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Lepton-Axion
Effective Theory
L = ∂µa j

µ
PQ

jµPQ =
1

2m`

(
ḡ`` ¯̀γ

µ`+ g`` ¯̀γ
µγ5`+ gν` ν̄`γ

µPLν`

)
Is the vector
coupling
physical?

Is ∂µa¯̀γµγ5`
= −m`a¯̀γ5` ?

Is the neutrino
term ∝ mν?Should we demand electroweak invariance

(ḡ`` − g`` = gν`)?

PQ charges of SM fermions
are EW-symmetric

3→ 2
parameters

benchmark:
jµPQ =

gee
me

ēγµPRe

DFSZ-like

Interaction may not be
w/ direct PQ charge of SM fermion

RG flow ∂µa(HL)†γµ(HL)

benchmark: jµPQ =
gee
2me

ēγµγ5e

KSVZ-like

e
E E

e

a

× ×

dramatic
consequences
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ḡ`` ¯̀γ

µ`+ g`` ¯̀γ
µγ5`+ gν` ν̄`γ

µPLν`

)

Is the vector
coupling
physical?

Is ∂µa¯̀γµγ5`
= −m`a¯̀γ5` ?

Is the neutrino
term ∝ mν?

Should we demand electroweak invariance
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ḡ`` ¯̀γ

µ`+ g`` ¯̀γ
µγ5`+ gν` ν̄`γ

µPLν`

)

Is the vector
coupling
physical?

Is ∂µa¯̀γµγ5`
= −m`a¯̀γ5` ?

Is the neutrino
term ∝ mν?

Should we demand electroweak invariance
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(ḡ`` − g`` = gν`)?

PQ charges of SM fermions
are EW-symmetric

3→ 2
parameters

benchmark:
jµPQ =

gee
me
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L = −a∂µjµPQ

∂µj
µ
PQ = g``(¯̀iγ5`)

“standard”
vertex

e

e

a

Λe ≡ me/gee
(can be below
weak scale) Collider

Uncertain?

Electron beam
dumps

[BABAR - ’14] , [Riordan et al - ’87] , [Bjorken et al - ’88], [Bross et al - ’91]
[Morel et al - ’20], [Lucente, Carenza - ’21]

− 1

64π2
1

m`
(g`` − ḡ`` − gν`)g

2W+
µνW̃

−µν + . . .
anomaly
terms

a

W+

W−

[Bauer et al - ’21]

+
ig

2
√

2

1

m`
(g`` − ḡ`` + gν`)(

¯̀γµPLν`)W
−
µ + h.c. weak

vertex W

e

a

ν

This work:
1 Importance of weak vertex

2 New bound on standard vertex

charged
meson
decays

W± boson
decays

proton
beam
dumps

4
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ALPs from π+ decay*

ALP removes helicity
suppression

e+ν

π+
W

ν

e

e+

a

standard
vertex

π+
W

a

ν

e+
weak
vertex

Γπ+→e+νa ∝ g2ee
m2
πf

2
π+

m4
W

Br(π+ → e+νa) ' 1.0× 10−8
( gee

10−3

)2

Weak-
preserving

Γπ+→e+νa ∝
g2eem

2
π

m2
e

f2π+m
2
π

m4
W

Br(π+ → e+νa) ' 4.5× 10−5
( gee

10−3

)2

Weak-
violating

Detectable

*ALP-π0 mixing and quark coupling
E.g., [Krauss, Wise - ’86], [Bardeen et al - ’87],

[Altmannshofer et al - 19] 5
10
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Experimental Capabilities

time
1986 2023

. . .

π+ beam

e+

e−

e+
ν

stringent even
for weak-preserving!

dramatically shapes
parameter space!
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Other Charged Mesons

K+ mesons

ΓK+→e+νa ∝
m2
K

m2
e

Search for K+ → e+νe+e−

by Exp 865 ’02

BR . 3× 10−8

*Improve with Kaon factories*

D+/D+
s /B

+/B+
c

ΓM+→e+νa ∝
m2
M

m2
e

Large flavor-preserving
decays

Need BR = O(10−6)
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W+ boson decay W+

e+

a

ν

W+

e+

a

ν

Br(W+ → e+νa) ∼ 0.01 g2ee Br(W+ → e+νa) ∼
( gee

10−3

)2

∝ m2
W

m2
e

What is bound
on rare W -boson

decays?

e+e−νe+ < ???

contribute to
total width

2.085± 0.04 GeV

dedicated search?

< O(10−5)
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Proton Beam Dump Experiments

Ex: CHARM experiment

proton
source

E = 400 GeV

×

K+×
π+

π+,K+, D+,D+
s , B

+

480m

Detector

35m

axion e+

e−

observed zero
events [CHARM - 1985]

first use of
D, Ds, Bc mesons
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Summary

revisited theory of axion-lepton interactions
need to

distinguish
weak-violatingweak-preserving

strong bounds in either case
charged meson

decays
W boson
decays

proton beam
dumps

Final
Musings

weak-violating ALPs
drive new

phenomenology

every model has
some weak-violation.

Implications?

10
10



Summary

revisited theory of axion-lepton interactions
need to

distinguish
weak-violatingweak-preserving

strong bounds in either case
charged meson

decays
W boson
decays

proton beam
dumps

Final
Musings

weak-violating ALPs
drive new

phenomenology

every model has
some weak-violation.

Implications?

10
10


