

widths are

�(a ! `i`j) =
ma

2⇡

✓
m`i �m`j

F
V

ij

◆2

+

✓
m`i +m`j

F
A

ij

◆2�
s

1�
2(m2

`i
+m

2
`j
)

m2
a

, (2.6)

�(a ! ��) =
↵
2
emE

2
e↵

64⇡3

m
3
a

f2
a

, (2.7)

that will be testable in future large scale structure surveys [48, 49].
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Figure 3. Graphical representation of the current bounds and future projections for di↵erent LFV
couplings of an e↵ectively massless ALP, also reported in Table 1.

due to the derivative ALP couplings decouple in the heavy fermion limit. The anomaly

contribution is encoded in the Wilson coe�cient, EUV, and depends on the structure

of the UV model. We use the the following normalization for the e↵ective ALP-photon

Lagrangian 4

Le↵ = EUV
↵em

4⇡

a

fa
FF̃ , (2.9)

such that for QCD axion EUV = E/2N . For example, in the DFSZ-II model for the

QCD axion [12, 13], in which the charged leptons couple to the same Higgs as the up-

quarks, one has EUV = 1/3. In Sec. 7 below, we give four explicit examples of LFV ALP

models. For these we have EUV = {2/3, 10/9, (10 ÷ 24), 0} for LFV QCD axion, Sec. 7.1,

for LFV axiflavon, Sec. 7.2, for anarchic LFV familon, Sec. 7.3, and for majoron, Sec. 7.4,

respectively. If ALP also couples to quarks and gluons there are additional contributions

to (2.8), both from heavy quarks as well as from pions running in the loop (see Ref. [50]

for complete expressions). From now on we fix EUV = 1, unless specified otherwise, since

its precise value does not a↵ect most of the physics discussed in this paper.

As shown in Fig. 1, we focus in this paper on the region of parameter space where the

ALP is long-lived on detector scales. As we will motivate extensively in Sec. 7 we believe

that this region is theoretically the most appealing. For the discussion of phenomenologi-

cally interesting decay channels in the displaced and prompt regions, we refer the reader to

Refs. [51–53] and to the recent MEG limit on LFV light particles decaying to two photons,

µ ! eX, X ! �� [54]. A complementary probe of LFV couplings in the region of heavier

ALP masses is the muonium-antimuonium oscillation, which would be induced by s� and

t� channel exchanges of ALPs with µe � a couplings. While the resulting bounds on fa

4Our conventions are ✏0123 = 1 and F̃µ⌫ = 1/2 ✏µ⌫⇢�F
⇢�.
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Figure 13. Present bounds and future sensitivities on the coupling to electrons FA

ee
(in GeV) and

the RH neutrino mass scale M (normalized by the combination of free parameters �y
2) vs. the

majoron mass mJ (in eV) for the low-energy seesaw majoron model. On the left of dashed blue
line the the majoron is stable on time scale of our Universe and could account for the DM abundance.
The two dashed gray lines are examples of misalignment production discussed in Sec 6.2. The
gray shaded region is excluded by star cooling bounds on the majoron-electron coupling and
µ
+
! e

+
a bounds. The yellow shaded is excluded by SN1987A. We show in red the future reach

of Mu3e, in purple the reach of Belle II and in light purple the reach of QUAX which requires
the majoron to be DM.

couplings to muons and taus, although they are at the moment of little phenomenological

relevance,

F
A

µµ = �
2.7⇥ 1011GeV

�y2

✓
M

107GeV

◆
, F

A

⌧⌧ =
3.7⇥ 1010GeV

�y2

✓
M

107GeV

◆
. (7.56)

The coupling to muons is comparatively suppressed due to an accidental cancellation be-

tween the two contributions to C
A
µµ in Eq. (7.50).

The majoron also couples to nucleons via its couplings to quarks (7.49). These cou-

plings do not depend on PMNS elements and are given by

FN ⇡
0.88⇥ 1010GeV

�y2

✓
M

107GeV

◆
. (7.57)

In Fig. 13, we summarize the current status and future prospect of the constraints on

the parameter space of the low-energy seesaw majoron model described above. Besides the

present and future bounds from LFV experiments and the astrophysical limits discussed in

Sec. 6.1 involving the coupling of the majoron to electrons, we display as a yellow-shaded

area the region excluded by SN1987A, according to the study of Ref. [155], due to the

nucleon-majoron coupling of Eq. (7.57).

– 50 –

Lorenzo Calibbi (Nankai)ALPs at muon experiments


