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BSM in Tau decays
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is supplemented by the interaction terms involving just
the lepton currents,
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where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.

a

τ+
GF

νℓ

ℓ+

ντ
f −1
a

a

τ+
GF

π+, ρ+

ντ
f −1
a

a
τ+

ℓ+

f −1
a a

ℓ−2

f −1
a

ℓ+1

FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)

Looking for on-shell (i.e. light) new physics in tau decays:

• Taus provide largest leptonic mass reach for “light” BSM states

•Many new and exotic final states

• Tau width narrow in SM, BSM can compete

• Taus less well probed

•Many ongoing and upcoming experiments with potential to 
probe 

vs.
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Axions/ALPs

• pNGB of a spontaneously broken global symmetry

• One of the standard “portals” to the dark sector

2 The e↵ective ALP Lagrangian

In this section we summarize results derived in [35, 39, 78], which are relevant for the phenomenology
of ALP e↵ects on flavor observables. In particular, we emphasize the important fact that RG evo-
lution e↵ects unavoidably generate ALP couplings to all SM fermions in the e↵ective theory at and
below the electroweak scale, irrespective of whether such couplings exist at the UV scale of global
symmetry breaking. Also, the ALP couplings to left-handed down-type quarks necessarily contain
flavor o↵-diagonal entries at and below the electroweak scale. This has significant consequences for
the branching ratios of the ALP to SM particles and for the bounds on ALP couplings derived from
flavor-changing processes, which one would miss ignoring these RG e↵ects. Therefore, many of the
ALP searches discussed in Section 3 are relevant for a larger class of models than one would naively
expect from the coupling structure in the UV.

In the remainder of this section we briefly discuss a sequence of e↵ective Lagrangians at di↵er-
ent scales, describing the most general interactions of an ALP with SM particles, focussing on the
operators of lowest dimension (D = 5). We begin by specifying the e↵ective theory at scales above
the weak scale (Section 2.1), assuming that the ALP theory respects the SM gauge group and that
the ALP is the only new particle below the scale of global symmetry breaking. We then evolve this
Lagrangian to the weak scale, integrate out the heavy SM particles, and discuss the evolution of the
e↵ective Lagrangian below the weak scale (Section 2.2). If the ALP is very light (ma < 2 GeV), its
couplings to light hadrons can be described using a chiral Lagrangian. In particular, we comment
on the consistent treatment of weak-interaction processes (Section 2.4) and of the ALP–nucleon cou-
plings (Section 2.5) in such a framework. We finally discuss the most important decay channels of
the ALP (to leptons and photons in Section 2.6, and to hadrons in Section 2.7), and the production
of an ALP in exotic decays of Higgs and Z bosons (Section 2.8).

2.1 E↵ective ALP Lagrangian at the UV scale

We consider a new pseudoscalar resonance, a, which transforms as a singlet under the SM and arises
as a pseudo Nambu–Goldstone boson in the spontaneous breaking of a global symmetry at some new
physics scale ⇤. We will assume that ⇤ is much larger than the weak scale. The ALP couplings to
SM fields are protected by an approximate shift symmetry (a ! a+ constant) at the classical level,
broken only by the presence of a mass term m

2
a,0. This parameter would be absent for the classical

QCD axion. The most general e↵ective Lagrangian including operators of dimension up to 5 reads
[79]

LD5
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2
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.

(2.1)

Here G
a
µ⌫ , W

A
µ⌫ and Bµ⌫ are the field-strength tensors of SU(3)c, SU(2)L and U(1)Y , B̃

µ⌫ =
1
2✏

µ⌫↵�
B↵� etc. (with ✏0123 = 1) are the dual field-strength tensors, and ↵s = g

2
s/(4⇡), ↵2 = g

2
/(4⇡)

and ↵1 = g
0 2

/(4⇡) denote the corresponding coupling parameters. The sum in the first line extends
over the chiral fermion multiplets F of the SM, and the Higgs doublet is denoted by �. The quantities
cF are 3⇥ 3 hermitian matrices in generation space.

The shift symmetry of the ALP couplings is manifest in the derivative couplings to the fermions
and the Higgs boson, whereas for the couplings of a to the U(1)Y and SU(2)L gauge fields the e↵ect
of the shift, a ! a+ constant, can be removed by field redefinitions. The ALP coupling to QCD

6

[for review see eg Bauer, Neubert, Renner, Schnubel, Thamm JHEP 09, 2022]

https://link.springer.com/article/10.1007/JHEP09(2022)056
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Axions/ALPs — couplings to fermions

If PQ charges of SM fermions not aligned with fermion masses axions 
will have flavour violating couplings e.g.


• DFSZ model with LFV

• Generation dependent PQ charges e.g. Froggatt-Nielsen

• Axiflavon models


[see eg Calibbi, Redigolo, Ziegler, Zupan 

JHEP 09, 2021]

No reason for couplings to be diagonal

https://link.springer.com/article/10.1007/JHEP09(2021)173
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FIG. 4. Summary of the most important bounds for the di↵erent flavor sectors and for vectorial (red) and axial-
vectorial (blue) couplings. On the lower axis we indicate the corresponding values for the e↵ective axion mass defined
by mi.e↵ ⌘ 4.69 eV ⇥ 106 GeV/Fi. Also shown as vertical gray lines are the bounds on axion couplings to electrons
Fe (95%CL), nucleons FN , and photons F� (95%CL), see Section V for details.

b ! s and b ! d couplings up to a scale of ⇠ 108

GeV, with the exception of FA

bd
due to the absence

of dedicated B ! ⇢a searches at the B factories (the
related Belle B ! ⇢⌫⌫ analysis cannot be readily re-
cast, as discussed in Sec. III). The bounds from two-
body heavy-baryon ⇤b decays and from Bd,s � Bds

mixing are more than two orders of magnitude less
sensitive. Only the bound on the axial-vector bd�a
coupling from ⇤b decays and B�B, in the 106�107

GeV ballpark, are phenomenologically relevant con-
straints. Note that in this work we have focused
on the case of the QCD axion, such that b ! qa
transitions result in the axion escaping the detector
and a missing energy signature. A more inclusive
search strategy, that does not require any informa-
tion about the axion decay modes is possible using
searches for Bs ! µµa decays [70], though with
a reduced sensitivity to the quark-axion couplings
compared to the other modes.

The K and B meson decays also probe top-
quark axion couplings indirectly through loop ef-
fects, cf. Sec. II and Appendix A. These constraints
become important in the scenarios with down-quark
alignment or flavor-diagonal (or MFV) couplings
in the UV. In particular, the strong bound on
the K+

! ⇡+a branching fraction translates into
bounds for the t ! c and t ! u transitions at the
level of 108�109 GeV. Although we show these con-
straints in Table III, we did not include them in
Fig. 4 as they only constrain the left-handed combi-
nation and require the absence of possible cancella-
tions with tree-level sd� a couplings.

Direct probes of flavor violating up-quark–axion

couplings that are potentially sensitive to relatively
high scales are possible with charmed mesons and
baryons. The most sensitive probe of the flavor vi-
olating vectorial cu � a coupling turns out to be
the two-body D+

! ⇡+a decay. Recast of the
D+

! (⌧+ ! ⇡+⌫)⌫ analysis of CLEO and BE-
SIII gives the bound FV

cu
& O(108) GeV. Axial-

vector cu � a couplings are currently probed pre-
dominantly by D0-mixing with lower bounds in the
range FA

cu
& 106 � 108 GeV depending on the CP-

violating phase of the axion contribution. These
couplings can also be directly probed by ⇤c ! pa
decays, which in the future could provide the best
bounds on approximately real FA

cu
(this case is not

included in Fig. 4 for simplicity).

B. Future projections

The sensitivity to the couplings of the flavored-
axion to the quarks can be greatly improved with fu-
ture experiments. Dedicated searches for a massless
axion in two-body kaon decays at NA62 and KOTO
are expected to reach a sensitivity to the branching
fraction better than 10�11 [95] (cf. Sec. III). We
thus use

BRproj(K
+
! ⇡+a) < 10�11, (58)

as the (conservative) experimental projection. As
shown in Table III this will allow to push the lower
bounds on vectorial sd� a couplings beyond a scale
of 1012 GeV.

Camalich, Pospelov, et al 
(2002.04623)
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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 C

V

``0 = C
A

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

V

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 –

Calibbi, Redigolo, et al 
(2006.04795)
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2

where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)

2

where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,
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where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g
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R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we
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The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
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→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern
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In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
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the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.
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sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
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1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:
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2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e
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e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with
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the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
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2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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FIG. 11. The projected event-rate sensitivities of NOvA
(pink), CHARM (blue), BEBC (orange), and SHiP (black) us-
ing our standard Pythia simulation (thick solid line) and the
simplified simulation based on a parameterization of D±

s pro-
duction with the 2ω ranges of input normalization and shape
parameters from [44] (thin dashed lines). While the nor-
malization uncertainty impacts mostly the upper limit (small
f→1

a ), the di!erence between the Pythia results and this sim-
plified simulation are also noticeable on the lower limit (large
f→1

a ) due to the uncertainties on the kinematics of the D±
s

produced and the resulting boost factor for the ALPs.

attached to ω and ε̄l since those are suppressed by mω/mε

at the amplitude level. The decay rate is given by

d! =
1

2mε
d”4

∣∣M̄
∣∣2 , (C.8)

where d”4 is the di#erential four-body phase space el-
ement. The spin averaged amplitude squared is given
by
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It depends on p2, p3 and p4 separately only through the
form (p2 · p3)pϑ

4 . It is then useful to decompose the four-
body phase space integral sequentially as
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2Ē34
ϱ
(4)(p234 → p2 → p34),

(C.12)

∫
d”3;4 =

1

4ϑ2

∫
d
3
p3

2p3

d
3
p4

2p4
ϱ
(4)(p34 → p3 → p4), (C.13)
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can show, e.g., by going to the p34/p234-rest frame and
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where the function I(m̄ε , m̄ϖϖ) is defined in Eq. (II.13).
By using
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and performing the angular integral of the “1; 234” sys-
tem, we obtain Eq. (II.12).

4. The a → εε decay

Finally, we consider the ALP decay mode a ↓ ↼↼

through the loop of a heavy lepton ω. This process is
identical to the chiral anomaly in the limit mω ↓ 0, and
therefore we need some care on the regularization. The
amplitude is diagrammatically expressed as

iM = a,P
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+ . (C.17)

Its evaluation is similar to the chiral anomaly computa-
tion, and we obtain
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Our goal is to obtain existing constraints on the above
scenarios and provide projections both for the upgrades
of the existing experiments, as well as for future projects
such as SHiP, focusing on processes involving tau leptons.
The main finding is that beam dump and collider searches
for displaced ALPs from tau decays provide better sen-
sitivity to such ALPs than the precision studies of tau
decays. The displaced ALP decays to µ

+
µ

→ and muon-
electron pairs are a currently under-explored signature
of LFV and LFC models of ALPs coupled exclusively to
lepton currents, even though both channels are generi-
cally available and even dominant. We make projections
for these types of searches for SHiP and the next gen-
eration of the FASER experiment. In the LFC case, we
also derive novel constraints on light ALPs with displaced
decays to e

+
e
→ pairs.

The paper is organized as follows. In section II we
derive the branching ratios for production of ALPs in ω

decays, as well as ALP decay rates. In section III we dis-
cuss the resulting ALP production rates at past, existing,
and future experiments. Our main results, the current
and projected limits on the ALP parameter space, are
given in section IV. Section V contains our conclusions,
while further details on the calculation of ALP produc-
tion and decay rates are relegated to appendix C.

II. ALP PRODUCTION AND DECAY

In this section, we summarize the ALP production and
decay rates. We focus on the production of ALPs in the
decays of tau leptons, see Fig. 1. The corresponding dif-
ferential decay rate distributions, in ω rest frame, are
shown in Fig. 2. Additional details are provided in ap-
pendix C. The main production mechanism of ω leptons
in beam dump experiments are the decays of Ds meson,

since the branching ratio Br(D±
s → ω

±(→)
εω ) ↑ 5.36% is

quite large. Other sub-leading production channels in-

clude Br(D±
→ ω

±(→)
εω ) = 1.20 ↓ 10→3 and Br(ϑ(2S) →

ω
+
ω

→) = 3.10 ↓ 10→3 decays [9]. The dominant produc-
tion of ALPs is then either from 2-body decays of tau
leptons (for the LFV scenarios) or from multibody de-
cays of taus (for the LFC scenarios).

A. ALP production: LFV scenarios

If the LFV couplings of the ALP are appreciable, the
ALP is dominantly produced through the flavor-changing
decay of tau leptons, ω → µa, ea. This is the case for both
the anarchical and hierarchical LFV scenarios, Eqs. (I.7)
and (I.8), respectively. The decay rate is given by
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FIG. 2. Di!erential branching ratios for various tau de-
cays involving ALPs, as indicated, for a sample ALP mass
ma = 100 MeV, and ALP decay constant fa = 104 GeV,
under the ω -philic scenario hypothesis of Eq. (I.12). Here,
xa = 2pa/mω is the fractional momentum carried by the ALP
in the tau rest frame (pa is the magnitude of the ALP mo-
mentum). We also indicate with vertical purple lines the value
of xa corresponding to the two mono-energetic 2-body decay
modes, ω → εa.

where ϖ = µ, e, and v is the separation velocity,

v(M, m1, m2) =

√
1 ↔

2(m2
1 + m2

2)

M2
+

(m2
1 ↔ m2

2)
2

M4
.

(II.2)

For instance, for ma = 0.1 GeV, we find

Br(ω → ϖa) = 1.2 ↓ 10→4
|gεω |

2

(
107 GeV

fa

)2

, (II.3)

with ϖ = e, µ. Note that the branching ratio for ALP pro-
duction is enhanced by the small SM tau decay width,
i.e., it is enhanced by G

→2
F , where GF is the Fermi con-

stant. Consequently, Br(ω → ϖa) is sizable even for rela-
tively large values of fa, as long as gεω is not too small. A
large value of fa, on the other hand, implies a long-lived
ALP.

Here we note that, if ma < mµ↔me, the µ → ea decays
are kinematically allowed. In this ALP mass range the
searches for µ → ea decays place stringent constraints on
ALP LFV scenarios as long as geµ coupling is comparable
to the gεω couplings [10–13].

B. ALP production: LFC scenarios

If flavor-changing couplings gεω are vanishingly small,
i.e., for the LFC scenarios in Eqs. (I.9) and (I.10), tau
leptons can still produce ALPs. The ALP production
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where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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FIG. 3. The ALP decay branching ratios in the LFV anarchy
(top), LFC flavor universal (middle), and LFC e → ω coupled
(bottom) scenarios.

then proceeds via ALP bremsstrahlung modifying any of
the SM ω decay channels, see the bottom row in Fig. 1.
For simplicity, we focus on the decay modes ω

→
→ ε

→
ϑω ,

ω
→

→ ε
→

ε
0
ϑω , and ω

→
→ ϖ

→
ϑ̄εϑω , which account for

↑ 70 % of the SM ω decay width. Including more de-
cay modes would result in a marginally tighter bound on
(better sensitivity to) the ALP couplings.

To calculate the ALP production via bremsstrahlung
in ω → εϑωa, we use the following e!ective Lagrangian

for the SM rate

Le! = ↓
GF
↔

2
V

↑
udfϑ(ϱµε

→)ω̄ ς
µ(1 ↓ ς5)ϑω + (h.c.), (II.4)

where Vud ↗ 0.97 is the CKM matrix element and fϑ =
130 MeV the pion decay constant. The di!erential ω →

εϑωa decay rate is given by1

d”(ω → εϑωa)

dEa
=

|gωω |
2
G

2
F |Vud|

2
f

2
ϑm

2
ω (m̄2

ω ↓ m
2
ϑ)2

256ε3f2
am̄2

ω

↘

[
1 ↓

m
2
a(m2

ω + m̄
2
ω )

(m2
ω ↓ m̄2

ω )2

]
v(mω , m̄ω , ma),

(II.5)

where Ea is the ALP energy in the ω -rest frame. Because
of ALP bremsstrahlung from the ω leg, the intermediate
ω line is o!-shell, with the o!-shell invariant mass squared
m̄

2
ω given by

m̄
2
ω = m

2
ω + m

2
a ↓ 2mωEa. (II.6)

Integrating the di!erential rate in Eq. (II.5) over Ea ≃

[ma, (m2
ω + m

2
a ↓ m

2
ϑ)/2mω ], gives ”(ω → εϑωa). For

example, for ma = 0.1 GeV, we find

Br(ω → εϑωa) = 1.5 ↘ 10→12
|gωω |

2
(

104 GeV

fa

)2

.

(II.7)

Compared to the ω → ϖa decay rate in Eq. (II.3) this
branching ratio is significantly more suppressed, if all
couplings of ALP to leptons are O(1). The reason is
that the ω → εϑωa decay rate su!ers double suppres-
sion, the factor of G

2
F due to SM weak interaction, and

(gωω/fa)2 for the emission of the ALP. For LFC scenarios
the phenomenologically relevant values of fa will be rel-
atively low, fa ↭ 104 GeV. This is true for the other tau
decay channels involving ALPs, that we discuss below.
For such low values of fa the ALP decays are displaced
only for ma < 2mµ or |gµµ| ⇐ 1, so that the dominant
ALP decay is a → e

+
e
→, whose rate is suppressed by m

2
e

in the assumed LFC flavor patterns.
The decay mode ω

→
→ ε

→
ε

0
ϑω is dominated by the

intermediate φ meson decaying via its main decay mode,
φ

→
→ ε

→
ε

0. Ignoring the φ width e!ects we can therefore
treat this ALP production channel as though it is due to
a quasi three-body decay ω

→
→ φ

→
ϑωa. The e!ective

Lagrangian relevant for the φ meson production can be
written as [16]

Le! = ↓
GF
↔

2
V

↑
udmϖfϖφµ l̄ς

µ(1 ↓ ς5)ϑl + (h.c.), (II.8)

1 Note that since ALP couplings in Eq. (I.5) are SU(2)L-invariant,
there are no so-called “weak-violating” ALP type contributions
to these decays [14, 15].
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Our goal is to obtain existing constraints on the above
scenarios and provide projections both for the upgrades
of the existing experiments, as well as for future projects
such as SHiP, focusing on processes involving tau leptons.
The main finding is that beam dump and collider searches
for displaced ALPs from tau decays provide better sen-
sitivity to such ALPs than the precision studies of tau
decays. The displaced ALP decays to µ

+
µ

→ and muon-
electron pairs are a currently under-explored signature
of LFV and LFC models of ALPs coupled exclusively to
lepton currents, even though both channels are generi-
cally available and even dominant. We make projections
for these types of searches for SHiP and the next gen-
eration of the FASER experiment. In the LFC case, we
also derive novel constraints on light ALPs with displaced
decays to e

+
e
→ pairs.

The paper is organized as follows. In section II we
derive the branching ratios for production of ALPs in ω

decays, as well as ALP decay rates. In section III we dis-
cuss the resulting ALP production rates at past, existing,
and future experiments. Our main results, the current
and projected limits on the ALP parameter space, are
given in section IV. Section V contains our conclusions,
while further details on the calculation of ALP produc-
tion and decay rates are relegated to appendix C.

II. ALP PRODUCTION AND DECAY

In this section, we summarize the ALP production and
decay rates. We focus on the production of ALPs in the
decays of tau leptons, see Fig. 1. The corresponding dif-
ferential decay rate distributions, in ω rest frame, are
shown in Fig. 2. Additional details are provided in ap-
pendix C. The main production mechanism of ω leptons
in beam dump experiments are the decays of Ds meson,

since the branching ratio Br(D±
s → ω

±(→)
εω ) ↑ 5.36% is

quite large. Other sub-leading production channels in-

clude Br(D±
→ ω

±(→)
εω ) = 1.20 ↓ 10→3 and Br(ϑ(2S) →

ω
+
ω

→) = 3.10 ↓ 10→3 decays [9]. The dominant produc-
tion of ALPs is then either from 2-body decays of tau
leptons (for the LFV scenarios) or from multibody de-
cays of taus (for the LFC scenarios).

A. ALP production: LFV scenarios

If the LFV couplings of the ALP are appreciable, the
ALP is dominantly produced through the flavor-changing
decay of tau leptons, ω → µa, ea. This is the case for both
the anarchical and hierarchical LFV scenarios, Eqs. (I.7)
and (I.8), respectively. The decay rate is given by

!(ω → ϖa) =
|gεω |

2
m

3
ω

64ϱf2
a

(
1 +

mε

mω

)2
[(

1 ↔
mε

mω

)2

↔
m

2
a

m2
ω

]

↓ v(mω , mε, ma), (II.1)
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FIG. 2. Di!erential branching ratios for various tau de-
cays involving ALPs, as indicated, for a sample ALP mass
ma = 100 MeV, and ALP decay constant fa = 104 GeV,
under the ω -philic scenario hypothesis of Eq. (I.12). Here,
xa = 2pa/mω is the fractional momentum carried by the ALP
in the tau rest frame (pa is the magnitude of the ALP mo-
mentum). We also indicate with vertical purple lines the value
of xa corresponding to the two mono-energetic 2-body decay
modes, ω → εa.

where ϖ = µ, e, and v is the separation velocity,

v(M, m1, m2) =

√
1 ↔

2(m2
1 + m2

2)

M2
+

(m2
1 ↔ m2

2)
2

M4
.

(II.2)

For instance, for ma = 0.1 GeV, we find

Br(ω → ϖa) = 1.2 ↓ 10→4
|gεω |

2

(
107 GeV

fa

)2

, (II.3)

with ϖ = e, µ. Note that the branching ratio for ALP pro-
duction is enhanced by the small SM tau decay width,
i.e., it is enhanced by G

→2
F , where GF is the Fermi con-

stant. Consequently, Br(ω → ϖa) is sizable even for rela-
tively large values of fa, as long as gεω is not too small. A
large value of fa, on the other hand, implies a long-lived
ALP.

Here we note that, if ma < mµ↔me, the µ → ea decays
are kinematically allowed. In this ALP mass range the
searches for µ → ea decays place stringent constraints on
ALP LFV scenarios as long as geµ coupling is comparable
to the gεω couplings [10–13].

B. ALP production: LFC scenarios

If flavor-changing couplings gεω are vanishingly small,
i.e., for the LFC scenarios in Eqs. (I.9) and (I.10), tau
leptons can still produce ALPs. The ALP production
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where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
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L and g

ij
R run over
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The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
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Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑
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+
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→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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FIG. 3. The ALP decay branching ratios in the LFV anarchy
(top), LFC flavor universal (middle), and LFC e → ω coupled
(bottom) scenarios.

then proceeds via ALP bremsstrahlung modifying any of
the SM ω decay channels, see the bottom row in Fig. 1.
For simplicity, we focus on the decay modes ω

→
→ ε

→
ϑω ,

ω
→

→ ε
→

ε
0
ϑω , and ω

→
→ ϖ

→
ϑ̄εϑω , which account for

↑ 70 % of the SM ω decay width. Including more de-
cay modes would result in a marginally tighter bound on
(better sensitivity to) the ALP couplings.

To calculate the ALP production via bremsstrahlung
in ω → εϑωa, we use the following e!ective Lagrangian

for the SM rate

Le! = ↓
GF
↔

2
V

↑
udfϑ(ϱµε

→)ω̄ ς
µ(1 ↓ ς5)ϑω + (h.c.), (II.4)

where Vud ↗ 0.97 is the CKM matrix element and fϑ =
130 MeV the pion decay constant. The di!erential ω →

εϑωa decay rate is given by1

d”(ω → εϑωa)

dEa
=

|gωω |
2
G

2
F |Vud|

2
f

2
ϑm

2
ω (m̄2

ω ↓ m
2
ϑ)2

256ε3f2
am̄2

ω

↘

[
1 ↓

m
2
a(m2

ω + m̄
2
ω )

(m2
ω ↓ m̄2

ω )2

]
v(mω , m̄ω , ma),

(II.5)

where Ea is the ALP energy in the ω -rest frame. Because
of ALP bremsstrahlung from the ω leg, the intermediate
ω line is o!-shell, with the o!-shell invariant mass squared
m̄

2
ω given by

m̄
2
ω = m

2
ω + m

2
a ↓ 2mωEa. (II.6)

Integrating the di!erential rate in Eq. (II.5) over Ea ≃

[ma, (m2
ω + m

2
a ↓ m

2
ϑ)/2mω ], gives ”(ω → εϑωa). For

example, for ma = 0.1 GeV, we find

Br(ω → εϑωa) = 1.5 ↘ 10→12
|gωω |

2
(

104 GeV

fa

)2

.

(II.7)

Compared to the ω → ϖa decay rate in Eq. (II.3) this
branching ratio is significantly more suppressed, if all
couplings of ALP to leptons are O(1). The reason is
that the ω → εϑωa decay rate su!ers double suppres-
sion, the factor of G

2
F due to SM weak interaction, and

(gωω/fa)2 for the emission of the ALP. For LFC scenarios
the phenomenologically relevant values of fa will be rel-
atively low, fa ↭ 104 GeV. This is true for the other tau
decay channels involving ALPs, that we discuss below.
For such low values of fa the ALP decays are displaced
only for ma < 2mµ or |gµµ| ⇐ 1, so that the dominant
ALP decay is a → e

+
e
→, whose rate is suppressed by m

2
e

in the assumed LFC flavor patterns.
The decay mode ω

→
→ ε

→
ε

0
ϑω is dominated by the

intermediate φ meson decaying via its main decay mode,
φ

→
→ ε

→
ε

0. Ignoring the φ width e!ects we can therefore
treat this ALP production channel as though it is due to
a quasi three-body decay ω

→
→ φ

→
ϑωa. The e!ective

Lagrangian relevant for the φ meson production can be
written as [16]

Le! = ↓
GF
↔

2
V

↑
udmϖfϖφµ l̄ς

µ(1 ↓ ς5)ϑl + (h.c.), (II.8)

1 Note that since ALP couplings in Eq. (I.5) are SU(2)L-invariant,
there are no so-called “weak-violating” ALP type contributions
to these decays [14, 15].
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FIG. 3. The ALP decay branching ratios in the LFV anarchy
(top), LFC flavor universal (middle), and LFC e → ω coupled
(bottom) scenarios.

then proceeds via ALP bremsstrahlung modifying any of
the SM ω decay channels, see the bottom row in Fig. 1.
For simplicity, we focus on the decay modes ω

→
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→
ϑω ,
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0
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→
ϑ̄εϑω , which account for

↑ 70 % of the SM ω decay width. Including more de-
cay modes would result in a marginally tighter bound on
(better sensitivity to) the ALP couplings.

To calculate the ALP production via bremsstrahlung
in ω → εϑωa, we use the following e!ective Lagrangian

for the SM rate
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where Vud ↗ 0.97 is the CKM matrix element and fϑ =
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where Ea is the ALP energy in the ω -rest frame. Because
of ALP bremsstrahlung from the ω leg, the intermediate
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Compared to the ω → ϖa decay rate in Eq. (II.3) this
branching ratio is significantly more suppressed, if all
couplings of ALP to leptons are O(1). The reason is
that the ω → εϑωa decay rate su!ers double suppres-
sion, the factor of G

2
F due to SM weak interaction, and

(gωω/fa)2 for the emission of the ALP. For LFC scenarios
the phenomenologically relevant values of fa will be rel-
atively low, fa ↭ 104 GeV. This is true for the other tau
decay channels involving ALPs, that we discuss below.
For such low values of fa the ALP decays are displaced
only for ma < 2mµ or |gµµ| ⇐ 1, so that the dominant
ALP decay is a → e

+
e
→, whose rate is suppressed by m

2
e

in the assumed LFC flavor patterns.
The decay mode ω

→
→ ε

→
ε

0
ϑω is dominated by the

intermediate φ meson decaying via its main decay mode,
φ

→
→ ε

→
ε

0. Ignoring the φ width e!ects we can therefore
treat this ALP production channel as though it is due to
a quasi three-body decay ω

→
→ φ

→
ϑωa. The e!ective

Lagrangian relevant for the φ meson production can be
written as [16]

Le! = ↓
GF
↔

2
V

↑
udmϖfϖφµ l̄ς

µ(1 ↓ ς5)ϑl + (h.c.), (II.8)

1 Note that since ALP couplings in Eq. (I.5) are SU(2)L-invariant,
there are no so-called “weak-violating” ALP type contributions
to these decays [14, 15].

At 0.1GeV

These decays are suppressed by GF and fa

So only long lived below muon threshold, or for muon-phobic
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where the canonical kinetic term for a,
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is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa
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i,j
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ij
L L̄iε
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PLLj + g

ij
R ϑ̄iε
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where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,
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The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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π+, ρ+

ντ
f −1
a

a
τ+
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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FIG. 3. The ALP decay branching ratios in the LFV anarchy
(top), LFC flavor universal (middle), and LFC e → ω coupled
(bottom) scenarios.

then proceeds via ALP bremsstrahlung modifying any of
the SM ω decay channels, see the bottom row in Fig. 1.
For simplicity, we focus on the decay modes ω

→
→ ε

→
ϑω ,

ω
→

→ ε
→

ε
0
ϑω , and ω

→
→ ϖ

→
ϑ̄εϑω , which account for

↑ 70 % of the SM ω decay width. Including more de-
cay modes would result in a marginally tighter bound on
(better sensitivity to) the ALP couplings.

To calculate the ALP production via bremsstrahlung
in ω → εϑωa, we use the following e!ective Lagrangian

for the SM rate

Le! = ↓
GF
↔

2
V

↑
udfϑ(ϱµε

→)ω̄ ς
µ(1 ↓ ς5)ϑω + (h.c.), (II.4)

where Vud ↗ 0.97 is the CKM matrix element and fϑ =
130 MeV the pion decay constant. The di!erential ω →

εϑωa decay rate is given by1

d”(ω → εϑωa)

dEa
=

|gωω |
2
G

2
F |Vud|

2
f

2
ϑm

2
ω (m̄2

ω ↓ m
2
ϑ)2

256ε3f2
am̄2

ω

↘

[
1 ↓

m
2
a(m2

ω + m̄
2
ω )

(m2
ω ↓ m̄2

ω )2

]
v(mω , m̄ω , ma),

(II.5)

where Ea is the ALP energy in the ω -rest frame. Because
of ALP bremsstrahlung from the ω leg, the intermediate
ω line is o!-shell, with the o!-shell invariant mass squared
m̄

2
ω given by

m̄
2
ω = m

2
ω + m

2
a ↓ 2mωEa. (II.6)

Integrating the di!erential rate in Eq. (II.5) over Ea ≃

[ma, (m2
ω + m

2
a ↓ m

2
ϑ)/2mω ], gives ”(ω → εϑωa). For

example, for ma = 0.1 GeV, we find

Br(ω → εϑωa) = 1.5 ↘ 10→12
|gωω |

2
(

104 GeV

fa

)2

.

(II.7)

Compared to the ω → ϖa decay rate in Eq. (II.3) this
branching ratio is significantly more suppressed, if all
couplings of ALP to leptons are O(1). The reason is
that the ω → εϑωa decay rate su!ers double suppres-
sion, the factor of G

2
F due to SM weak interaction, and

(gωω/fa)2 for the emission of the ALP. For LFC scenarios
the phenomenologically relevant values of fa will be rel-
atively low, fa ↭ 104 GeV. This is true for the other tau
decay channels involving ALPs, that we discuss below.
For such low values of fa the ALP decays are displaced
only for ma < 2mµ or |gµµ| ⇐ 1, so that the dominant
ALP decay is a → e

+
e
→, whose rate is suppressed by m

2
e

in the assumed LFC flavor patterns.
The decay mode ω

→
→ ε

→
ε

0
ϑω is dominated by the

intermediate φ meson decaying via its main decay mode,
φ

→
→ ε

→
ε

0. Ignoring the φ width e!ects we can therefore
treat this ALP production channel as though it is due to
a quasi three-body decay ω

→
→ φ

→
ϑωa. The e!ective

Lagrangian relevant for the φ meson production can be
written as [16]

Le! = ↓
GF
↔

2
V

↑
udmϖfϖφµ l̄ς

µ(1 ↓ ς5)ϑl + (h.c.), (II.8)

1 Note that since ALP couplings in Eq. (I.5) are SU(2)L-invariant,
there are no so-called “weak-violating” ALP type contributions
to these decays [14, 15].
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FIG. 3. The ALP decay branching ratios in the LFV anarchy
(top), LFC flavor universal (middle), and LFC e → ω coupled
(bottom) scenarios.

then proceeds via ALP bremsstrahlung modifying any of
the SM ω decay channels, see the bottom row in Fig. 1.
For simplicity, we focus on the decay modes ω

→
→ ε

→
ϑω ,

ω
→

→ ε
→

ε
0
ϑω , and ω

→
→ ϖ

→
ϑ̄εϑω , which account for

↑ 70 % of the SM ω decay width. Including more de-
cay modes would result in a marginally tighter bound on
(better sensitivity to) the ALP couplings.

To calculate the ALP production via bremsstrahlung
in ω → εϑωa, we use the following e!ective Lagrangian

for the SM rate

Le! = ↓
GF
↔

2
V

↑
udfϑ(ϱµε

→)ω̄ ς
µ(1 ↓ ς5)ϑω + (h.c.), (II.4)

where Vud ↗ 0.97 is the CKM matrix element and fϑ =
130 MeV the pion decay constant. The di!erential ω →

εϑωa decay rate is given by1

d”(ω → εϑωa)

dEa
=

|gωω |
2
G

2
F |Vud|
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where Ea is the ALP energy in the ω -rest frame. Because
of ALP bremsstrahlung from the ω leg, the intermediate
ω line is o!-shell, with the o!-shell invariant mass squared
m̄

2
ω given by

m̄
2
ω = m

2
ω + m

2
a ↓ 2mωEa. (II.6)

Integrating the di!erential rate in Eq. (II.5) over Ea ≃

[ma, (m2
ω + m

2
a ↓ m

2
ϑ)/2mω ], gives ”(ω → εϑωa). For

example, for ma = 0.1 GeV, we find

Br(ω → εϑωa) = 1.5 ↘ 10→12
|gωω |

2
(

104 GeV

fa

)2

.

(II.7)

Compared to the ω → ϖa decay rate in Eq. (II.3) this
branching ratio is significantly more suppressed, if all
couplings of ALP to leptons are O(1). The reason is
that the ω → εϑωa decay rate su!ers double suppres-
sion, the factor of G

2
F due to SM weak interaction, and

(gωω/fa)2 for the emission of the ALP. For LFC scenarios
the phenomenologically relevant values of fa will be rel-
atively low, fa ↭ 104 GeV. This is true for the other tau
decay channels involving ALPs, that we discuss below.
For such low values of fa the ALP decays are displaced
only for ma < 2mµ or |gµµ| ⇐ 1, so that the dominant
ALP decay is a → e

+
e
→, whose rate is suppressed by m

2
e

in the assumed LFC flavor patterns.
The decay mode ω

→
→ ε

→
ε

0
ϑω is dominated by the

intermediate φ meson decaying via its main decay mode,
φ

→
→ ε

→
ε

0. Ignoring the φ width e!ects we can therefore
treat this ALP production channel as though it is due to
a quasi three-body decay ω

→
→ φ

→
ϑωa. The e!ective

Lagrangian relevant for the φ meson production can be
written as [16]

Le! = ↓
GF
↔

2
V

↑
udmϖfϖφµ l̄ς

µ(1 ↓ ς5)ϑl + (h.c.), (II.8)

1 Note that since ALP couplings in Eq. (I.5) are SU(2)L-invariant,
there are no so-called “weak-violating” ALP type contributions
to these decays [14, 15].

At 0.1GeV

These decays are suppressed by GF and fa

So only long lived below muon threshold, or for muon-phobic
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FIG. 3. The ALP decay branching ratios in the LFV anarchy
(top), LFC flavor universal (middle), and LFC e → ω coupled
(bottom) scenarios.

then proceeds via ALP bremsstrahlung modifying any of
the SM ω decay channels, see the bottom row in Fig. 1.
For simplicity, we focus on the decay modes ω

→
→ ε

→
ϑω ,

ω
→

→ ε
→

ε
0
ϑω , and ω

→
→ ϖ

→
ϑ̄εϑω , which account for

↑ 70 % of the SM ω decay width. Including more de-
cay modes would result in a marginally tighter bound on
(better sensitivity to) the ALP couplings.

To calculate the ALP production via bremsstrahlung
in ω → εϑωa, we use the following e!ective Lagrangian

for the SM rate

Le! = ↓
GF
↔

2
V

↑
udfϑ(ϱµε

→)ω̄ ς
µ(1 ↓ ς5)ϑω + (h.c.), (II.4)

where Vud ↗ 0.97 is the CKM matrix element and fϑ =
130 MeV the pion decay constant. The di!erential ω →

εϑωa decay rate is given by1

d”(ω → εϑωa)

dEa
=

|gωω |
2
G

2
F |Vud|

2
f

2
ϑm

2
ω (m̄2

ω ↓ m
2
ϑ)2
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m
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ω ↓ m̄2

ω )2

]
v(mω , m̄ω , ma),

(II.5)

where Ea is the ALP energy in the ω -rest frame. Because
of ALP bremsstrahlung from the ω leg, the intermediate
ω line is o!-shell, with the o!-shell invariant mass squared
m̄

2
ω given by

m̄
2
ω = m

2
ω + m

2
a ↓ 2mωEa. (II.6)

Integrating the di!erential rate in Eq. (II.5) over Ea ≃

[ma, (m2
ω + m

2
a ↓ m

2
ϑ)/2mω ], gives ”(ω → εϑωa). For

example, for ma = 0.1 GeV, we find

Br(ω → εϑωa) = 1.5 ↘ 10→12
|gωω |

2
(

104 GeV

fa

)2

.

(II.7)

Compared to the ω → ϖa decay rate in Eq. (II.3) this
branching ratio is significantly more suppressed, if all
couplings of ALP to leptons are O(1). The reason is
that the ω → εϑωa decay rate su!ers double suppres-
sion, the factor of G

2
F due to SM weak interaction, and

(gωω/fa)2 for the emission of the ALP. For LFC scenarios
the phenomenologically relevant values of fa will be rel-
atively low, fa ↭ 104 GeV. This is true for the other tau
decay channels involving ALPs, that we discuss below.
For such low values of fa the ALP decays are displaced
only for ma < 2mµ or |gµµ| ⇐ 1, so that the dominant
ALP decay is a → e

+
e
→, whose rate is suppressed by m

2
e

in the assumed LFC flavor patterns.
The decay mode ω

→
→ ε

→
ε

0
ϑω is dominated by the

intermediate φ meson decaying via its main decay mode,
φ

→
→ ε

→
ε

0. Ignoring the φ width e!ects we can therefore
treat this ALP production channel as though it is due to
a quasi three-body decay ω

→
→ φ

→
ϑωa. The e!ective

Lagrangian relevant for the φ meson production can be
written as [16]

Le! = ↓
GF
↔

2
V

↑
udmϖfϖφµ l̄ς

µ(1 ↓ ς5)ϑl + (h.c.), (II.8)

1 Note that since ALP couplings in Eq. (I.5) are SU(2)L-invariant,
there are no so-called “weak-violating” ALP type contributions
to these decays [14, 15].



Coupling scenarios
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2

where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.

a

τ+
GF

νℓ

ℓ+

ντ
f −1
a

a

τ+
GF

π+, ρ+

ντ
f −1
a

a
τ+

ℓ+

f −1
a a

ℓ−2

f −1
a

ℓ+1

FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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FIG. 3. The ALP decay branching ratios in the LFV anarchy
(top), LFC flavor universal (middle), and LFC e → ω coupled
(bottom) scenarios.

then proceeds via ALP bremsstrahlung modifying any of
the SM ω decay channels, see the bottom row in Fig. 1.
For simplicity, we focus on the decay modes ω

→
→ ε

→
ϑω ,

ω
→

→ ε
→

ε
0
ϑω , and ω

→
→ ϖ

→
ϑ̄εϑω , which account for

↑ 70 % of the SM ω decay width. Including more de-
cay modes would result in a marginally tighter bound on
(better sensitivity to) the ALP couplings.

To calculate the ALP production via bremsstrahlung
in ω → εϑωa, we use the following e!ective Lagrangian

for the SM rate

Le! = ↓
GF
↔

2
V

↑
udfϑ(ϱµε

→)ω̄ ς
µ(1 ↓ ς5)ϑω + (h.c.), (II.4)

where Vud ↗ 0.97 is the CKM matrix element and fϑ =
130 MeV the pion decay constant. The di!erential ω →

εϑωa decay rate is given by1

d”(ω → εϑωa)

dEa
=

|gωω |
2
G

2
F |Vud|

2
f

2
ϑm

2
ω (m̄2

ω ↓ m
2
ϑ)2

256ε3f2
am̄2

ω

↘

[
1 ↓

m
2
a(m2

ω + m̄
2
ω )

(m2
ω ↓ m̄2

ω )2

]
v(mω , m̄ω , ma),

(II.5)

where Ea is the ALP energy in the ω -rest frame. Because
of ALP bremsstrahlung from the ω leg, the intermediate
ω line is o!-shell, with the o!-shell invariant mass squared
m̄

2
ω given by

m̄
2
ω = m

2
ω + m

2
a ↓ 2mωEa. (II.6)

Integrating the di!erential rate in Eq. (II.5) over Ea ≃

[ma, (m2
ω + m

2
a ↓ m

2
ϑ)/2mω ], gives ”(ω → εϑωa). For

example, for ma = 0.1 GeV, we find

Br(ω → εϑωa) = 1.5 ↘ 10→12
|gωω |

2
(

104 GeV

fa

)2

.

(II.7)

Compared to the ω → ϖa decay rate in Eq. (II.3) this
branching ratio is significantly more suppressed, if all
couplings of ALP to leptons are O(1). The reason is
that the ω → εϑωa decay rate su!ers double suppres-
sion, the factor of G

2
F due to SM weak interaction, and

(gωω/fa)2 for the emission of the ALP. For LFC scenarios
the phenomenologically relevant values of fa will be rel-
atively low, fa ↭ 104 GeV. This is true for the other tau
decay channels involving ALPs, that we discuss below.
For such low values of fa the ALP decays are displaced
only for ma < 2mµ or |gµµ| ⇐ 1, so that the dominant
ALP decay is a → e

+
e
→, whose rate is suppressed by m

2
e

in the assumed LFC flavor patterns.
The decay mode ω

→
→ ε

→
ε

0
ϑω is dominated by the

intermediate φ meson decaying via its main decay mode,
φ

→
→ ε

→
ε

0. Ignoring the φ width e!ects we can therefore
treat this ALP production channel as though it is due to
a quasi three-body decay ω

→
→ φ

→
ϑωa. The e!ective

Lagrangian relevant for the φ meson production can be
written as [16]

Le! = ↓
GF
↔

2
V

↑
udmϖfϖφµ l̄ς

µ(1 ↓ ς5)ϑl + (h.c.), (II.8)

1 Note that since ALP couplings in Eq. (I.5) are SU(2)L-invariant,
there are no so-called “weak-violating” ALP type contributions
to these decays [14, 15].
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FIG. 3. The ALP decay branching ratios in the LFV anarchy
(top), LFC flavor universal (middle), and LFC e → ω coupled
(bottom) scenarios.

then proceeds via ALP bremsstrahlung modifying any of
the SM ω decay channels, see the bottom row in Fig. 1.
For simplicity, we focus on the decay modes ω

→
→ ε

→
ϑω ,

ω
→

→ ε
→

ε
0
ϑω , and ω

→
→ ϖ

→
ϑ̄εϑω , which account for

↑ 70 % of the SM ω decay width. Including more de-
cay modes would result in a marginally tighter bound on
(better sensitivity to) the ALP couplings.

To calculate the ALP production via bremsstrahlung
in ω → εϑωa, we use the following e!ective Lagrangian

for the SM rate

Le! = ↓
GF
↔

2
V

↑
udfϑ(ϱµε

→)ω̄ ς
µ(1 ↓ ς5)ϑω + (h.c.), (II.4)

where Vud ↗ 0.97 is the CKM matrix element and fϑ =
130 MeV the pion decay constant. The di!erential ω →

εϑωa decay rate is given by1

d”(ω → εϑωa)

dEa
=

|gωω |
2
G

2
F |Vud|

2
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2
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(II.5)

where Ea is the ALP energy in the ω -rest frame. Because
of ALP bremsstrahlung from the ω leg, the intermediate
ω line is o!-shell, with the o!-shell invariant mass squared
m̄

2
ω given by

m̄
2
ω = m

2
ω + m

2
a ↓ 2mωEa. (II.6)

Integrating the di!erential rate in Eq. (II.5) over Ea ≃

[ma, (m2
ω + m

2
a ↓ m

2
ϑ)/2mω ], gives ”(ω → εϑωa). For

example, for ma = 0.1 GeV, we find

Br(ω → εϑωa) = 1.5 ↘ 10→12
|gωω |

2
(

104 GeV

fa

)2

.

(II.7)

Compared to the ω → ϖa decay rate in Eq. (II.3) this
branching ratio is significantly more suppressed, if all
couplings of ALP to leptons are O(1). The reason is
that the ω → εϑωa decay rate su!ers double suppres-
sion, the factor of G

2
F due to SM weak interaction, and

(gωω/fa)2 for the emission of the ALP. For LFC scenarios
the phenomenologically relevant values of fa will be rel-
atively low, fa ↭ 104 GeV. This is true for the other tau
decay channels involving ALPs, that we discuss below.
For such low values of fa the ALP decays are displaced
only for ma < 2mµ or |gµµ| ⇐ 1, so that the dominant
ALP decay is a → e

+
e
→, whose rate is suppressed by m

2
e

in the assumed LFC flavor patterns.
The decay mode ω

→
→ ε

→
ε

0
ϑω is dominated by the

intermediate φ meson decaying via its main decay mode,
φ

→
→ ε

→
ε

0. Ignoring the φ width e!ects we can therefore
treat this ALP production channel as though it is due to
a quasi three-body decay ω

→
→ φ

→
ϑωa. The e!ective

Lagrangian relevant for the φ meson production can be
written as [16]

Le! = ↓
GF
↔

2
V

↑
udmϖfϖφµ l̄ς

µ(1 ↓ ς5)ϑl + (h.c.), (II.8)

1 Note that since ALP couplings in Eq. (I.5) are SU(2)L-invariant,
there are no so-called “weak-violating” ALP type contributions
to these decays [14, 15].

At 0.1GeV

These decays are suppressed by GF and fa

So only long lived below muon threshold, or for muon-phobic
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FIG. 3. The ALP decay branching ratios in the LFV anarchy
(top), LFC flavor universal (middle), and LFC e → ω coupled
(bottom) scenarios.

then proceeds via ALP bremsstrahlung modifying any of
the SM ω decay channels, see the bottom row in Fig. 1.
For simplicity, we focus on the decay modes ω

→
→ ε

→
ϑω ,

ω
→

→ ε
→

ε
0
ϑω , and ω

→
→ ϖ

→
ϑ̄εϑω , which account for

↑ 70 % of the SM ω decay width. Including more de-
cay modes would result in a marginally tighter bound on
(better sensitivity to) the ALP couplings.

To calculate the ALP production via bremsstrahlung
in ω → εϑωa, we use the following e!ective Lagrangian

for the SM rate

Le! = ↓
GF
↔

2
V

↑
udfϑ(ϱµε

→)ω̄ ς
µ(1 ↓ ς5)ϑω + (h.c.), (II.4)

where Vud ↗ 0.97 is the CKM matrix element and fϑ =
130 MeV the pion decay constant. The di!erential ω →

εϑωa decay rate is given by1

d”(ω → εϑωa)

dEa
=

|gωω |
2
G

2
F |Vud|

2
f

2
ϑm

2
ω (m̄2

ω ↓ m
2
ϑ)2

256ε3f2
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m
2
a(m2

ω + m̄
2
ω )

(m2
ω ↓ m̄2

ω )2

]
v(mω , m̄ω , ma),

(II.5)

where Ea is the ALP energy in the ω -rest frame. Because
of ALP bremsstrahlung from the ω leg, the intermediate
ω line is o!-shell, with the o!-shell invariant mass squared
m̄

2
ω given by

m̄
2
ω = m

2
ω + m

2
a ↓ 2mωEa. (II.6)

Integrating the di!erential rate in Eq. (II.5) over Ea ≃

[ma, (m2
ω + m

2
a ↓ m

2
ϑ)/2mω ], gives ”(ω → εϑωa). For

example, for ma = 0.1 GeV, we find

Br(ω → εϑωa) = 1.5 ↘ 10→12
|gωω |

2
(

104 GeV

fa

)2

.

(II.7)

Compared to the ω → ϖa decay rate in Eq. (II.3) this
branching ratio is significantly more suppressed, if all
couplings of ALP to leptons are O(1). The reason is
that the ω → εϑωa decay rate su!ers double suppres-
sion, the factor of G

2
F due to SM weak interaction, and

(gωω/fa)2 for the emission of the ALP. For LFC scenarios
the phenomenologically relevant values of fa will be rel-
atively low, fa ↭ 104 GeV. This is true for the other tau
decay channels involving ALPs, that we discuss below.
For such low values of fa the ALP decays are displaced
only for ma < 2mµ or |gµµ| ⇐ 1, so that the dominant
ALP decay is a → e

+
e
→, whose rate is suppressed by m

2
e

in the assumed LFC flavor patterns.
The decay mode ω

→
→ ε

→
ε

0
ϑω is dominated by the

intermediate φ meson decaying via its main decay mode,
φ

→
→ ε

→
ε

0. Ignoring the φ width e!ects we can therefore
treat this ALP production channel as though it is due to
a quasi three-body decay ω

→
→ φ

→
ϑωa. The e!ective

Lagrangian relevant for the φ meson production can be
written as [16]

Le! = ↓
GF
↔

2
V

↑
udmϖfϖφµ l̄ς

µ(1 ↓ ς5)ϑl + (h.c.), (II.8)

1 Note that since ALP couplings in Eq. (I.5) are SU(2)L-invariant,
there are no so-called “weak-violating” ALP type contributions
to these decays [14, 15].
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FIG. 3. The ALP decay branching ratios in the LFV anarchy
(top), LFC flavor universal (middle), and LFC e → ω coupled
(bottom) scenarios.

then proceeds via ALP bremsstrahlung modifying any of
the SM ω decay channels, see the bottom row in Fig. 1.
For simplicity, we focus on the decay modes ω

→
→ ε

→
ϑω ,

ω
→

→ ε
→

ε
0
ϑω , and ω

→
→ ϖ

→
ϑ̄εϑω , which account for

↑ 70 % of the SM ω decay width. Including more de-
cay modes would result in a marginally tighter bound on
(better sensitivity to) the ALP couplings.

To calculate the ALP production via bremsstrahlung
in ω → εϑωa, we use the following e!ective Lagrangian

for the SM rate

Le! = ↓
GF
↔
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↑
udfϑ(ϱµε

→)ω̄ ς
µ(1 ↓ ς5)ϑω + (h.c.), (II.4)

where Vud ↗ 0.97 is the CKM matrix element and fϑ =
130 MeV the pion decay constant. The di!erential ω →

εϑωa decay rate is given by1
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where Ea is the ALP energy in the ω -rest frame. Because
of ALP bremsstrahlung from the ω leg, the intermediate
ω line is o!-shell, with the o!-shell invariant mass squared
m̄

2
ω given by

m̄
2
ω = m
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2
a ↓ 2mωEa. (II.6)

Integrating the di!erential rate in Eq. (II.5) over Ea ≃

[ma, (m2
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ϑ)/2mω ], gives ”(ω → εϑωa). For

example, for ma = 0.1 GeV, we find

Br(ω → εϑωa) = 1.5 ↘ 10→12
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2
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Compared to the ω → ϖa decay rate in Eq. (II.3) this
branching ratio is significantly more suppressed, if all
couplings of ALP to leptons are O(1). The reason is
that the ω → εϑωa decay rate su!ers double suppres-
sion, the factor of G

2
F due to SM weak interaction, and

(gωω/fa)2 for the emission of the ALP. For LFC scenarios
the phenomenologically relevant values of fa will be rel-
atively low, fa ↭ 104 GeV. This is true for the other tau
decay channels involving ALPs, that we discuss below.
For such low values of fa the ALP decays are displaced
only for ma < 2mµ or |gµµ| ⇐ 1, so that the dominant
ALP decay is a → e

+
e
→, whose rate is suppressed by m

2
e

in the assumed LFC flavor patterns.
The decay mode ω

→
→ ε

→
ε

0
ϑω is dominated by the

intermediate φ meson decaying via its main decay mode,
φ

→
→ ε

→
ε

0. Ignoring the φ width e!ects we can therefore
treat this ALP production channel as though it is due to
a quasi three-body decay ω

→
→ φ

→
ϑωa. The e!ective

Lagrangian relevant for the φ meson production can be
written as [16]

Le! = ↓
GF
↔

2
V

↑
udmϖfϖφµ l̄ς

µ(1 ↓ ς5)ϑl + (h.c.), (II.8)

1 Note that since ALP couplings in Eq. (I.5) are SU(2)L-invariant,
there are no so-called “weak-violating” ALP type contributions
to these decays [14, 15].
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FIG. 5. The energy distribution of ALPs produced in LFV (top row) and LFC (bottom row) decays of taus at NuMI (left
column, 120 GeV proton beam), SPS (center column, 400 GeV proton beam), and at the LHC (right column,

→
s = 13.6 TeV pp

collisions). The solid black lines show the total spectrum at the production point and the filled histograms show the respective
fraction of the spectrum within the acceptance of each experiment. For all panels, we fix ma = 0.5 GeV. The uncertainty from
the Monte-Carlo statistics is shown as shaded envelopes.

A. Tau production rate

We are particularly interested in the possible ALP
fluxes from tau decays at three di!erent proton beams:

1. NuMI at Fermilab: 120 GeV protons on a fixed
target,

2. SPS at CERN: 400 GeV protons on a fixed target,

3. LHC:
→

s = 13.6 TeV center of mass (COM) energy
of pp collisions.

Using Pythia 8 [33] (v8.310 with the Monash tune
choice of parameters [34]), we simulate individual pp col-
lisions at each of the above three beam–target config-
urations. We checked that simulating pn collisions at
fixed-target experiments gives similar ωyields and distri-
butions.

We are interested primarily in the forward production
of D

±
(s), ε(2S), as well as direct ω

± production (the lat-

ter, though, is numerically subleading). Thus, we use the
SoftQCD:all flag to simulate their production and turn
o! all HardQCD processes to avoid double counting. In
each setup, we track the D

± and D
±
s mesons and ε(2S)

charmonium produced by Pythia and force them to de-
cay to ω

± leptons, weighting each event by the appropri-
ate branching ratio to taus.

To speed up our simulations, we fit the transverse mo-
mentum pT and Feynman xF distributions of taus to
the Pythia output using empirical analytical formulae.
With the analytical fits, we can generate weighted tau
events more e”ciently, covering kinematical tails of dis-
tributions with smaller number of events and speeding
up our parameter scan significantly. We do this for ω

+

and ω
→ separately for all three beam setups above. Our

fits also provide a simple description of tau production at
the three beams that can be used in future applications.

In each detector, we load the same ω
± events gener-

ated with the analytical formulae and force taus to de-
cay to ALPs for each of the new-physics decay channels
discussed in Sections II A and IIB, keeping track of the
weights and the corresponding branching ratios to ALPs.

In the estimates we neglect the interaction of secon-
daries within the target. While this component has been
argued to produce a non-negligible fraction of charmed
mesons and tau particles in thick targets [35], it does
not invalidate the bounds derived here. On the contrary,
including this component can only boost the number of
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FIG. 5. The energy distribution of ALPs produced in LFV (top row) and LFC (bottom row) decays of taus at NuMI (left
column, 120 GeV proton beam), SPS (center column, 400 GeV proton beam), and at the LHC (right column,

→
s = 13.6 TeV pp

collisions). The solid black lines show the total spectrum at the production point and the filled histograms show the respective
fraction of the spectrum within the acceptance of each experiment. For all panels, we fix ma = 0.5 GeV. The uncertainty from
the Monte-Carlo statistics is shown as shaded envelopes.

A. Tau production rate

We are particularly interested in the possible ALP
fluxes from tau decays at three di!erent proton beams:

1. NuMI at Fermilab: 120 GeV protons on a fixed
target,

2. SPS at CERN: 400 GeV protons on a fixed target,

3. LHC:
→

s = 13.6 TeV center of mass (COM) energy
of pp collisions.

Using Pythia 8 [33] (v8.310 with the Monash tune
choice of parameters [34]), we simulate individual pp col-
lisions at each of the above three beam–target config-
urations. We checked that simulating pn collisions at
fixed-target experiments gives similar ωyields and distri-
butions.

We are interested primarily in the forward production
of D

±
(s), ε(2S), as well as direct ω

± production (the lat-

ter, though, is numerically subleading). Thus, we use the
SoftQCD:all flag to simulate their production and turn
o! all HardQCD processes to avoid double counting. In
each setup, we track the D

± and D
±
s mesons and ε(2S)

charmonium produced by Pythia and force them to de-
cay to ω

± leptons, weighting each event by the appropri-
ate branching ratio to taus.

To speed up our simulations, we fit the transverse mo-
mentum pT and Feynman xF distributions of taus to
the Pythia output using empirical analytical formulae.
With the analytical fits, we can generate weighted tau
events more e”ciently, covering kinematical tails of dis-
tributions with smaller number of events and speeding
up our parameter scan significantly. We do this for ω

+

and ω
→ separately for all three beam setups above. Our

fits also provide a simple description of tau production at
the three beams that can be used in future applications.

In each detector, we load the same ω
± events gener-

ated with the analytical formulae and force taus to de-
cay to ALPs for each of the new-physics decay channels
discussed in Sections II A and IIB, keeping track of the
weights and the corresponding branching ratios to ALPs.

In the estimates we neglect the interaction of secon-
daries within the target. While this component has been
argued to produce a non-negligible fraction of charmed
mesons and tau particles in thick targets [35], it does
not invalidate the bounds derived here. On the contrary,
including this component can only boost the number of
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FIG. 5. The energy distribution of ALPs produced in LFV (top row) and LFC (bottom row) decays of taus at NuMI (left
column, 120 GeV proton beam), SPS (center column, 400 GeV proton beam), and at the LHC (right column,

→
s = 13.6 TeV pp

collisions). The solid black lines show the total spectrum at the production point and the filled histograms show the respective
fraction of the spectrum within the acceptance of each experiment. For all panels, we fix ma = 0.5 GeV. The uncertainty from
the Monte-Carlo statistics is shown as shaded envelopes.

A. Tau production rate

We are particularly interested in the possible ALP
fluxes from tau decays at three di!erent proton beams:

1. NuMI at Fermilab: 120 GeV protons on a fixed
target,

2. SPS at CERN: 400 GeV protons on a fixed target,

3. LHC:
→

s = 13.6 TeV center of mass (COM) energy
of pp collisions.

Using Pythia 8 [33] (v8.310 with the Monash tune
choice of parameters [34]), we simulate individual pp col-
lisions at each of the above three beam–target config-
urations. We checked that simulating pn collisions at
fixed-target experiments gives similar ωyields and distri-
butions.

We are interested primarily in the forward production
of D

±
(s), ε(2S), as well as direct ω

± production (the lat-

ter, though, is numerically subleading). Thus, we use the
SoftQCD:all flag to simulate their production and turn
o! all HardQCD processes to avoid double counting. In
each setup, we track the D

± and D
±
s mesons and ε(2S)

charmonium produced by Pythia and force them to de-
cay to ω

± leptons, weighting each event by the appropri-
ate branching ratio to taus.

To speed up our simulations, we fit the transverse mo-
mentum pT and Feynman xF distributions of taus to
the Pythia output using empirical analytical formulae.
With the analytical fits, we can generate weighted tau
events more e”ciently, covering kinematical tails of dis-
tributions with smaller number of events and speeding
up our parameter scan significantly. We do this for ω

+

and ω
→ separately for all three beam setups above. Our

fits also provide a simple description of tau production at
the three beams that can be used in future applications.

In each detector, we load the same ω
± events gener-

ated with the analytical formulae and force taus to de-
cay to ALPs for each of the new-physics decay channels
discussed in Sections II A and IIB, keeping track of the
weights and the corresponding branching ratios to ALPs.

In the estimates we neglect the interaction of secon-
daries within the target. While this component has been
argued to produce a non-negligible fraction of charmed
mesons and tau particles in thick targets [35], it does
not invalidate the bounds derived here. On the contrary,
including this component can only boost the number of
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procedure, the normalization is fixed by the charm pro-
duction cross section. The number of ω leptons Nω pro-
duced in pp collisions is approximately given by

Nω = Npp-col
εcc

εinelastic
pp

fc→D(s)
B(Ds → ω), (A.2)

where Npp-col is the number of proton-proton collisions,
εcc̄ the total charm-pair production cross-section, and
ε

inelastic
pp the total inelastic pp cross section. Note that

in the above expression we neglected the D
± contribu-

tion. The fragmentation fraction is given by fc→Ds =
0.079 [126] and the branching ratio of all the modes con-
taining ω set to B(Ds → ω) = 5.4% as in the main text.

In Ref. [44], the parameters n, a, b and as well as the
charm production cross section εcc̄ were tuned simulta-
neously to a broad set of results generated from a custom
version of Pythia that incorporates FONLL matrix el-
ements [127, 128] and used LHAPDF6 [129] and the
NNPDF4.0 set of parton-distribution functions [130].

Adopting the prescription of Ref. [44], we vary these
inputs in concert and propagate the resulting spread to
the projected ALP coverage. While this procedure is
not a rigorous estimate of the theoretical uncertainty, it
illustrates how variations in the charm-production dis-
tributions can impact the experimental reach of searches
for leptophilic ALPs produced from tau decays. In the
absence of a dedicated study for D

±
s , we adopt the pa-

rameters and ranges quoted for D
±. In what follows, we

quote the range of values used in [44]:

NuMI: (n, b) = (4.40 ± 1.60, 1.41 ± 0.40), (A.3)

SPS: (n, b) = (5.81 ± 1.3, 0.96 ± 0.06), (A.4)

where we also set a = 0. We find that the number of
taus per POT with our Pythia simulation is in agree-
ment with the normalization of [44] using Eq. (A.2). In
our comparisons below we normalize the simplified sim-
ulations according to the results of the fit to εcc̄.

In Fig. 10, we compare the resulting pT and xF distri-
bution of taus from our Pythia simulations with those
obtained from the simplified procedure outlined above.
We plot the results of the simplified approach using the
extremes of the 2ε allowed regions for the parameters in
[44]. Where not specified, we use n = 4.4 and b = 1.41 for
NuMI and n = 5.81 and b = 0.96 for SPS. While we find
some agreement in the longitudinal variable xF , we see a
significant deviation in the pT spectrum with respect to
Pythia results. The pT distribution directly a!ects the
geometrical acceptance of di!erent experiments to ALPs,
and will thus be a source of uncertainty. The tails of the
longitudinal component of the momentum can also ex-
tend to higher values in the simplified approach, impact-
ing the largest boost achievable for ALPs and, therefore,
the sensitivity of some experiments to the shorter-lived
regime of the ALP parameter space.

Figure 11 compares the resulting event-rate sensitivi-
ties of our Pythia results with the simplified approach
described above (using the 2ε extreme values) in the pa-
rameter space of (

↑
ma/fa) versus ma as some parts of

the sensitivity to
↑

ma/fa are flat in ma, as opposed to
the sensitivity to 1/fa. We see that while the normal-
ization impacts mostly the upper limit, the Pythia sim-
ulation and the simplified approach also disagree in the
short-lived regime (lower limit) due to the di!erent kine-
matics of the ALPs.

In the future, perturbative QCD calculations of the
double-di!erential production rates of Ds mesons at the
NuMI and SPS targets could refine the ω production cal-
culation presented here, similarly to what was performed
for for SHiP in Ref. [37, 38] and for FASER in Refs. [131–
134].

Appendix B: Parametrized tau production

In the main text, we describe our simulation using
Pythia events. In this appendix, we present an alter-
native method for fast simulation of tau production at
NuMI, SPS, and at the LHC. We do not rely on this
method in our results, but include it here for future ref-
erence. In analogy to parameterizations historically used
for charmed hadron production, we can describe the kine-
matics of the tau lepton in terms of its transverse mo-
mentum pT and xF = p

COM
z /p

COM
z↑max, the Feynman-x of

the tau calculated in the center of mass of the pp colli-
sion. We find that, up to an overall normalization factor,
a satisfactory parameterization of the tau kinematics at
the three experiments can be found with the following
exponential functions:

dNω

dxF dpT
=

[
3∑

i=1

gi”(pT , ϑi, ϖi)

]


3∑

j=1

cj exp(↓aj |xF |
nj )



 ,

(B.1)

where ”(x, ϑ, ϖ) = x
ε↑1

e
↑ϑx

ϖ
ε
/”(ϑ) is the gamma dis-

tribution and ”(ϑ) the gamma function. Here ci, gi, ni,
ϑi, and ϖi are all constants that we fit to the output
of our Pythia simulations. As expected, we find that
xF and pT are, to a good approximation, uncorrelated,
so our fits can be done separately in terms of the two
one-dimensional distributions.

The resulting best-fit curves are shown alongside the
Pythia simulation output in Fig. 12 and the best-fit pa-
rameters are listed in Table II. In xF (pT ), we restrict
the range of the fit to |xF | < 1, and pT < 5 GeV) for
NuMI, pT < 6 GeV for SPS, and pT < 30 GeV for the
LHC. With xF and pT distributions fixed in the center
of mass of the pp collision, one can sample the remaining
azimuthal angular variable in an uniform way and boost
the system to the appropriate lab frame.

Appendix C: Details on ALP production and decay

In this appendix, we summarize the computational de-
tails of the ALP production and decay rates.
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FIG. 4. Left: the normalized di!erential tau production rate at the collision point as function of the tau transverse momentum
pT

ω (defined with respect to the z-axis, i.e., the axis of the proton beam) for the three beams considered in this paper: NuMI,
SPS, and FASER (as indicated). Right: the distribution of tau events as a function of the ratio between the total tau energy
and the proton beam energy for the same three beams. The shaded bands show the statistical uncertainties on Monte Carlo
samples.

For an ALP decaying to a pair of leptons of the same
flavor the decay width is given by

!(a → ω
+
ω
→) = |gωω|

2 m
2
ωma

8εf2
a

(
1 ↑

4m
2
ω

m2
a

)1/2

, (II.16)

while for decays to a pair of leptons of di”ering flavor the
partial decay width is given by,

!(a → ω
±
1 ω

↑
2 ) = |gω1ω2 |

2 (mω1 + mω2)
2
ma

16εf2
a

↓

[
1 ↑

(mω1 ↑ mω2)
2

m2
a

]
v(ma, mω1 , mω2).

(II.17)

Here, we define a → ω1ω2 as a sum of both modes, a →

ω
+
1 ω

→
2 and a → ω

→
1 ω

+
2 , so that !(a → ω

±
1 ω

↑
2 ) = !(a →

ω
+
1 ω

→
2 ) + !(a → ω

→
1 ω

+
2 ). The ALP can also decay into two

charged leptons and two neutrinos, e.g., a → µ
+
ϑεe

→
ϑ̄e

through gµε . However, these channels are suppressed by
G

2
F and by four-body decay phase space factors, and are

irrelevant in our discussion.

The ALP–lepton couplings generate at one-loop the
a → ϖϖ decays. For our analysis these are phenomenolog-
ically important only in the corners of parameter space.
Summing all lepton contributions for the a → ϖϖ decay
width, we get

!(a → ϖϖ) =
ϱ

2
m

3
a

64ε3f2
a

∣∣∣∣∣∣

∑

ω=e,µ,ε

gωω

[
1 ↑

4m
2
ω

m2
a

I
2
ϑϑ

(
ma

2mω

)]∣∣∣∣∣∣

2
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For ma ↘ 2mω, the term with Iϑϑ in Eq. (II.18) becomes
much smaller than one. For instance, if the axion is µ-
phobic then in the range 2me < ma < 2mε the ratio of
the diphoton width to the dielectron width grows with
axion mass, !(a → ϖϖ)/!(a → ee) ≃ ϱ

2
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e ≃

8 ↓ (ma/mε )2. Where we have taken advantage of the
numerical coincidence that me/mε ⇐ ϱ/8ε. Thus, there
is a window around the ς mass, mε/3 ↭ ma ↭ 2mε ,
where the photon decay mode is dominant. This can
be seen in the bottom panel in Fig. 3. For ma ⇒ 2mω

the photon partial width scales with a high power of the
axion mass
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So for light ς -philic axions, where this is the only avail-
able decay channel, the axion will also be long lived.

III. EXPERIMENTAL SIGNATURES

Next, we describe how we calculate the expected tau
production rate and the resulting ALP signals at di”erent
experiments.
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For an ALP decaying to a pair of leptons of the same
flavor the decay width is given by
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while for decays to a pair of leptons of di”ering flavor the
partial decay width is given by,
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Next, we describe how we calculate the expected tau
production rate and the resulting ALP signals at di”erent
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is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa
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where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)

2

where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.

a

τ+
GF

νℓ

ℓ+

ντ
f −1
a

a

τ+
GF

π+, ρ+

ντ
f −1
a

a
τ+

ℓ+

f −1
a a

ℓ−2

f −1
a

ℓ+1

FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.
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plings are set to zero, while the diagonal couplings
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changing couplings are assumed to be smaller,
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nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
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FIG. 5. The energy distribution of ALPs produced in LFV (top row) and LFC (bottom row) decays of taus at NuMI (left
column, 120 GeV proton beam), SPS (center column, 400 GeV proton beam), and at the LHC (right column,

→
s = 13.6 TeV pp

collisions). The solid black lines show the total spectrum at the production point and the filled histograms show the respective
fraction of the spectrum within the acceptance of each experiment. For all panels, we fix ma = 0.5 GeV. The uncertainty from
the Monte-Carlo statistics is shown as shaded envelopes.

A. Tau production rate

We are particularly interested in the possible ALP
fluxes from tau decays at three di!erent proton beams:

1. NuMI at Fermilab: 120 GeV protons on a fixed
target,

2. SPS at CERN: 400 GeV protons on a fixed target,

3. LHC:
→

s = 13.6 TeV center of mass (COM) energy
of pp collisions.

Using Pythia 8 [33] (v8.310 with the Monash tune
choice of parameters [34]), we simulate individual pp col-
lisions at each of the above three beam–target config-
urations. We checked that simulating pn collisions at
fixed-target experiments gives similar ωyields and distri-
butions.

We are interested primarily in the forward production
of D

±
(s), ε(2S), as well as direct ω

± production (the lat-

ter, though, is numerically subleading). Thus, we use the
SoftQCD:all flag to simulate their production and turn
o! all HardQCD processes to avoid double counting. In
each setup, we track the D

± and D
±
s mesons and ε(2S)

charmonium produced by Pythia and force them to de-
cay to ω

± leptons, weighting each event by the appropri-
ate branching ratio to taus.

To speed up our simulations, we fit the transverse mo-
mentum pT and Feynman xF distributions of taus to
the Pythia output using empirical analytical formulae.
With the analytical fits, we can generate weighted tau
events more e”ciently, covering kinematical tails of dis-
tributions with smaller number of events and speeding
up our parameter scan significantly. We do this for ω

+

and ω
→ separately for all three beam setups above. Our

fits also provide a simple description of tau production at
the three beams that can be used in future applications.

In each detector, we load the same ω
± events gener-

ated with the analytical formulae and force taus to de-
cay to ALPs for each of the new-physics decay channels
discussed in Sections II A and IIB, keeping track of the
weights and the corresponding branching ratios to ALPs.

In the estimates we neglect the interaction of secon-
daries within the target. While this component has been
argued to produce a non-negligible fraction of charmed
mesons and tau particles in thick targets [35], it does
not invalidate the bounds derived here. On the contrary,
including this component can only boost the number of
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procedure, the normalization is fixed by the charm pro-
duction cross section. The number of ω leptons Nω pro-
duced in pp collisions is approximately given by

Nω = Npp-col
εcc

εinelastic
pp

fc→D(s)
B(Ds → ω), (A.2)

where Npp-col is the number of proton-proton collisions,
εcc̄ the total charm-pair production cross-section, and
ε

inelastic
pp the total inelastic pp cross section. Note that

in the above expression we neglected the D
± contribu-

tion. The fragmentation fraction is given by fc→Ds =
0.079 [126] and the branching ratio of all the modes con-
taining ω set to B(Ds → ω) = 5.4% as in the main text.

In Ref. [44], the parameters n, a, b and as well as the
charm production cross section εcc̄ were tuned simulta-
neously to a broad set of results generated from a custom
version of Pythia that incorporates FONLL matrix el-
ements [127, 128] and used LHAPDF6 [129] and the
NNPDF4.0 set of parton-distribution functions [130].

Adopting the prescription of Ref. [44], we vary these
inputs in concert and propagate the resulting spread to
the projected ALP coverage. While this procedure is
not a rigorous estimate of the theoretical uncertainty, it
illustrates how variations in the charm-production dis-
tributions can impact the experimental reach of searches
for leptophilic ALPs produced from tau decays. In the
absence of a dedicated study for D

±
s , we adopt the pa-

rameters and ranges quoted for D
±. In what follows, we

quote the range of values used in [44]:

NuMI: (n, b) = (4.40 ± 1.60, 1.41 ± 0.40), (A.3)

SPS: (n, b) = (5.81 ± 1.3, 0.96 ± 0.06), (A.4)

where we also set a = 0. We find that the number of
taus per POT with our Pythia simulation is in agree-
ment with the normalization of [44] using Eq. (A.2). In
our comparisons below we normalize the simplified sim-
ulations according to the results of the fit to εcc̄.

In Fig. 10, we compare the resulting pT and xF distri-
bution of taus from our Pythia simulations with those
obtained from the simplified procedure outlined above.
We plot the results of the simplified approach using the
extremes of the 2ε allowed regions for the parameters in
[44]. Where not specified, we use n = 4.4 and b = 1.41 for
NuMI and n = 5.81 and b = 0.96 for SPS. While we find
some agreement in the longitudinal variable xF , we see a
significant deviation in the pT spectrum with respect to
Pythia results. The pT distribution directly a!ects the
geometrical acceptance of di!erent experiments to ALPs,
and will thus be a source of uncertainty. The tails of the
longitudinal component of the momentum can also ex-
tend to higher values in the simplified approach, impact-
ing the largest boost achievable for ALPs and, therefore,
the sensitivity of some experiments to the shorter-lived
regime of the ALP parameter space.

Figure 11 compares the resulting event-rate sensitivi-
ties of our Pythia results with the simplified approach
described above (using the 2ε extreme values) in the pa-
rameter space of (

↑
ma/fa) versus ma as some parts of

the sensitivity to
↑

ma/fa are flat in ma, as opposed to
the sensitivity to 1/fa. We see that while the normal-
ization impacts mostly the upper limit, the Pythia sim-
ulation and the simplified approach also disagree in the
short-lived regime (lower limit) due to the di!erent kine-
matics of the ALPs.

In the future, perturbative QCD calculations of the
double-di!erential production rates of Ds mesons at the
NuMI and SPS targets could refine the ω production cal-
culation presented here, similarly to what was performed
for for SHiP in Ref. [37, 38] and for FASER in Refs. [131–
134].

Appendix B: Parametrized tau production

In the main text, we describe our simulation using
Pythia events. In this appendix, we present an alter-
native method for fast simulation of tau production at
NuMI, SPS, and at the LHC. We do not rely on this
method in our results, but include it here for future ref-
erence. In analogy to parameterizations historically used
for charmed hadron production, we can describe the kine-
matics of the tau lepton in terms of its transverse mo-
mentum pT and xF = p

COM
z /p

COM
z↑max, the Feynman-x of

the tau calculated in the center of mass of the pp colli-
sion. We find that, up to an overall normalization factor,
a satisfactory parameterization of the tau kinematics at
the three experiments can be found with the following
exponential functions:

dNω

dxF dpT
=

[
3∑

i=1

gi”(pT , ϑi, ϖi)

]


3∑

j=1

cj exp(↓aj |xF |
nj )



 ,

(B.1)

where ”(x, ϑ, ϖ) = x
ε↑1

e
↑ϑx

ϖ
ε
/”(ϑ) is the gamma dis-

tribution and ”(ϑ) the gamma function. Here ci, gi, ni,
ϑi, and ϖi are all constants that we fit to the output
of our Pythia simulations. As expected, we find that
xF and pT are, to a good approximation, uncorrelated,
so our fits can be done separately in terms of the two
one-dimensional distributions.

The resulting best-fit curves are shown alongside the
Pythia simulation output in Fig. 12 and the best-fit pa-
rameters are listed in Table II. In xF (pT ), we restrict
the range of the fit to |xF | < 1, and pT < 5 GeV) for
NuMI, pT < 6 GeV for SPS, and pT < 30 GeV for the
LHC. With xF and pT distributions fixed in the center
of mass of the pp collision, one can sample the remaining
azimuthal angular variable in an uniform way and boost
the system to the appropriate lab frame.

Appendix C: Details on ALP production and decay

In this appendix, we summarize the computational de-
tails of the ALP production and decay rates.
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FIG. 4. Left: the normalized di!erential tau production rate at the collision point as function of the tau transverse momentum
pT

ω (defined with respect to the z-axis, i.e., the axis of the proton beam) for the three beams considered in this paper: NuMI,
SPS, and FASER (as indicated). Right: the distribution of tau events as a function of the ratio between the total tau energy
and the proton beam energy for the same three beams. The shaded bands show the statistical uncertainties on Monte Carlo
samples.

For an ALP decaying to a pair of leptons of the same
flavor the decay width is given by

!(a → ω
+
ω
→) = |gωω|

2 m
2
ωma

8εf2
a

(
1 ↑

4m
2
ω

m2
a

)1/2

, (II.16)

while for decays to a pair of leptons of di”ering flavor the
partial decay width is given by,

!(a → ω
±
1 ω

↑
2 ) = |gω1ω2 |

2 (mω1 + mω2)
2
ma

16εf2
a

↓

[
1 ↑

(mω1 ↑ mω2)
2

m2
a

]
v(ma, mω1 , mω2).

(II.17)

Here, we define a → ω1ω2 as a sum of both modes, a →

ω
+
1 ω

→
2 and a → ω

→
1 ω

+
2 , so that !(a → ω

±
1 ω

↑
2 ) = !(a →

ω
+
1 ω

→
2 ) + !(a → ω

→
1 ω

+
2 ). The ALP can also decay into two

charged leptons and two neutrinos, e.g., a → µ
+
ϑεe

→
ϑ̄e

through gµε . However, these channels are suppressed by
G

2
F and by four-body decay phase space factors, and are

irrelevant in our discussion.

The ALP–lepton couplings generate at one-loop the
a → ϖϖ decays. For our analysis these are phenomenolog-
ically important only in the corners of parameter space.
Summing all lepton contributions for the a → ϖϖ decay
width, we get

!(a → ϖϖ) =
ϱ

2
m

3
a

64ε3f2
a

∣∣∣∣∣∣

∑

ω=e,µ,ε

gωω

[
1 ↑

4m
2
ω

m2
a

I
2
ϑϑ

(
ma

2mω

)]∣∣∣∣∣∣

2

,

(II.18)

where

Iϑϑ (z) =






arcsin (z) for z ↔ 1,

ε

2
+

i

2
log

[
z +

↗
z2 ↑ 1

z ↑
↗

z2 ↑ 1

]
for z > 1.

(II.19)
For ma ↘ 2mω, the term with Iϑϑ in Eq. (II.18) becomes
much smaller than one. For instance, if the axion is µ-
phobic then in the range 2me < ma < 2mε the ratio of
the diphoton width to the dielectron width grows with
axion mass, !(a → ϖϖ)/!(a → ee) ≃ ϱ

2
m

2
a/8ε

2
m

2
e ≃

8 ↓ (ma/mε )2. Where we have taken advantage of the
numerical coincidence that me/mε ⇐ ϱ/8ε. Thus, there
is a window around the ς mass, mε/3 ↭ ma ↭ 2mε ,
where the photon decay mode is dominant. This can
be seen in the bottom panel in Fig. 3. For ma ⇒ 2mω

the photon partial width scales with a high power of the
axion mass

!(a → ϖϖ) =
ϱ

2
g
2
ωω

962ε3

m
7
a

m4
ωf

2
a

+ O(m9
a) . (II.20)

So for light ς -philic axions, where this is the only avail-
able decay channel, the axion will also be long lived.

III. EXPERIMENTAL SIGNATURES

Next, we describe how we calculate the expected tau
production rate and the resulting ALP signals at di”erent
experiments.
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through gµε . However, these channels are suppressed by
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F and by four-body decay phase space factors, and are

irrelevant in our discussion.

The ALP–lepton couplings generate at one-loop the
a → ϖϖ decays. For our analysis these are phenomenolog-
ically important only in the corners of parameter space.
Summing all lepton contributions for the a → ϖϖ decay
width, we get
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For ma ↘ 2mω, the term with Iϑϑ in Eq. (II.18) becomes
much smaller than one. For instance, if the axion is µ-
phobic then in the range 2me < ma < 2mε the ratio of
the diphoton width to the dielectron width grows with
axion mass, !(a → ϖϖ)/!(a → ee) ≃ ϱ

2
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2
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2
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2
e ≃

8 ↓ (ma/mε )2. Where we have taken advantage of the
numerical coincidence that me/mε ⇐ ϱ/8ε. Thus, there
is a window around the ς mass, mε/3 ↭ ma ↭ 2mε ,
where the photon decay mode is dominant. This can
be seen in the bottom panel in Fig. 3. For ma ⇒ 2mω

the photon partial width scales with a high power of the
axion mass

!(a → ϖϖ) =
ϱ

2
g
2
ωω

962ε3

m
7
a

m4
ωf

2
a

+ O(m9
a) . (II.20)

So for light ς -philic axions, where this is the only avail-
able decay channel, the axion will also be long lived.

III. EXPERIMENTAL SIGNATURES

Next, we describe how we calculate the expected tau
production rate and the resulting ALP signals at di”erent
experiments.
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D±
s , (2S), ⌧

2

where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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still dominate ALP production. Within this sce-
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hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
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4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
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1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)

( )p p

(          )

PYTHIA

SoftQCD:all

NuMI: 120 GeV beam

SPS:   400 GeV beam

LHC:   

7

0 20 40 60 80
Ea [GeV]

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

1 N
d
N

d
E

a
[G

eV
�

1
]

⌧ ! ea and ⌧ ! µa | ma = 0.5 GeV

NuMI (Ep = 120 GeV)

ICARUS

µBooNE

NOvA

0 50 100 150 200 250 300
Ea [GeV]

10�6

10�5

10�4

10�3

10�2

10�1

100

1 N
d
N

d
E

a
[G

eV
�

1
]

⌧ ! ea and ⌧ ! µa | ma = 0.5 GeV

SPS (Ep = 400 GeV)

CHARM

BEBC

SHiP

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Ea [GeV]

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

1 N
d
N

d
E

a
[G

eV
�

1
]

⌧ ! ea and ⌧ ! µa | ma = 0.5 GeV

LHC
p

s = 13.6 TeV

FASER

FASER2

0 20 40 60 80
Ea [GeV]

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

1 N
d
N

d
E

a
[G

eV
�

1
]

⌧ ! (⇡, ⇢)⌫⌧a, ⌧ ! `⌫⌫a | ma = 0.5 GeV

NuMI (Ep = 120 GeV)

ICARUS

µBooNE

NOvA

0 50 100 150 200 250 300
Ea [GeV]

10�6

10�5

10�4

10�3

10�2

10�1

100

1 N
d
N

d
E

a
[G

eV
�

1
]

⌧ ! ⇡⌫⌧a and ⌧ ! ⇢⌫⌧a | ma = 0.5 GeV

SPS (Ep = 400 GeV)

CHARM

BEBC

SHiP

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Ea [GeV]

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

1 N
d
N

d
E

a
[G

eV
�

1
]

⌧ ! ⇡⌫⌧a and ⌧ ! ⇢⌫⌧a | ma = 0.5 GeV

LHC
p

s = 13.6 TeV

FASER

FASER2

FIG. 5. The energy distribution of ALPs produced in LFV (top row) and LFC (bottom row) decays of taus at NuMI (left
column, 120 GeV proton beam), SPS (center column, 400 GeV proton beam), and at the LHC (right column,

→
s = 13.6 TeV pp

collisions). The solid black lines show the total spectrum at the production point and the filled histograms show the respective
fraction of the spectrum within the acceptance of each experiment. For all panels, we fix ma = 0.5 GeV. The uncertainty from
the Monte-Carlo statistics is shown as shaded envelopes.

A. Tau production rate

We are particularly interested in the possible ALP
fluxes from tau decays at three di!erent proton beams:

1. NuMI at Fermilab: 120 GeV protons on a fixed
target,

2. SPS at CERN: 400 GeV protons on a fixed target,

3. LHC:
→

s = 13.6 TeV center of mass (COM) energy
of pp collisions.

Using Pythia 8 [33] (v8.310 with the Monash tune
choice of parameters [34]), we simulate individual pp col-
lisions at each of the above three beam–target config-
urations. We checked that simulating pn collisions at
fixed-target experiments gives similar ωyields and distri-
butions.

We are interested primarily in the forward production
of D

±
(s), ε(2S), as well as direct ω

± production (the lat-

ter, though, is numerically subleading). Thus, we use the
SoftQCD:all flag to simulate their production and turn
o! all HardQCD processes to avoid double counting. In
each setup, we track the D

± and D
±
s mesons and ε(2S)

charmonium produced by Pythia and force them to de-
cay to ω

± leptons, weighting each event by the appropri-
ate branching ratio to taus.

To speed up our simulations, we fit the transverse mo-
mentum pT and Feynman xF distributions of taus to
the Pythia output using empirical analytical formulae.
With the analytical fits, we can generate weighted tau
events more e”ciently, covering kinematical tails of dis-
tributions with smaller number of events and speeding
up our parameter scan significantly. We do this for ω

+

and ω
→ separately for all three beam setups above. Our

fits also provide a simple description of tau production at
the three beams that can be used in future applications.

In each detector, we load the same ω
± events gener-

ated with the analytical formulae and force taus to de-
cay to ALPs for each of the new-physics decay channels
discussed in Sections II A and IIB, keeping track of the
weights and the corresponding branching ratios to ALPs.

In the estimates we neglect the interaction of secon-
daries within the target. While this component has been
argued to produce a non-negligible fraction of charmed
mesons and tau particles in thick targets [35], it does
not invalidate the bounds derived here. On the contrary,
including this component can only boost the number of

<latexit sha1_base64="kWhRvN7wdXiM0qJ2o/2A944hdh0="></latexit>⌧

17

procedure, the normalization is fixed by the charm pro-
duction cross section. The number of ω leptons Nω pro-
duced in pp collisions is approximately given by

Nω = Npp-col
εcc

εinelastic
pp

fc→D(s)
B(Ds → ω), (A.2)

where Npp-col is the number of proton-proton collisions,
εcc̄ the total charm-pair production cross-section, and
ε

inelastic
pp the total inelastic pp cross section. Note that

in the above expression we neglected the D
± contribu-

tion. The fragmentation fraction is given by fc→Ds =
0.079 [126] and the branching ratio of all the modes con-
taining ω set to B(Ds → ω) = 5.4% as in the main text.

In Ref. [44], the parameters n, a, b and as well as the
charm production cross section εcc̄ were tuned simulta-
neously to a broad set of results generated from a custom
version of Pythia that incorporates FONLL matrix el-
ements [127, 128] and used LHAPDF6 [129] and the
NNPDF4.0 set of parton-distribution functions [130].

Adopting the prescription of Ref. [44], we vary these
inputs in concert and propagate the resulting spread to
the projected ALP coverage. While this procedure is
not a rigorous estimate of the theoretical uncertainty, it
illustrates how variations in the charm-production dis-
tributions can impact the experimental reach of searches
for leptophilic ALPs produced from tau decays. In the
absence of a dedicated study for D

±
s , we adopt the pa-

rameters and ranges quoted for D
±. In what follows, we

quote the range of values used in [44]:

NuMI: (n, b) = (4.40 ± 1.60, 1.41 ± 0.40), (A.3)

SPS: (n, b) = (5.81 ± 1.3, 0.96 ± 0.06), (A.4)

where we also set a = 0. We find that the number of
taus per POT with our Pythia simulation is in agree-
ment with the normalization of [44] using Eq. (A.2). In
our comparisons below we normalize the simplified sim-
ulations according to the results of the fit to εcc̄.

In Fig. 10, we compare the resulting pT and xF distri-
bution of taus from our Pythia simulations with those
obtained from the simplified procedure outlined above.
We plot the results of the simplified approach using the
extremes of the 2ε allowed regions for the parameters in
[44]. Where not specified, we use n = 4.4 and b = 1.41 for
NuMI and n = 5.81 and b = 0.96 for SPS. While we find
some agreement in the longitudinal variable xF , we see a
significant deviation in the pT spectrum with respect to
Pythia results. The pT distribution directly a!ects the
geometrical acceptance of di!erent experiments to ALPs,
and will thus be a source of uncertainty. The tails of the
longitudinal component of the momentum can also ex-
tend to higher values in the simplified approach, impact-
ing the largest boost achievable for ALPs and, therefore,
the sensitivity of some experiments to the shorter-lived
regime of the ALP parameter space.

Figure 11 compares the resulting event-rate sensitivi-
ties of our Pythia results with the simplified approach
described above (using the 2ε extreme values) in the pa-
rameter space of (

↑
ma/fa) versus ma as some parts of

the sensitivity to
↑

ma/fa are flat in ma, as opposed to
the sensitivity to 1/fa. We see that while the normal-
ization impacts mostly the upper limit, the Pythia sim-
ulation and the simplified approach also disagree in the
short-lived regime (lower limit) due to the di!erent kine-
matics of the ALPs.

In the future, perturbative QCD calculations of the
double-di!erential production rates of Ds mesons at the
NuMI and SPS targets could refine the ω production cal-
culation presented here, similarly to what was performed
for for SHiP in Ref. [37, 38] and for FASER in Refs. [131–
134].

Appendix B: Parametrized tau production

In the main text, we describe our simulation using
Pythia events. In this appendix, we present an alter-
native method for fast simulation of tau production at
NuMI, SPS, and at the LHC. We do not rely on this
method in our results, but include it here for future ref-
erence. In analogy to parameterizations historically used
for charmed hadron production, we can describe the kine-
matics of the tau lepton in terms of its transverse mo-
mentum pT and xF = p

COM
z /p

COM
z↑max, the Feynman-x of

the tau calculated in the center of mass of the pp colli-
sion. We find that, up to an overall normalization factor,
a satisfactory parameterization of the tau kinematics at
the three experiments can be found with the following
exponential functions:

dNω

dxF dpT
=

[
3∑

i=1

gi”(pT , ϑi, ϖi)

]


3∑

j=1

cj exp(↓aj |xF |
nj )



 ,

(B.1)

where ”(x, ϑ, ϖ) = x
ε↑1

e
↑ϑx

ϖ
ε
/”(ϑ) is the gamma dis-

tribution and ”(ϑ) the gamma function. Here ci, gi, ni,
ϑi, and ϖi are all constants that we fit to the output
of our Pythia simulations. As expected, we find that
xF and pT are, to a good approximation, uncorrelated,
so our fits can be done separately in terms of the two
one-dimensional distributions.

The resulting best-fit curves are shown alongside the
Pythia simulation output in Fig. 12 and the best-fit pa-
rameters are listed in Table II. In xF (pT ), we restrict
the range of the fit to |xF | < 1, and pT < 5 GeV) for
NuMI, pT < 6 GeV for SPS, and pT < 30 GeV for the
LHC. With xF and pT distributions fixed in the center
of mass of the pp collision, one can sample the remaining
azimuthal angular variable in an uniform way and boost
the system to the appropriate lab frame.

Appendix C: Details on ALP production and decay

In this appendix, we summarize the computational de-
tails of the ALP production and decay rates.
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FIG. 4. Left: the normalized di!erential tau production rate at the collision point as function of the tau transverse momentum
pT

ω (defined with respect to the z-axis, i.e., the axis of the proton beam) for the three beams considered in this paper: NuMI,
SPS, and FASER (as indicated). Right: the distribution of tau events as a function of the ratio between the total tau energy
and the proton beam energy for the same three beams. The shaded bands show the statistical uncertainties on Monte Carlo
samples.

For an ALP decaying to a pair of leptons of the same
flavor the decay width is given by

!(a → ω
+
ω
→) = |gωω|

2 m
2
ωma

8εf2
a

(
1 ↑

4m
2
ω

m2
a

)1/2

, (II.16)

while for decays to a pair of leptons of di”ering flavor the
partial decay width is given by,

!(a → ω
±
1 ω

↑
2 ) = |gω1ω2 |

2 (mω1 + mω2)
2
ma

16εf2
a

↓

[
1 ↑

(mω1 ↑ mω2)
2

m2
a

]
v(ma, mω1 , mω2).

(II.17)

Here, we define a → ω1ω2 as a sum of both modes, a →

ω
+
1 ω

→
2 and a → ω

→
1 ω

+
2 , so that !(a → ω

±
1 ω

↑
2 ) = !(a →

ω
+
1 ω

→
2 ) + !(a → ω

→
1 ω

+
2 ). The ALP can also decay into two

charged leptons and two neutrinos, e.g., a → µ
+
ϑεe

→
ϑ̄e

through gµε . However, these channels are suppressed by
G

2
F and by four-body decay phase space factors, and are

irrelevant in our discussion.

The ALP–lepton couplings generate at one-loop the
a → ϖϖ decays. For our analysis these are phenomenolog-
ically important only in the corners of parameter space.
Summing all lepton contributions for the a → ϖϖ decay
width, we get

!(a → ϖϖ) =
ϱ

2
m

3
a

64ε3f2
a

∣∣∣∣∣∣

∑

ω=e,µ,ε

gωω

[
1 ↑

4m
2
ω

m2
a

I
2
ϑϑ

(
ma

2mω

)]∣∣∣∣∣∣

2

,

(II.18)

where

Iϑϑ (z) =






arcsin (z) for z ↔ 1,

ε

2
+

i

2
log

[
z +

↗
z2 ↑ 1

z ↑
↗

z2 ↑ 1

]
for z > 1.

(II.19)
For ma ↘ 2mω, the term with Iϑϑ in Eq. (II.18) becomes
much smaller than one. For instance, if the axion is µ-
phobic then in the range 2me < ma < 2mε the ratio of
the diphoton width to the dielectron width grows with
axion mass, !(a → ϖϖ)/!(a → ee) ≃ ϱ

2
m

2
a/8ε

2
m

2
e ≃

8 ↓ (ma/mε )2. Where we have taken advantage of the
numerical coincidence that me/mε ⇐ ϱ/8ε. Thus, there
is a window around the ς mass, mε/3 ↭ ma ↭ 2mε ,
where the photon decay mode is dominant. This can
be seen in the bottom panel in Fig. 3. For ma ⇒ 2mω

the photon partial width scales with a high power of the
axion mass

!(a → ϖϖ) =
ϱ

2
g
2
ωω

962ε3

m
7
a

m4
ωf

2
a

+ O(m9
a) . (II.20)

So for light ς -philic axions, where this is the only avail-
able decay channel, the axion will also be long lived.

III. EXPERIMENTAL SIGNATURES

Next, we describe how we calculate the expected tau
production rate and the resulting ALP signals at di”erent
experiments.
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SPS, and FASER (as indicated). Right: the distribution of tau events as a function of the ratio between the total tau energy
and the proton beam energy for the same three beams. The shaded bands show the statistical uncertainties on Monte Carlo
samples.

For an ALP decaying to a pair of leptons of the same
flavor the decay width is given by
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while for decays to a pair of leptons of di”ering flavor the
partial decay width is given by,
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+
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2 ). The ALP can also decay into two

charged leptons and two neutrinos, e.g., a → µ
+
ϑεe

→
ϑ̄e

through gµε . However, these channels are suppressed by
G

2
F and by four-body decay phase space factors, and are

irrelevant in our discussion.

The ALP–lepton couplings generate at one-loop the
a → ϖϖ decays. For our analysis these are phenomenolog-
ically important only in the corners of parameter space.
Summing all lepton contributions for the a → ϖϖ decay
width, we get
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where
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For ma ↘ 2mω, the term with Iϑϑ in Eq. (II.18) becomes
much smaller than one. For instance, if the axion is µ-
phobic then in the range 2me < ma < 2mε the ratio of
the diphoton width to the dielectron width grows with
axion mass, !(a → ϖϖ)/!(a → ee) ≃ ϱ

2
m

2
a/8ε

2
m

2
e ≃

8 ↓ (ma/mε )2. Where we have taken advantage of the
numerical coincidence that me/mε ⇐ ϱ/8ε. Thus, there
is a window around the ς mass, mε/3 ↭ ma ↭ 2mε ,
where the photon decay mode is dominant. This can
be seen in the bottom panel in Fig. 3. For ma ⇒ 2mω

the photon partial width scales with a high power of the
axion mass

!(a → ϖϖ) =
ϱ

2
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ωω
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7
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ωf
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+ O(m9
a) . (II.20)

So for light ς -philic axions, where this is the only avail-
able decay channel, the axion will also be long lived.

III. EXPERIMENTAL SIGNATURES

Next, we describe how we calculate the expected tau
production rate and the resulting ALP signals at di”erent
experiments.
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B. ALP flux and decays in flight

The ALP energy spectrum Ea in the tau rest frame
is obtained by sampling the di!erential decay rates dis-
cussed in Section II. The ALP we consider here couples
exclusively via the axial-vector current, so that its emis-
sion in the tau rest frame is isotropic, independent of
the tau polarization [13]. In models where the ALP cou-
ples to left- or right-handed currents, then the decay is
no longer isotropic for polarized taus. However, even in
that case, the e!ect of the angular-dependence is small
as the net polarization of the ω

+ + ω
→ produced at the

target is small due to ω
+
/ω

→ production asymmetry be-
ing small. We find that the ratio of ω

+ to ω
→ production

rates at NuMI, SPS, and LHC is 0.73, 0.84, and 0.99,
respectively. The dominance of D

→
s over D

+
s at low en-

ergies is consistent with leading particle e!ects in charm
hadroproduction [45].

The next step in our simulation is to calculate the ex-
pected number of decays-in-flight at di!erent detectors.
We assume that the detector’s face is aligned with the
line-of-sight to the target and then calculate the proba-
bility Pdecay of an ALP to decay to a given final state
a → ε1ε2 inside the fiducial volume as

Pdecay = B(a → ε1ε2) exp

[
↑

”aL

ϑaϖa

] [
1 ↑ exp

[
↑

”aϱ

ϑaϖa

]]
,

(III.1)
where ”a is the total ALP decay width in the rest frame,
ϑa and ϖa are the boost factor and speed of the ALP,
L is the distance from the target to the face of the de-
tector, and ϱ is the distance that each ALP travels in-
side the fiducial volume. For long-lived ALPs (”aL ↓ 1
and ”aϱ ↓ 1), the expression in Eq. (III.1) simpli-
fies to Pdecay = ϱ”a↑ω1ω2/ϑaϖa, where ”a↑ω1ω2 is the
partial decay width for the a → ε1ε2 channel. For
experiments whose decay volume is not instrumented
(CHARM, SHiP, FASER and FASER-2, see Table I), we
furthermore estimate the probability for the decay prod-
ucts to reach the far side of the decay volume, after which
these are assumed to be detected in the calorimeter. In
all cases we apply simple energetic requirements on the
final state leptons/photons. Beyond these geometric re-
quirements – that axions enter the front of the fiducial
volume, decay in the detector volume, and the leptons
hit the electromagnetic calorimeter (for the experiments
that require it) – and simple energetic cuts, we do not
apply detector e#ciencies.

C. ALP detection

The list of detectors we consider at the three locations
is shown in Table I. For each, we quote the assumed fidu-
cial volume, the position of the center of the detector
face, and their known or expected exposure. For FASER
and FASER-2, we use the results from [46]. While a
limit on ALP couplings from FASER data could in prin-

ciple already be placed by recasting their latest search for
dark photons [23], we find that this is not yet competi-
tive with other direct limits. For ProtoDUNE, we follow
closely Ref. [22]. The faces of the two detectors, NP02
and NP04, are not aligned with the direction of the beam.
We expect that accounting for this misalignment would
not significantly a!ect our results. We take into account
ω production in the primary target and neglect the one
from the beam dump, where a smaller, less-energetic frac-
tion of the beam stops. For ICARUS and MicroBooNE,
we follow Refs. [25, 26], assuming a total NuMI POT of
2 ↔ 1021 at MicroBooNE [47] and a projected 3 ↔ 1021

POTs at ICARUS. We note that the polarity of the mag-
netic horns is not important for the ALP signal since it is
produced by the promptly-decaying D(s) and ω particles,
and so we sum the so-called forward and reverse horn
current data taking periods.

For the DUNE near detector (ND), one may consider a
few di!erent possibilities: ND LAr, ND GAr, or SAND,
each with their unique set of advantages. For charged
final states, ND GAr will likely be preferable from the
point of view of backgrounds and e#ciencies. For two-
photon decays, however, a higher density detector would
be needed, so NDLAr or SAND would be more relevant.
In [48], the authors find large detection e#ciencies for
ND GAr, above 90% for the GAr module. For SHiP, we
take the numbers from [20], quoting the sensitivity for
the benchmark of 6 ↔ 1020 POTs.

Our results are quoted in terms of event-rate sensi-
tivities, i.e., the regions where experiments can expect
more than 2.3 signal events during their total exposure.
In a background-free search, this would correspond to
the 90% CL sensitivity. The zero (or ↓ 1) background
limit is applicable to the existing searches at CHARM
and BEBC. In these two cases one can therefore inter-
pret our results as the 90% CL exclusions. For future
searches, whether or not the zero background limit will
apply will depend on the details of the experiments and
the analysis strategies adopted. For instance, in the exist-
ing searches for dilepton pairs at MicroBooNE [28, 49, 50]
and ICARUS [26], requiring the dilepton pair invariant
mass to coincide with the assumed axion mass, reduces
backgrounds to be below or at the level of one event, with
e#ciencies that range from 10%↑50%. The ALP signals
discussed here are of more energetic than, for instance,
the signals one would obtain from LLPs that would be
produced in decays of kaons at rest. As such, we expect
the neutrino-induced backgrounds to be less important
in the case of ALPs from tau decays.

On the other hand, note however, that the reconstruc-
tion of dimuon pairs may worsen compared to LLPs, since
the muons are now more likely to escape the fiducial vol-
ume, although it opens up the possibility to search for
non-starting ALP decay events. Understanding how big
this e!ect is, however, requires a rather detailed analysis
of the backgrounds and the selections, which we expect
to be done by the collaborations as part of their search
strategy optimization.
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where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.

a

τ+
GF

νℓ

ℓ+

ντ
f −1
a
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π+, ρ+
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f −1
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a
τ+
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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changing couplings are assumed to be smaller,
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but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.
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vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)

2

where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.

a

τ+
GF

νℓ

ℓ+

ντ
f −1
a

a

τ+
GF

π+, ρ+

ντ
f −1
a

a
τ+

ℓ+

f −1
a a

ℓ−2

f −1
a

ℓ+1

FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)

( )p p

(          )

PYTHIA

SoftQCD:all

NuMI: 120 GeV beam

SPS:   400 GeV beam

LHC:   

7

0 20 40 60 80
Ea [GeV]

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

1 N
d
N

d
E

a
[G

eV
�

1
]

⌧ ! ea and ⌧ ! µa | ma = 0.5 GeV

NuMI (Ep = 120 GeV)

ICARUS

µBooNE

NOvA

0 50 100 150 200 250 300
Ea [GeV]

10�6

10�5

10�4

10�3

10�2

10�1

100

1 N
d
N

d
E

a
[G

eV
�

1
]

⌧ ! ea and ⌧ ! µa | ma = 0.5 GeV

SPS (Ep = 400 GeV)

CHARM

BEBC

SHiP

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Ea [GeV]

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

1 N
d
N

d
E

a
[G

eV
�

1
]

⌧ ! ea and ⌧ ! µa | ma = 0.5 GeV

LHC
p

s = 13.6 TeV

FASER

FASER2

0 20 40 60 80
Ea [GeV]

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

1 N
d
N

d
E

a
[G

eV
�

1
]

⌧ ! (⇡, ⇢)⌫⌧a, ⌧ ! `⌫⌫a | ma = 0.5 GeV

NuMI (Ep = 120 GeV)

ICARUS

µBooNE

NOvA

0 50 100 150 200 250 300
Ea [GeV]

10�6

10�5

10�4

10�3

10�2

10�1

100

1 N
d
N

d
E

a
[G

eV
�

1
]

⌧ ! ⇡⌫⌧a and ⌧ ! ⇢⌫⌧a | ma = 0.5 GeV

SPS (Ep = 400 GeV)

CHARM

BEBC

SHiP

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Ea [GeV]

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

1 N
d
N

d
E

a
[G

eV
�

1
]

⌧ ! ⇡⌫⌧a and ⌧ ! ⇢⌫⌧a | ma = 0.5 GeV

LHC
p

s = 13.6 TeV

FASER

FASER2

FIG. 5. The energy distribution of ALPs produced in LFV (top row) and LFC (bottom row) decays of taus at NuMI (left
column, 120 GeV proton beam), SPS (center column, 400 GeV proton beam), and at the LHC (right column,

→
s = 13.6 TeV pp

collisions). The solid black lines show the total spectrum at the production point and the filled histograms show the respective
fraction of the spectrum within the acceptance of each experiment. For all panels, we fix ma = 0.5 GeV. The uncertainty from
the Monte-Carlo statistics is shown as shaded envelopes.

A. Tau production rate

We are particularly interested in the possible ALP
fluxes from tau decays at three di!erent proton beams:

1. NuMI at Fermilab: 120 GeV protons on a fixed
target,

2. SPS at CERN: 400 GeV protons on a fixed target,

3. LHC:
→

s = 13.6 TeV center of mass (COM) energy
of pp collisions.

Using Pythia 8 [33] (v8.310 with the Monash tune
choice of parameters [34]), we simulate individual pp col-
lisions at each of the above three beam–target config-
urations. We checked that simulating pn collisions at
fixed-target experiments gives similar ωyields and distri-
butions.

We are interested primarily in the forward production
of D

±
(s), ε(2S), as well as direct ω

± production (the lat-

ter, though, is numerically subleading). Thus, we use the
SoftQCD:all flag to simulate their production and turn
o! all HardQCD processes to avoid double counting. In
each setup, we track the D

± and D
±
s mesons and ε(2S)

charmonium produced by Pythia and force them to de-
cay to ω

± leptons, weighting each event by the appropri-
ate branching ratio to taus.

To speed up our simulations, we fit the transverse mo-
mentum pT and Feynman xF distributions of taus to
the Pythia output using empirical analytical formulae.
With the analytical fits, we can generate weighted tau
events more e”ciently, covering kinematical tails of dis-
tributions with smaller number of events and speeding
up our parameter scan significantly. We do this for ω

+

and ω
→ separately for all three beam setups above. Our

fits also provide a simple description of tau production at
the three beams that can be used in future applications.

In each detector, we load the same ω
± events gener-

ated with the analytical formulae and force taus to de-
cay to ALPs for each of the new-physics decay channels
discussed in Sections II A and IIB, keeping track of the
weights and the corresponding branching ratios to ALPs.

In the estimates we neglect the interaction of secon-
daries within the target. While this component has been
argued to produce a non-negligible fraction of charmed
mesons and tau particles in thick targets [35], it does
not invalidate the bounds derived here. On the contrary,
including this component can only boost the number of
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procedure, the normalization is fixed by the charm pro-
duction cross section. The number of ω leptons Nω pro-
duced in pp collisions is approximately given by

Nω = Npp-col
εcc

εinelastic
pp

fc→D(s)
B(Ds → ω), (A.2)

where Npp-col is the number of proton-proton collisions,
εcc̄ the total charm-pair production cross-section, and
ε

inelastic
pp the total inelastic pp cross section. Note that

in the above expression we neglected the D
± contribu-

tion. The fragmentation fraction is given by fc→Ds =
0.079 [126] and the branching ratio of all the modes con-
taining ω set to B(Ds → ω) = 5.4% as in the main text.

In Ref. [44], the parameters n, a, b and as well as the
charm production cross section εcc̄ were tuned simulta-
neously to a broad set of results generated from a custom
version of Pythia that incorporates FONLL matrix el-
ements [127, 128] and used LHAPDF6 [129] and the
NNPDF4.0 set of parton-distribution functions [130].

Adopting the prescription of Ref. [44], we vary these
inputs in concert and propagate the resulting spread to
the projected ALP coverage. While this procedure is
not a rigorous estimate of the theoretical uncertainty, it
illustrates how variations in the charm-production dis-
tributions can impact the experimental reach of searches
for leptophilic ALPs produced from tau decays. In the
absence of a dedicated study for D

±
s , we adopt the pa-

rameters and ranges quoted for D
±. In what follows, we

quote the range of values used in [44]:

NuMI: (n, b) = (4.40 ± 1.60, 1.41 ± 0.40), (A.3)

SPS: (n, b) = (5.81 ± 1.3, 0.96 ± 0.06), (A.4)

where we also set a = 0. We find that the number of
taus per POT with our Pythia simulation is in agree-
ment with the normalization of [44] using Eq. (A.2). In
our comparisons below we normalize the simplified sim-
ulations according to the results of the fit to εcc̄.

In Fig. 10, we compare the resulting pT and xF distri-
bution of taus from our Pythia simulations with those
obtained from the simplified procedure outlined above.
We plot the results of the simplified approach using the
extremes of the 2ε allowed regions for the parameters in
[44]. Where not specified, we use n = 4.4 and b = 1.41 for
NuMI and n = 5.81 and b = 0.96 for SPS. While we find
some agreement in the longitudinal variable xF , we see a
significant deviation in the pT spectrum with respect to
Pythia results. The pT distribution directly a!ects the
geometrical acceptance of di!erent experiments to ALPs,
and will thus be a source of uncertainty. The tails of the
longitudinal component of the momentum can also ex-
tend to higher values in the simplified approach, impact-
ing the largest boost achievable for ALPs and, therefore,
the sensitivity of some experiments to the shorter-lived
regime of the ALP parameter space.

Figure 11 compares the resulting event-rate sensitivi-
ties of our Pythia results with the simplified approach
described above (using the 2ε extreme values) in the pa-
rameter space of (

↑
ma/fa) versus ma as some parts of

the sensitivity to
↑

ma/fa are flat in ma, as opposed to
the sensitivity to 1/fa. We see that while the normal-
ization impacts mostly the upper limit, the Pythia sim-
ulation and the simplified approach also disagree in the
short-lived regime (lower limit) due to the di!erent kine-
matics of the ALPs.

In the future, perturbative QCD calculations of the
double-di!erential production rates of Ds mesons at the
NuMI and SPS targets could refine the ω production cal-
culation presented here, similarly to what was performed
for for SHiP in Ref. [37, 38] and for FASER in Refs. [131–
134].

Appendix B: Parametrized tau production

In the main text, we describe our simulation using
Pythia events. In this appendix, we present an alter-
native method for fast simulation of tau production at
NuMI, SPS, and at the LHC. We do not rely on this
method in our results, but include it here for future ref-
erence. In analogy to parameterizations historically used
for charmed hadron production, we can describe the kine-
matics of the tau lepton in terms of its transverse mo-
mentum pT and xF = p

COM
z /p

COM
z↑max, the Feynman-x of

the tau calculated in the center of mass of the pp colli-
sion. We find that, up to an overall normalization factor,
a satisfactory parameterization of the tau kinematics at
the three experiments can be found with the following
exponential functions:

dNω

dxF dpT
=

[
3∑

i=1

gi”(pT , ϑi, ϖi)

]


3∑

j=1

cj exp(↓aj |xF |
nj )



 ,

(B.1)

where ”(x, ϑ, ϖ) = x
ε↑1

e
↑ϑx

ϖ
ε
/”(ϑ) is the gamma dis-

tribution and ”(ϑ) the gamma function. Here ci, gi, ni,
ϑi, and ϖi are all constants that we fit to the output
of our Pythia simulations. As expected, we find that
xF and pT are, to a good approximation, uncorrelated,
so our fits can be done separately in terms of the two
one-dimensional distributions.

The resulting best-fit curves are shown alongside the
Pythia simulation output in Fig. 12 and the best-fit pa-
rameters are listed in Table II. In xF (pT ), we restrict
the range of the fit to |xF | < 1, and pT < 5 GeV) for
NuMI, pT < 6 GeV for SPS, and pT < 30 GeV for the
LHC. With xF and pT distributions fixed in the center
of mass of the pp collision, one can sample the remaining
azimuthal angular variable in an uniform way and boost
the system to the appropriate lab frame.

Appendix C: Details on ALP production and decay

In this appendix, we summarize the computational de-
tails of the ALP production and decay rates.
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B. ALP flux and decays in flight

The ALP energy spectrum Ea in the tau rest frame
is obtained by sampling the di!erential decay rates dis-
cussed in Section II. The ALP we consider here couples
exclusively via the axial-vector current, so that its emis-
sion in the tau rest frame is isotropic, independent of
the tau polarization [13]. In models where the ALP cou-
ples to left- or right-handed currents, then the decay is
no longer isotropic for polarized taus. However, even in
that case, the e!ect of the angular-dependence is small
as the net polarization of the ω

+ + ω
→ produced at the

target is small due to ω
+
/ω

→ production asymmetry be-
ing small. We find that the ratio of ω

+ to ω
→ production

rates at NuMI, SPS, and LHC is 0.73, 0.84, and 0.99,
respectively. The dominance of D

→
s over D

+
s at low en-

ergies is consistent with leading particle e!ects in charm
hadroproduction [45].

The next step in our simulation is to calculate the ex-
pected number of decays-in-flight at di!erent detectors.
We assume that the detector’s face is aligned with the
line-of-sight to the target and then calculate the proba-
bility Pdecay of an ALP to decay to a given final state
a → ε1ε2 inside the fiducial volume as

Pdecay = B(a → ε1ε2) exp

[
↑

”aL

ϑaϖa

] [
1 ↑ exp

[
↑

”aϱ

ϑaϖa

]]
,

(III.1)
where ”a is the total ALP decay width in the rest frame,
ϑa and ϖa are the boost factor and speed of the ALP,
L is the distance from the target to the face of the de-
tector, and ϱ is the distance that each ALP travels in-
side the fiducial volume. For long-lived ALPs (”aL ↓ 1
and ”aϱ ↓ 1), the expression in Eq. (III.1) simpli-
fies to Pdecay = ϱ”a↑ω1ω2/ϑaϖa, where ”a↑ω1ω2 is the
partial decay width for the a → ε1ε2 channel. For
experiments whose decay volume is not instrumented
(CHARM, SHiP, FASER and FASER-2, see Table I), we
furthermore estimate the probability for the decay prod-
ucts to reach the far side of the decay volume, after which
these are assumed to be detected in the calorimeter. In
all cases we apply simple energetic requirements on the
final state leptons/photons. Beyond these geometric re-
quirements – that axions enter the front of the fiducial
volume, decay in the detector volume, and the leptons
hit the electromagnetic calorimeter (for the experiments
that require it) – and simple energetic cuts, we do not
apply detector e#ciencies.

C. ALP detection

The list of detectors we consider at the three locations
is shown in Table I. For each, we quote the assumed fidu-
cial volume, the position of the center of the detector
face, and their known or expected exposure. For FASER
and FASER-2, we use the results from [46]. While a
limit on ALP couplings from FASER data could in prin-

ciple already be placed by recasting their latest search for
dark photons [23], we find that this is not yet competi-
tive with other direct limits. For ProtoDUNE, we follow
closely Ref. [22]. The faces of the two detectors, NP02
and NP04, are not aligned with the direction of the beam.
We expect that accounting for this misalignment would
not significantly a!ect our results. We take into account
ω production in the primary target and neglect the one
from the beam dump, where a smaller, less-energetic frac-
tion of the beam stops. For ICARUS and MicroBooNE,
we follow Refs. [25, 26], assuming a total NuMI POT of
2 ↔ 1021 at MicroBooNE [47] and a projected 3 ↔ 1021

POTs at ICARUS. We note that the polarity of the mag-
netic horns is not important for the ALP signal since it is
produced by the promptly-decaying D(s) and ω particles,
and so we sum the so-called forward and reverse horn
current data taking periods.

For the DUNE near detector (ND), one may consider a
few di!erent possibilities: ND LAr, ND GAr, or SAND,
each with their unique set of advantages. For charged
final states, ND GAr will likely be preferable from the
point of view of backgrounds and e#ciencies. For two-
photon decays, however, a higher density detector would
be needed, so NDLAr or SAND would be more relevant.
In [48], the authors find large detection e#ciencies for
ND GAr, above 90% for the GAr module. For SHiP, we
take the numbers from [20], quoting the sensitivity for
the benchmark of 6 ↔ 1020 POTs.

Our results are quoted in terms of event-rate sensi-
tivities, i.e., the regions where experiments can expect
more than 2.3 signal events during their total exposure.
In a background-free search, this would correspond to
the 90% CL sensitivity. The zero (or ↓ 1) background
limit is applicable to the existing searches at CHARM
and BEBC. In these two cases one can therefore inter-
pret our results as the 90% CL exclusions. For future
searches, whether or not the zero background limit will
apply will depend on the details of the experiments and
the analysis strategies adopted. For instance, in the exist-
ing searches for dilepton pairs at MicroBooNE [28, 49, 50]
and ICARUS [26], requiring the dilepton pair invariant
mass to coincide with the assumed axion mass, reduces
backgrounds to be below or at the level of one event, with
e#ciencies that range from 10%↑50%. The ALP signals
discussed here are of more energetic than, for instance,
the signals one would obtain from LLPs that would be
produced in decays of kaons at rest. As such, we expect
the neutrino-induced backgrounds to be less important
in the case of ALPs from tau decays.

On the other hand, note however, that the reconstruc-
tion of dimuon pairs may worsen compared to LLPs, since
the muons are now more likely to escape the fiducial vol-
ume, although it opens up the possibility to search for
non-starting ALP decay events. Understanding how big
this e!ect is, however, requires a rather detailed analysis
of the backgrounds and the selections, which we expect
to be done by the collaborations as part of their search
strategy optimization.
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where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.

a

τ+
GF

νℓ

ℓ+

ντ
f −1
a

a

τ+
GF

π+, ρ+

ντ
f −1
a

a
τ+

ℓ+

f −1
a a

ℓ−2

f −1
a

ℓ+1

FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)

2

where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.

a

τ+
GF

νℓ

ℓ+

ντ
f −1
a

a

τ+
GF

π+, ρ+

ντ
f −1
a

a
τ+

ℓ+

f −1
a a

ℓ−2

f −1
a

ℓ+1

FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)

2

where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.

a

τ+
GF

νℓ

ℓ+

ντ
f −1
a

a

τ+
GF

π+, ρ+

ντ
f −1
a

a
τ+

ℓ+

f −1
a a

ℓ−2

f −1
a
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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FIG. 5. The energy distribution of ALPs produced in LFV (top row) and LFC (bottom row) decays of taus at NuMI (left
column, 120 GeV proton beam), SPS (center column, 400 GeV proton beam), and at the LHC (right column,

→
s = 13.6 TeV pp

collisions). The solid black lines show the total spectrum at the production point and the filled histograms show the respective
fraction of the spectrum within the acceptance of each experiment. For all panels, we fix ma = 0.5 GeV. The uncertainty from
the Monte-Carlo statistics is shown as shaded envelopes.

A. Tau production rate

We are particularly interested in the possible ALP
fluxes from tau decays at three di!erent proton beams:

1. NuMI at Fermilab: 120 GeV protons on a fixed
target,

2. SPS at CERN: 400 GeV protons on a fixed target,

3. LHC:
→

s = 13.6 TeV center of mass (COM) energy
of pp collisions.

Using Pythia 8 [33] (v8.310 with the Monash tune
choice of parameters [34]), we simulate individual pp col-
lisions at each of the above three beam–target config-
urations. We checked that simulating pn collisions at
fixed-target experiments gives similar ωyields and distri-
butions.

We are interested primarily in the forward production
of D

±
(s), ε(2S), as well as direct ω

± production (the lat-

ter, though, is numerically subleading). Thus, we use the
SoftQCD:all flag to simulate their production and turn
o! all HardQCD processes to avoid double counting. In
each setup, we track the D

± and D
±
s mesons and ε(2S)

charmonium produced by Pythia and force them to de-
cay to ω

± leptons, weighting each event by the appropri-
ate branching ratio to taus.

To speed up our simulations, we fit the transverse mo-
mentum pT and Feynman xF distributions of taus to
the Pythia output using empirical analytical formulae.
With the analytical fits, we can generate weighted tau
events more e”ciently, covering kinematical tails of dis-
tributions with smaller number of events and speeding
up our parameter scan significantly. We do this for ω

+

and ω
→ separately for all three beam setups above. Our

fits also provide a simple description of tau production at
the three beams that can be used in future applications.

In each detector, we load the same ω
± events gener-

ated with the analytical formulae and force taus to de-
cay to ALPs for each of the new-physics decay channels
discussed in Sections II A and IIB, keeping track of the
weights and the corresponding branching ratios to ALPs.

In the estimates we neglect the interaction of secon-
daries within the target. While this component has been
argued to produce a non-negligible fraction of charmed
mesons and tau particles in thick targets [35], it does
not invalidate the bounds derived here. On the contrary,
including this component can only boost the number of
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procedure, the normalization is fixed by the charm pro-
duction cross section. The number of ω leptons Nω pro-
duced in pp collisions is approximately given by

Nω = Npp-col
εcc

εinelastic
pp

fc→D(s)
B(Ds → ω), (A.2)

where Npp-col is the number of proton-proton collisions,
εcc̄ the total charm-pair production cross-section, and
ε

inelastic
pp the total inelastic pp cross section. Note that

in the above expression we neglected the D
± contribu-

tion. The fragmentation fraction is given by fc→Ds =
0.079 [126] and the branching ratio of all the modes con-
taining ω set to B(Ds → ω) = 5.4% as in the main text.

In Ref. [44], the parameters n, a, b and as well as the
charm production cross section εcc̄ were tuned simulta-
neously to a broad set of results generated from a custom
version of Pythia that incorporates FONLL matrix el-
ements [127, 128] and used LHAPDF6 [129] and the
NNPDF4.0 set of parton-distribution functions [130].

Adopting the prescription of Ref. [44], we vary these
inputs in concert and propagate the resulting spread to
the projected ALP coverage. While this procedure is
not a rigorous estimate of the theoretical uncertainty, it
illustrates how variations in the charm-production dis-
tributions can impact the experimental reach of searches
for leptophilic ALPs produced from tau decays. In the
absence of a dedicated study for D

±
s , we adopt the pa-

rameters and ranges quoted for D
±. In what follows, we

quote the range of values used in [44]:

NuMI: (n, b) = (4.40 ± 1.60, 1.41 ± 0.40), (A.3)

SPS: (n, b) = (5.81 ± 1.3, 0.96 ± 0.06), (A.4)

where we also set a = 0. We find that the number of
taus per POT with our Pythia simulation is in agree-
ment with the normalization of [44] using Eq. (A.2). In
our comparisons below we normalize the simplified sim-
ulations according to the results of the fit to εcc̄.

In Fig. 10, we compare the resulting pT and xF distri-
bution of taus from our Pythia simulations with those
obtained from the simplified procedure outlined above.
We plot the results of the simplified approach using the
extremes of the 2ε allowed regions for the parameters in
[44]. Where not specified, we use n = 4.4 and b = 1.41 for
NuMI and n = 5.81 and b = 0.96 for SPS. While we find
some agreement in the longitudinal variable xF , we see a
significant deviation in the pT spectrum with respect to
Pythia results. The pT distribution directly a!ects the
geometrical acceptance of di!erent experiments to ALPs,
and will thus be a source of uncertainty. The tails of the
longitudinal component of the momentum can also ex-
tend to higher values in the simplified approach, impact-
ing the largest boost achievable for ALPs and, therefore,
the sensitivity of some experiments to the shorter-lived
regime of the ALP parameter space.

Figure 11 compares the resulting event-rate sensitivi-
ties of our Pythia results with the simplified approach
described above (using the 2ε extreme values) in the pa-
rameter space of (

↑
ma/fa) versus ma as some parts of

the sensitivity to
↑

ma/fa are flat in ma, as opposed to
the sensitivity to 1/fa. We see that while the normal-
ization impacts mostly the upper limit, the Pythia sim-
ulation and the simplified approach also disagree in the
short-lived regime (lower limit) due to the di!erent kine-
matics of the ALPs.

In the future, perturbative QCD calculations of the
double-di!erential production rates of Ds mesons at the
NuMI and SPS targets could refine the ω production cal-
culation presented here, similarly to what was performed
for for SHiP in Ref. [37, 38] and for FASER in Refs. [131–
134].

Appendix B: Parametrized tau production

In the main text, we describe our simulation using
Pythia events. In this appendix, we present an alter-
native method for fast simulation of tau production at
NuMI, SPS, and at the LHC. We do not rely on this
method in our results, but include it here for future ref-
erence. In analogy to parameterizations historically used
for charmed hadron production, we can describe the kine-
matics of the tau lepton in terms of its transverse mo-
mentum pT and xF = p

COM
z /p

COM
z↑max, the Feynman-x of

the tau calculated in the center of mass of the pp colli-
sion. We find that, up to an overall normalization factor,
a satisfactory parameterization of the tau kinematics at
the three experiments can be found with the following
exponential functions:

dNω

dxF dpT
=

[
3∑

i=1

gi”(pT , ϑi, ϖi)

]


3∑

j=1

cj exp(↓aj |xF |
nj )



 ,

(B.1)

where ”(x, ϑ, ϖ) = x
ε↑1

e
↑ϑx

ϖ
ε
/”(ϑ) is the gamma dis-

tribution and ”(ϑ) the gamma function. Here ci, gi, ni,
ϑi, and ϖi are all constants that we fit to the output
of our Pythia simulations. As expected, we find that
xF and pT are, to a good approximation, uncorrelated,
so our fits can be done separately in terms of the two
one-dimensional distributions.

The resulting best-fit curves are shown alongside the
Pythia simulation output in Fig. 12 and the best-fit pa-
rameters are listed in Table II. In xF (pT ), we restrict
the range of the fit to |xF | < 1, and pT < 5 GeV) for
NuMI, pT < 6 GeV for SPS, and pT < 30 GeV for the
LHC. With xF and pT distributions fixed in the center
of mass of the pp collision, one can sample the remaining
azimuthal angular variable in an uniform way and boost
the system to the appropriate lab frame.

Appendix C: Details on ALP production and decay

In this appendix, we summarize the computational de-
tails of the ALP production and decay rates.
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B. ALP flux and decays in flight

The ALP energy spectrum Ea in the tau rest frame
is obtained by sampling the di!erential decay rates dis-
cussed in Section II. The ALP we consider here couples
exclusively via the axial-vector current, so that its emis-
sion in the tau rest frame is isotropic, independent of
the tau polarization [13]. In models where the ALP cou-
ples to left- or right-handed currents, then the decay is
no longer isotropic for polarized taus. However, even in
that case, the e!ect of the angular-dependence is small
as the net polarization of the ω

+ + ω
→ produced at the

target is small due to ω
+
/ω

→ production asymmetry be-
ing small. We find that the ratio of ω

+ to ω
→ production

rates at NuMI, SPS, and LHC is 0.73, 0.84, and 0.99,
respectively. The dominance of D

→
s over D

+
s at low en-

ergies is consistent with leading particle e!ects in charm
hadroproduction [45].

The next step in our simulation is to calculate the ex-
pected number of decays-in-flight at di!erent detectors.
We assume that the detector’s face is aligned with the
line-of-sight to the target and then calculate the proba-
bility Pdecay of an ALP to decay to a given final state
a → ε1ε2 inside the fiducial volume as

Pdecay = B(a → ε1ε2) exp

[
↑

”aL

ϑaϖa

] [
1 ↑ exp

[
↑

”aϱ

ϑaϖa

]]
,

(III.1)
where ”a is the total ALP decay width in the rest frame,
ϑa and ϖa are the boost factor and speed of the ALP,
L is the distance from the target to the face of the de-
tector, and ϱ is the distance that each ALP travels in-
side the fiducial volume. For long-lived ALPs (”aL ↓ 1
and ”aϱ ↓ 1), the expression in Eq. (III.1) simpli-
fies to Pdecay = ϱ”a↑ω1ω2/ϑaϖa, where ”a↑ω1ω2 is the
partial decay width for the a → ε1ε2 channel. For
experiments whose decay volume is not instrumented
(CHARM, SHiP, FASER and FASER-2, see Table I), we
furthermore estimate the probability for the decay prod-
ucts to reach the far side of the decay volume, after which
these are assumed to be detected in the calorimeter. In
all cases we apply simple energetic requirements on the
final state leptons/photons. Beyond these geometric re-
quirements – that axions enter the front of the fiducial
volume, decay in the detector volume, and the leptons
hit the electromagnetic calorimeter (for the experiments
that require it) – and simple energetic cuts, we do not
apply detector e#ciencies.

C. ALP detection

The list of detectors we consider at the three locations
is shown in Table I. For each, we quote the assumed fidu-
cial volume, the position of the center of the detector
face, and their known or expected exposure. For FASER
and FASER-2, we use the results from [46]. While a
limit on ALP couplings from FASER data could in prin-

ciple already be placed by recasting their latest search for
dark photons [23], we find that this is not yet competi-
tive with other direct limits. For ProtoDUNE, we follow
closely Ref. [22]. The faces of the two detectors, NP02
and NP04, are not aligned with the direction of the beam.
We expect that accounting for this misalignment would
not significantly a!ect our results. We take into account
ω production in the primary target and neglect the one
from the beam dump, where a smaller, less-energetic frac-
tion of the beam stops. For ICARUS and MicroBooNE,
we follow Refs. [25, 26], assuming a total NuMI POT of
2 ↔ 1021 at MicroBooNE [47] and a projected 3 ↔ 1021

POTs at ICARUS. We note that the polarity of the mag-
netic horns is not important for the ALP signal since it is
produced by the promptly-decaying D(s) and ω particles,
and so we sum the so-called forward and reverse horn
current data taking periods.

For the DUNE near detector (ND), one may consider a
few di!erent possibilities: ND LAr, ND GAr, or SAND,
each with their unique set of advantages. For charged
final states, ND GAr will likely be preferable from the
point of view of backgrounds and e#ciencies. For two-
photon decays, however, a higher density detector would
be needed, so NDLAr or SAND would be more relevant.
In [48], the authors find large detection e#ciencies for
ND GAr, above 90% for the GAr module. For SHiP, we
take the numbers from [20], quoting the sensitivity for
the benchmark of 6 ↔ 1020 POTs.

Our results are quoted in terms of event-rate sensi-
tivities, i.e., the regions where experiments can expect
more than 2.3 signal events during their total exposure.
In a background-free search, this would correspond to
the 90% CL sensitivity. The zero (or ↓ 1) background
limit is applicable to the existing searches at CHARM
and BEBC. In these two cases one can therefore inter-
pret our results as the 90% CL exclusions. For future
searches, whether or not the zero background limit will
apply will depend on the details of the experiments and
the analysis strategies adopted. For instance, in the exist-
ing searches for dilepton pairs at MicroBooNE [28, 49, 50]
and ICARUS [26], requiring the dilepton pair invariant
mass to coincide with the assumed axion mass, reduces
backgrounds to be below or at the level of one event, with
e#ciencies that range from 10%↑50%. The ALP signals
discussed here are of more energetic than, for instance,
the signals one would obtain from LLPs that would be
produced in decays of kaons at rest. As such, we expect
the neutrino-induced backgrounds to be less important
in the case of ALPs from tau decays.

On the other hand, note however, that the reconstruc-
tion of dimuon pairs may worsen compared to LLPs, since
the muons are now more likely to escape the fiducial vol-
ume, although it opens up the possibility to search for
non-starting ALP decay events. Understanding how big
this e!ect is, however, requires a rather detailed analysis
of the backgrounds and the selections, which we expect
to be done by the collaborations as part of their search
strategy optimization.
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Experiment p+ Energy Exposure Baseline Fiducial Volume Material(s) Cuts Refs.

SHiP 6 · 1020 POT 33.7 m

Pyramidal frustum

[20]400 GeV (1 · 2.7 → 4 · 6)· He, Eω,ε > 0.5 GeV

(SPS) 49.6 m3 Ecal

DUNE ND 120 GeV 11 · 1021 POT 574 m (5 · 5 · 5.88) m3 LAr Eω,ε > 0.5 GeV

(NuMI/LBNF) (10 yrs) [21]

677 [723] m (6 · 7 · 6) m3

LAr [22]protoDUNE 400 GeV 1.75 · 1019 POT T2 ωx = +3[↑3] m, Eω,ε > 0.5 GeV

NP02 [NP04] (SPS) (5 yrs) ωy = +1.5 m

FASER L = 150 fb→1 480 m

R = 0.1 m,

[23]
↓

s = 13.6 TeV z = 1.5 m Air, Eω,ε > 50 GeV

(LHC) ωy = 6.5 cm Ecal

FASER2

↓
s = 13.6 TeV

L = 3 ab→1 650 m 2.6 · 1 · 10 m3 Air,
Eω,ε > 50 GeV [24]

(LHC) Ecal

ICARUS
120 GeV

3 · 1021 POT
803 m 2 ↔ (2.67·

LAr Eω,ε > 0.1 GeV [25, 26]
(NuMI) (5.6↑) ·2.86) · 17.0m3

NOvA ND
120 GeV 4.2 · 1021 POT 990 m 3.9 · 3.9· Liquid

Eω,ε > 0.1 GeV [27]
(NuMI) (2024) (14.6 mrad) ·12.7 m3 Scint.

MicroBooNE
120 GeV

2 · 1021 POT
685 m 2.26 · 2.03·

LAr Eω,ε > 0.1 GeV [28]
(NuMI) (8↑) ·9.42 m3

BEBC
400 GeV

2.72 · 1018 POT 404 m
3.57 · 2.52·

Ne/H2 |εpω,ε | > 0.5 GeV [29, 30]
(SPS) ·1.85 m3

CHARM
400 GeV

2.4 · 1018 POT 480 m
3 · 3 · 35 m3 Air,

Eω,ε > 0.5 GeV [31, 32]
(SPS) ωx = 5 m Ecal

TABLE I. A list of experiments considered in this work and their respective parameters. Here, L stands for the assumed LHC
luminosity, and ωx(ωy) are the assumed locations of the centers of the detectors in the horizontal (vertical) directions. The
dimensions of the detector are given as width·height·depth and the baseline is the distance from the point of ϑ production to
the front of the detector. Experiments for which the axion decay products are required to hit an electromagnetic calorimeter
at the back of the fiducial volume are denoted with “Ecal”.

taus produced — our regions of coverage can be viewed
as being conservative.

In our simulations we obtain the following inclusive ω
±

yields per proton–nucleon (pNT ) collision,

1. NuMI: 2.9 → 10→7
ω

±/pNT ;

2. SPS: 1.7 → 10→6
ω

±/pNT ;

3. LHC: tau production cross section ε
tot
ω = 0.22 mb.

Figure 4 displays the kinematic distributions of the pro-
duced ω

± leptons. The simulated samples correspond to
approximately 2.2→ 106

ω ’s for NuMI, 6.1→ 106 for SPS,
and 2.1 → 106 for the LHC. In Appendix A, we discuss
potential uncertainties in these predictions and their im-
pact on the experimental sensitivities presented here.

We note that the issue of estimating the number of
ALPs from tau decays at beam dump experiments is
similar in nature to the calculation of the ϑω/ϑω flux.
Both depend primarily on the production of D

±
s mesons,

and therefore, on an accurate description of open-charm

production. At SHiP, there have been several estimates
of this flux over the years [36–39], with total yields
that vary by as much as an order of magnitude. In
the future, the yields can be experimentally determined
with significantly improved precision using data from the
DsTau experiment (NA65 at the CERN SPS) [40], SHiP-
charm [41], and with the neutrino data from SHiP it-
self [36], reducing the uncertainty on the ALP flux pre-
dictions. At FASER, the situation is similar and ϑω/ϑω

data will help constrain it, as it already does for ϖ, K pro-
duction using ϑµ/ϑµ data [42]. The lower COM energy at
the NuMI beam means that there the uncertainty on the
ALP flux is expected to remain large, given that the flux
of ϑω/ϑω is too small to be observed. For more detailed
studies on the impact of charm and tau production on
new physics, see Refs. [43] and [44].
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FIG. 8. Limits and projected event-rate sensitivities in the
parameter space of LFC ALP with universal couplings of
Eq. (I.9). Constraints on long-lived ALPs discussed in Sec-
tion III are shown as filled regions for existing limits from
CHARM and BEBC and as solid and dashed lines for pro-
jections for FASER-2, proto-DUNE, DUNE, and SHiP. Other
neutrino experiments and FASER are less sensitive and not
shown. The grey regions show limits from SINDRUM [63] and
CHARM [31] as derived in [14], electron beam dumps limits
derived in as derived in [64] and [65] (see also [66, 67]) with
data from E137 [68], E141 [69], and Orsay [70], as well as lim-
its from BaBar [71], Belle [72], and NA64 [73]. We also show
supernova limits based on cooling arguments [74, 75] as well
as the constraint from ALP energy depositions in the outer
envelope of the supernova [75, 76] as a lighter grey line.

not couple to muons, which has important phenomeno-
logical consequences. For instance, the flavor univer-
sal LFC ALP, Fig. 8, with a mass above the dimuon
threshold, ma > 2mµ, would decay via a → µ

+
µ

→ with
a lifetime too short to be observed in beam dump ex-
periments. For vanishing coupling to muons, gµµ = 0,
the ALP is long-lived also for masses above the dimuon
threshold, decaying either via a → e

+
e
→ or a → ωω,

and thus beam dump searches are sensitive to the two
scenarios also above the muon threshold. In fact, for a
ε -philic ALP with gee = gµµ = 0, only a → ωω decays
are possible below the di-tau threshold, ma < 2mω , mak-
ing the ε -philic benchmark significantly less constrained
than the µ-phobic one. Note also, that in the ε -philic
case there is a steeper dependence of the sensitivities to
ALP mass because the photon width scales with a high
power of ALP mass, !(a → ωω) ↑ m

7
a, see Eq. (II.20).

In summary, as shown in Fig. 9, ALP production from
tau decays at beam dumps are again providing some of
the leading constraints in the parameter space also for
the flavor non-universal LFC ALPs.

C. Existing limits

In Figs. 6 to 9 we compare the reach of beam dump
experiments with other probes of weakly-interacting par-
ticles. Because the ALP couples exclusively to leptons,
many limits on long-lived ALPs from pion or kaon decays,
such as [52, 84, 85], are too weak to appear in our plots.
This is particularly true for LFV couplings, where the
ALP production in fully leptonic 2-body ε and µ decays
is significantly enhanced relative to any GF -suppressed
production mode from pion and/or kaon decays. The
tau lifetime measurements, bounds on some of the rare
tau decay channels, and the astrophysical constraints
therefore pose more meaningful limits on the ALP de-
cay constant. For the LFC case, the tau and muon ALP-
branching ratios are suppressed by GF and are thus much
smaller than in the LFV case for the same value of fa. In
this case direct constraints, therefore, come mostly from
ALP couplings to electrons.
Two-body decays of taus provide some of the leading

direct constraints on the lepto-philic ALPs. Decays into
invisible bosons, ε → ϑainv, have been carried out by
ARGUS [86], Belle [87] and Belle-II [88] and constrain
these BR’s to be as low as O(10→3). When the ALP is
short-lived, it leads to tau decays to neutrino-less three-
lepton final states, such as ε

+
→ µ

+
µ

+
µ

→. We refer to
this case as ε → ϑavis bounds. These are constrained by
BaBar [89], Belle [90], ATLAS [91], CMS [92], LHCb [93]
and Belle-II [94]. In setting the constrains we use the
world best limit as collected by PDG [9],

B(ε→
→ e

→
e
+
e
→) < 2.7 ↓ 10→8

, (IV.2)

B(ε→
→ µ

→
µ

+
µ

→) < 1.9 ↓ 10→8
, (IV.3)

B(ε→
→ µ

→
e
+
µ

→) < 1.7 ↓ 10→8
, (IV.4)

B(ε→
→ e

→
µ

+
µ

→) < 2.7 ↓ 10→8
, (IV.5)

B(ε→
→ e

→
e
+
µ

→) < 1.8 ↓ 10→8
, (IV.6)

B(ε→
→ e

→
µ

+
e
→) < 1.5 ↓ 10→8

. (IV.7)

These are dominated by constraints from BaBar, Belle,
and Belle-II, where tau production proceeds via e

+
e
→

→

ε
+
ε

→. When setting constraints on leptophilic ALP pa-
rameter space we therefore require that the ALP decays
within 1 cm, assuming an average energy of

↔Ea↗ ↑

↘
s

4

(
1 +

m
2
a

m2
ω

≃
m

2
ε

m2
ω

)
, (IV.8)

where mε is the mass of the lepton produced in ε → ϑa

decays. For ε → ϑainv, we require that the ALP does
not decay within 3 m. The excluded regions are shown
in light (dark) grey in Figs. 6 and 7 for visible (invisible)
ALPs.
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FIG. 9. Same as Fig. 8 but for two flavor nonuniversal benchmarks a µ-phobic ALP (left) and a ω -philic ALP (right),
cf. Eqs. (I.10) and (I.12). The grey regions in the right panel show the limits derived in [77] using data from E137 [68],
NA64 [78–80], and LEP [81] as well as limits from Belle-II and BES-III derived in [82].

The tau lifetime is well known in the SM. The lep-
tonic and hadronic branching ratios of the ω are known,
in some cases, to N3LO [95–97], while the experimen-
tal determinations have → 0.1% precision [9]. The fit of
all observed branching ratios is consistent with the SM
at the per-mille level [9]. We use this to impose a con-
straint of B(ω ↑ εa) < 10→3, which is independent of
the decay properties of a. This constraint is shown as a
dashed black line in Figs. 6 and 7.

Flavor-violating muon decays can also be directly con-
strained. Experimental bounds on geµ/fa are derived
from µ ↑ ea decays, with ALP being either visible or
invisible. In our plots, µ ↑ eainv bounds are the most
relevant, since for such small masses and weak couplings
the ALP is almost always long-lived for ma < mµ ↓ me.
We show the experimental limits from TWIST [11],
PIENU [12], and Refs. [98, 99] (limits from Jodidio et
al. [10] are only valid below 12 MeV). These curves are
the analogues of the isotropic case shown in Ref. [13].

O!-shell ALP exchange in µ ↑ eϑ, µ
+

↑ e
+
e
+
e
→, and

µ ↑ e conversion, as well as analogous channels for taus,
also constrain leptophilic ALPs. In the region of interest
for this study, these constraints are subdominant rela-
tive to direct emission in lepton decays, however, they
can dominate for ma > mω ↓ me. For comparison, in
our figures we show the limits on fa from lepton decays
to single photons such as µ ↑ eϑ, following Ref. [100].
Recently, MEG-II [101] placed a world-leading limit on

B(µ+
↑ e

+
ϑ) < 1.5 ↔ 10→13 at 90% CL, constraining

decay constants as large as fa ↭ O(105) GeV in a LFV
anarchical scenario. This is to be compared with lower
limits of fa ↭ O(107) from tau decays such as ω ↑ ea.
Tau decays to a lepton and a photon benefit from the
larger ALP couplings, but, for flavor-anarchical scenar-
ios, still provide weaker constraints due to the weaker
limits on the branching ratios. Here, we show limits
from BaBar, B(ω ↑ eϑ) < 3.3 ↔ 10→8 [102], and Belle,
B(ω ↑ eϑ) < 4.2 ↔ 10→8 [103], both at 90% CL.

Astrophysical constraints are relevant at larger decay
constants (lower couplings) and are most e!ective for
ALP masses below ma → O(100) MeV. In particular,
the LFC coupling to electrons and muons are strongly
constrained by the observation of SN1987A. There are
multiple mechanisms to derive a limit, depending on the
imposed physical requirement. The most well-known is
the cooling argument, based on the fact that weakly-
coupled ALPs can be produced and escape the star, car-
rying away energy from deep inside the progenitor. Given
that the observed neutrinos from SN1987A are consis-
tent with the energy loss expected from SM processes
within a proto-neutron star, an additional dominant cool-
ing mechanism is ruled out. We show limits on gee/fa

and gµµ/fa based on this criterion directly from [13] as
a lighter shade of grey and in dashed lines. Supernova
cooling limits on the LFV coupling geµ from [104] are
also shown in the same style. The geµ coupling allows
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FIG. 8. Limits and projected event-rate sensitivities in the
parameter space of LFC ALP with universal couplings of
Eq. (I.9). Constraints on long-lived ALPs discussed in Sec-
tion III are shown as filled regions for existing limits from
CHARM and BEBC and as solid and dashed lines for pro-
jections for FASER-2, proto-DUNE, DUNE, and SHiP. Other
neutrino experiments and FASER are less sensitive and not
shown. The grey regions show limits from SINDRUM [63] and
CHARM [31] as derived in [14], electron beam dumps limits
derived in as derived in [64] and [65] (see also [66, 67]) with
data from E137 [68], E141 [69], and Orsay [70], as well as lim-
its from BaBar [71], Belle [72], and NA64 [73]. We also show
supernova limits based on cooling arguments [74, 75] as well
as the constraint from ALP energy depositions in the outer
envelope of the supernova [75, 76] as a lighter grey line.

not couple to muons, which has important phenomeno-
logical consequences. For instance, the flavor univer-
sal LFC ALP, Fig. 8, with a mass above the dimuon
threshold, ma > 2mµ, would decay via a → µ

+
µ

→ with
a lifetime too short to be observed in beam dump ex-
periments. For vanishing coupling to muons, gµµ = 0,
the ALP is long-lived also for masses above the dimuon
threshold, decaying either via a → e

+
e
→ or a → ωω,

and thus beam dump searches are sensitive to the two
scenarios also above the muon threshold. In fact, for a
ε -philic ALP with gee = gµµ = 0, only a → ωω decays
are possible below the di-tau threshold, ma < 2mω , mak-
ing the ε -philic benchmark significantly less constrained
than the µ-phobic one. Note also, that in the ε -philic
case there is a steeper dependence of the sensitivities to
ALP mass because the photon width scales with a high
power of ALP mass, !(a → ωω) ↑ m

7
a, see Eq. (II.20).

In summary, as shown in Fig. 9, ALP production from
tau decays at beam dumps are again providing some of
the leading constraints in the parameter space also for
the flavor non-universal LFC ALPs.

C. Existing limits

In Figs. 6 to 9 we compare the reach of beam dump
experiments with other probes of weakly-interacting par-
ticles. Because the ALP couples exclusively to leptons,
many limits on long-lived ALPs from pion or kaon decays,
such as [52, 84, 85], are too weak to appear in our plots.
This is particularly true for LFV couplings, where the
ALP production in fully leptonic 2-body ε and µ decays
is significantly enhanced relative to any GF -suppressed
production mode from pion and/or kaon decays. The
tau lifetime measurements, bounds on some of the rare
tau decay channels, and the astrophysical constraints
therefore pose more meaningful limits on the ALP de-
cay constant. For the LFC case, the tau and muon ALP-
branching ratios are suppressed by GF and are thus much
smaller than in the LFV case for the same value of fa. In
this case direct constraints, therefore, come mostly from
ALP couplings to electrons.
Two-body decays of taus provide some of the leading

direct constraints on the lepto-philic ALPs. Decays into
invisible bosons, ε → ϑainv, have been carried out by
ARGUS [86], Belle [87] and Belle-II [88] and constrain
these BR’s to be as low as O(10→3). When the ALP is
short-lived, it leads to tau decays to neutrino-less three-
lepton final states, such as ε

+
→ µ

+
µ

+
µ

→. We refer to
this case as ε → ϑavis bounds. These are constrained by
BaBar [89], Belle [90], ATLAS [91], CMS [92], LHCb [93]
and Belle-II [94]. In setting the constrains we use the
world best limit as collected by PDG [9],

B(ε→
→ e

→
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e
→) < 2.7 ↓ 10→8

, (IV.2)

B(ε→
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→
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+
µ

→) < 1.9 ↓ 10→8
, (IV.3)

B(ε→
→ µ

→
e
+
µ

→) < 1.7 ↓ 10→8
, (IV.4)

B(ε→
→ e

→
µ

+
µ

→) < 2.7 ↓ 10→8
, (IV.5)

B(ε→
→ e

→
e
+
µ

→) < 1.8 ↓ 10→8
, (IV.6)

B(ε→
→ e

→
µ

+
e
→) < 1.5 ↓ 10→8

. (IV.7)

These are dominated by constraints from BaBar, Belle,
and Belle-II, where tau production proceeds via e

+
e
→

→

ε
+
ε

→. When setting constraints on leptophilic ALP pa-
rameter space we therefore require that the ALP decays
within 1 cm, assuming an average energy of

↔Ea↗ ↑

↘
s

4

(
1 +

m
2
a

m2
ω

≃
m

2
ε

m2
ω

)
, (IV.8)

where mε is the mass of the lepton produced in ε → ϑa

decays. For ε → ϑainv, we require that the ALP does
not decay within 3 m. The excluded regions are shown
in light (dark) grey in Figs. 6 and 7 for visible (invisible)
ALPs.
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FIG. 9. Same as Fig. 8 but for two flavor nonuniversal benchmarks a µ-phobic ALP (left) and a ω -philic ALP (right),
cf. Eqs. (I.10) and (I.12). The grey regions in the right panel show the limits derived in [77] using data from E137 [68],
NA64 [78–80], and LEP [81] as well as limits from Belle-II and BES-III derived in [82].

The tau lifetime is well known in the SM. The lep-
tonic and hadronic branching ratios of the ω are known,
in some cases, to N3LO [95–97], while the experimen-
tal determinations have → 0.1% precision [9]. The fit of
all observed branching ratios is consistent with the SM
at the per-mille level [9]. We use this to impose a con-
straint of B(ω ↑ εa) < 10→3, which is independent of
the decay properties of a. This constraint is shown as a
dashed black line in Figs. 6 and 7.

Flavor-violating muon decays can also be directly con-
strained. Experimental bounds on geµ/fa are derived
from µ ↑ ea decays, with ALP being either visible or
invisible. In our plots, µ ↑ eainv bounds are the most
relevant, since for such small masses and weak couplings
the ALP is almost always long-lived for ma < mµ ↓ me.
We show the experimental limits from TWIST [11],
PIENU [12], and Refs. [98, 99] (limits from Jodidio et
al. [10] are only valid below 12 MeV). These curves are
the analogues of the isotropic case shown in Ref. [13].

O!-shell ALP exchange in µ ↑ eϑ, µ
+

↑ e
+
e
+
e
→, and

µ ↑ e conversion, as well as analogous channels for taus,
also constrain leptophilic ALPs. In the region of interest
for this study, these constraints are subdominant rela-
tive to direct emission in lepton decays, however, they
can dominate for ma > mω ↓ me. For comparison, in
our figures we show the limits on fa from lepton decays
to single photons such as µ ↑ eϑ, following Ref. [100].
Recently, MEG-II [101] placed a world-leading limit on

B(µ+
↑ e

+
ϑ) < 1.5 ↔ 10→13 at 90% CL, constraining

decay constants as large as fa ↭ O(105) GeV in a LFV
anarchical scenario. This is to be compared with lower
limits of fa ↭ O(107) from tau decays such as ω ↑ ea.
Tau decays to a lepton and a photon benefit from the
larger ALP couplings, but, for flavor-anarchical scenar-
ios, still provide weaker constraints due to the weaker
limits on the branching ratios. Here, we show limits
from BaBar, B(ω ↑ eϑ) < 3.3 ↔ 10→8 [102], and Belle,
B(ω ↑ eϑ) < 4.2 ↔ 10→8 [103], both at 90% CL.

Astrophysical constraints are relevant at larger decay
constants (lower couplings) and are most e!ective for
ALP masses below ma → O(100) MeV. In particular,
the LFC coupling to electrons and muons are strongly
constrained by the observation of SN1987A. There are
multiple mechanisms to derive a limit, depending on the
imposed physical requirement. The most well-known is
the cooling argument, based on the fact that weakly-
coupled ALPs can be produced and escape the star, car-
rying away energy from deep inside the progenitor. Given
that the observed neutrinos from SN1987A are consis-
tent with the energy loss expected from SM processes
within a proto-neutron star, an additional dominant cool-
ing mechanism is ruled out. We show limits on gee/fa

and gµµ/fa based on this criterion directly from [13] as
a lighter shade of grey and in dashed lines. Supernova
cooling limits on the LFV coupling geµ from [104] are
also shown in the same style. The geµ coupling allows
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FIG. 8. Limits and projected event-rate sensitivities in the
parameter space of LFC ALP with universal couplings of
Eq. (I.9). Constraints on long-lived ALPs discussed in Sec-
tion III are shown as filled regions for existing limits from
CHARM and BEBC and as solid and dashed lines for pro-
jections for FASER-2, proto-DUNE, DUNE, and SHiP. Other
neutrino experiments and FASER are less sensitive and not
shown. The grey regions show limits from SINDRUM [63] and
CHARM [31] as derived in [14], electron beam dumps limits
derived in as derived in [64] and [65] (see also [66, 67]) with
data from E137 [68], E141 [69], and Orsay [70], as well as lim-
its from BaBar [71], Belle [72], and NA64 [73]. We also show
supernova limits based on cooling arguments [74, 75] as well
as the constraint from ALP energy depositions in the outer
envelope of the supernova [75, 76] as a lighter grey line.

not couple to muons, which has important phenomeno-
logical consequences. For instance, the flavor univer-
sal LFC ALP, Fig. 8, with a mass above the dimuon
threshold, ma > 2mµ, would decay via a → µ

+
µ

→ with
a lifetime too short to be observed in beam dump ex-
periments. For vanishing coupling to muons, gµµ = 0,
the ALP is long-lived also for masses above the dimuon
threshold, decaying either via a → e

+
e
→ or a → ωω,

and thus beam dump searches are sensitive to the two
scenarios also above the muon threshold. In fact, for a
ε -philic ALP with gee = gµµ = 0, only a → ωω decays
are possible below the di-tau threshold, ma < 2mω , mak-
ing the ε -philic benchmark significantly less constrained
than the µ-phobic one. Note also, that in the ε -philic
case there is a steeper dependence of the sensitivities to
ALP mass because the photon width scales with a high
power of ALP mass, !(a → ωω) ↑ m

7
a, see Eq. (II.20).

In summary, as shown in Fig. 9, ALP production from
tau decays at beam dumps are again providing some of
the leading constraints in the parameter space also for
the flavor non-universal LFC ALPs.

C. Existing limits

In Figs. 6 to 9 we compare the reach of beam dump
experiments with other probes of weakly-interacting par-
ticles. Because the ALP couples exclusively to leptons,
many limits on long-lived ALPs from pion or kaon decays,
such as [52, 84, 85], are too weak to appear in our plots.
This is particularly true for LFV couplings, where the
ALP production in fully leptonic 2-body ε and µ decays
is significantly enhanced relative to any GF -suppressed
production mode from pion and/or kaon decays. The
tau lifetime measurements, bounds on some of the rare
tau decay channels, and the astrophysical constraints
therefore pose more meaningful limits on the ALP de-
cay constant. For the LFC case, the tau and muon ALP-
branching ratios are suppressed by GF and are thus much
smaller than in the LFV case for the same value of fa. In
this case direct constraints, therefore, come mostly from
ALP couplings to electrons.
Two-body decays of taus provide some of the leading

direct constraints on the lepto-philic ALPs. Decays into
invisible bosons, ε → ϑainv, have been carried out by
ARGUS [86], Belle [87] and Belle-II [88] and constrain
these BR’s to be as low as O(10→3). When the ALP is
short-lived, it leads to tau decays to neutrino-less three-
lepton final states, such as ε

+
→ µ

+
µ

+
µ

→. We refer to
this case as ε → ϑavis bounds. These are constrained by
BaBar [89], Belle [90], ATLAS [91], CMS [92], LHCb [93]
and Belle-II [94]. In setting the constrains we use the
world best limit as collected by PDG [9],
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, (IV.4)
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→) < 1.8 ↓ 10→8
, (IV.6)

B(ε→
→ e

→
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→) < 1.5 ↓ 10→8

. (IV.7)

These are dominated by constraints from BaBar, Belle,
and Belle-II, where tau production proceeds via e

+
e
→

→

ε
+
ε

→. When setting constraints on leptophilic ALP pa-
rameter space we therefore require that the ALP decays
within 1 cm, assuming an average energy of
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where mε is the mass of the lepton produced in ε → ϑa

decays. For ε → ϑainv, we require that the ALP does
not decay within 3 m. The excluded regions are shown
in light (dark) grey in Figs. 6 and 7 for visible (invisible)
ALPs.
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FIG. 9. Same as Fig. 8 but for two flavor nonuniversal benchmarks a µ-phobic ALP (left) and a ω -philic ALP (right),
cf. Eqs. (I.10) and (I.12). The grey regions in the right panel show the limits derived in [77] using data from E137 [68],
NA64 [78–80], and LEP [81] as well as limits from Belle-II and BES-III derived in [82].

The tau lifetime is well known in the SM. The lep-
tonic and hadronic branching ratios of the ω are known,
in some cases, to N3LO [95–97], while the experimen-
tal determinations have → 0.1% precision [9]. The fit of
all observed branching ratios is consistent with the SM
at the per-mille level [9]. We use this to impose a con-
straint of B(ω ↑ εa) < 10→3, which is independent of
the decay properties of a. This constraint is shown as a
dashed black line in Figs. 6 and 7.

Flavor-violating muon decays can also be directly con-
strained. Experimental bounds on geµ/fa are derived
from µ ↑ ea decays, with ALP being either visible or
invisible. In our plots, µ ↑ eainv bounds are the most
relevant, since for such small masses and weak couplings
the ALP is almost always long-lived for ma < mµ ↓ me.
We show the experimental limits from TWIST [11],
PIENU [12], and Refs. [98, 99] (limits from Jodidio et
al. [10] are only valid below 12 MeV). These curves are
the analogues of the isotropic case shown in Ref. [13].

O!-shell ALP exchange in µ ↑ eϑ, µ
+

↑ e
+
e
+
e
→, and

µ ↑ e conversion, as well as analogous channels for taus,
also constrain leptophilic ALPs. In the region of interest
for this study, these constraints are subdominant rela-
tive to direct emission in lepton decays, however, they
can dominate for ma > mω ↓ me. For comparison, in
our figures we show the limits on fa from lepton decays
to single photons such as µ ↑ eϑ, following Ref. [100].
Recently, MEG-II [101] placed a world-leading limit on

B(µ+
↑ e

+
ϑ) < 1.5 ↔ 10→13 at 90% CL, constraining

decay constants as large as fa ↭ O(105) GeV in a LFV
anarchical scenario. This is to be compared with lower
limits of fa ↭ O(107) from tau decays such as ω ↑ ea.
Tau decays to a lepton and a photon benefit from the
larger ALP couplings, but, for flavor-anarchical scenar-
ios, still provide weaker constraints due to the weaker
limits on the branching ratios. Here, we show limits
from BaBar, B(ω ↑ eϑ) < 3.3 ↔ 10→8 [102], and Belle,
B(ω ↑ eϑ) < 4.2 ↔ 10→8 [103], both at 90% CL.

Astrophysical constraints are relevant at larger decay
constants (lower couplings) and are most e!ective for
ALP masses below ma → O(100) MeV. In particular,
the LFC coupling to electrons and muons are strongly
constrained by the observation of SN1987A. There are
multiple mechanisms to derive a limit, depending on the
imposed physical requirement. The most well-known is
the cooling argument, based on the fact that weakly-
coupled ALPs can be produced and escape the star, car-
rying away energy from deep inside the progenitor. Given
that the observed neutrinos from SN1987A are consis-
tent with the energy loss expected from SM processes
within a proto-neutron star, an additional dominant cool-
ing mechanism is ruled out. We show limits on gee/fa

and gµµ/fa based on this criterion directly from [13] as
a lighter shade of grey and in dashed lines. Supernova
cooling limits on the LFV coupling geµ from [104] are
also shown in the same style. The geµ coupling allows
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FIG. 8. Limits and projected event-rate sensitivities in the
parameter space of LFC ALP with universal couplings of
Eq. (I.9). Constraints on long-lived ALPs discussed in Sec-
tion III are shown as filled regions for existing limits from
CHARM and BEBC and as solid and dashed lines for pro-
jections for FASER-2, proto-DUNE, DUNE, and SHiP. Other
neutrino experiments and FASER are less sensitive and not
shown. The grey regions show limits from SINDRUM [63] and
CHARM [31] as derived in [14], electron beam dumps limits
derived in as derived in [64] and [65] (see also [66, 67]) with
data from E137 [68], E141 [69], and Orsay [70], as well as lim-
its from BaBar [71], Belle [72], and NA64 [73]. We also show
supernova limits based on cooling arguments [74, 75] as well
as the constraint from ALP energy depositions in the outer
envelope of the supernova [75, 76] as a lighter grey line.

not couple to muons, which has important phenomeno-
logical consequences. For instance, the flavor univer-
sal LFC ALP, Fig. 8, with a mass above the dimuon
threshold, ma > 2mµ, would decay via a → µ

+
µ

→ with
a lifetime too short to be observed in beam dump ex-
periments. For vanishing coupling to muons, gµµ = 0,
the ALP is long-lived also for masses above the dimuon
threshold, decaying either via a → e

+
e
→ or a → ωω,

and thus beam dump searches are sensitive to the two
scenarios also above the muon threshold. In fact, for a
ε -philic ALP with gee = gµµ = 0, only a → ωω decays
are possible below the di-tau threshold, ma < 2mω , mak-
ing the ε -philic benchmark significantly less constrained
than the µ-phobic one. Note also, that in the ε -philic
case there is a steeper dependence of the sensitivities to
ALP mass because the photon width scales with a high
power of ALP mass, !(a → ωω) ↑ m

7
a, see Eq. (II.20).

In summary, as shown in Fig. 9, ALP production from
tau decays at beam dumps are again providing some of
the leading constraints in the parameter space also for
the flavor non-universal LFC ALPs.

C. Existing limits

In Figs. 6 to 9 we compare the reach of beam dump
experiments with other probes of weakly-interacting par-
ticles. Because the ALP couples exclusively to leptons,
many limits on long-lived ALPs from pion or kaon decays,
such as [52, 84, 85], are too weak to appear in our plots.
This is particularly true for LFV couplings, where the
ALP production in fully leptonic 2-body ε and µ decays
is significantly enhanced relative to any GF -suppressed
production mode from pion and/or kaon decays. The
tau lifetime measurements, bounds on some of the rare
tau decay channels, and the astrophysical constraints
therefore pose more meaningful limits on the ALP de-
cay constant. For the LFC case, the tau and muon ALP-
branching ratios are suppressed by GF and are thus much
smaller than in the LFV case for the same value of fa. In
this case direct constraints, therefore, come mostly from
ALP couplings to electrons.
Two-body decays of taus provide some of the leading

direct constraints on the lepto-philic ALPs. Decays into
invisible bosons, ε → ϑainv, have been carried out by
ARGUS [86], Belle [87] and Belle-II [88] and constrain
these BR’s to be as low as O(10→3). When the ALP is
short-lived, it leads to tau decays to neutrino-less three-
lepton final states, such as ε

+
→ µ

+
µ

+
µ

→. We refer to
this case as ε → ϑavis bounds. These are constrained by
BaBar [89], Belle [90], ATLAS [91], CMS [92], LHCb [93]
and Belle-II [94]. In setting the constrains we use the
world best limit as collected by PDG [9],

B(ε→
→ e

→
e
+
e
→) < 2.7 ↓ 10→8

, (IV.2)

B(ε→
→ µ

→
µ

+
µ

→) < 1.9 ↓ 10→8
, (IV.3)

B(ε→
→ µ

→
e
+
µ

→) < 1.7 ↓ 10→8
, (IV.4)

B(ε→
→ e

→
µ

+
µ

→) < 2.7 ↓ 10→8
, (IV.5)

B(ε→
→ e

→
e
+
µ

→) < 1.8 ↓ 10→8
, (IV.6)

B(ε→
→ e

→
µ

+
e
→) < 1.5 ↓ 10→8

. (IV.7)

These are dominated by constraints from BaBar, Belle,
and Belle-II, where tau production proceeds via e

+
e
→

→

ε
+
ε

→. When setting constraints on leptophilic ALP pa-
rameter space we therefore require that the ALP decays
within 1 cm, assuming an average energy of

↔Ea↗ ↑

↘
s

4

(
1 +

m
2
a

m2
ω

≃
m

2
ε

m2
ω

)
, (IV.8)

where mε is the mass of the lepton produced in ε → ϑa

decays. For ε → ϑainv, we require that the ALP does
not decay within 3 m. The excluded regions are shown
in light (dark) grey in Figs. 6 and 7 for visible (invisible)
ALPs.

etc

Invisible Tau decays 

Tau lifetime

14

10�2 10�1 100

ma [GeV]

10�5

10�4

10�3

10�2

10�1

100

f
�

1
a

[G
eV

�
1
]

Orsay

NA64e
(vis)

SN cooling (gee) Low-energy SN (gee)

CHARM
(Dror et al)

E137 (Araki et al)

E137 (Liu et al)

BaBar/Belle

SINDRUME141

LFC µ-phobic | gee = g⌧⌧ = 1 | gµµ = 0

CHARM

BEBC

ProtoDUNE

DUNE ND

FASER-2

SHiP

10�2 10�1 100

ma [GeV]

10�4

10�3

10�2

10�1

100

101

f
�

1
a

[G
eV

�
1
]

E137

NA64µ (vis)

NA64e (inv)

LEP

NA64e (vis)

BES-III
(3�)

Belle-II
(3�)

Belle-II (�+inv)

LFC ⌧-philic | gee = gµµ = 0 | g⌧⌧ = 1

CHARM

BEBC

ProtoDUNE

DUNE ND

FASER-2

SHiP

FIG. 9. Same as Fig. 8 but for two flavor nonuniversal benchmarks a µ-phobic ALP (left) and a ω -philic ALP (right),
cf. Eqs. (I.10) and (I.12). The grey regions in the right panel show the limits derived in [77] using data from E137 [68],
NA64 [78–80], and LEP [81] as well as limits from Belle-II and BES-III derived in [82].

The tau lifetime is well known in the SM. The lep-
tonic and hadronic branching ratios of the ω are known,
in some cases, to N3LO [95–97], while the experimen-
tal determinations have → 0.1% precision [9]. The fit of
all observed branching ratios is consistent with the SM
at the per-mille level [9]. We use this to impose a con-
straint of B(ω ↑ εa) < 10→3, which is independent of
the decay properties of a. This constraint is shown as a
dashed black line in Figs. 6 and 7.

Flavor-violating muon decays can also be directly con-
strained. Experimental bounds on geµ/fa are derived
from µ ↑ ea decays, with ALP being either visible or
invisible. In our plots, µ ↑ eainv bounds are the most
relevant, since for such small masses and weak couplings
the ALP is almost always long-lived for ma < mµ ↓ me.
We show the experimental limits from TWIST [11],
PIENU [12], and Refs. [98, 99] (limits from Jodidio et
al. [10] are only valid below 12 MeV). These curves are
the analogues of the isotropic case shown in Ref. [13].

O!-shell ALP exchange in µ ↑ eϑ, µ
+

↑ e
+
e
+
e
→, and

µ ↑ e conversion, as well as analogous channels for taus,
also constrain leptophilic ALPs. In the region of interest
for this study, these constraints are subdominant rela-
tive to direct emission in lepton decays, however, they
can dominate for ma > mω ↓ me. For comparison, in
our figures we show the limits on fa from lepton decays
to single photons such as µ ↑ eϑ, following Ref. [100].
Recently, MEG-II [101] placed a world-leading limit on

B(µ+
↑ e

+
ϑ) < 1.5 ↔ 10→13 at 90% CL, constraining

decay constants as large as fa ↭ O(105) GeV in a LFV
anarchical scenario. This is to be compared with lower
limits of fa ↭ O(107) from tau decays such as ω ↑ ea.
Tau decays to a lepton and a photon benefit from the
larger ALP couplings, but, for flavor-anarchical scenar-
ios, still provide weaker constraints due to the weaker
limits on the branching ratios. Here, we show limits
from BaBar, B(ω ↑ eϑ) < 3.3 ↔ 10→8 [102], and Belle,
B(ω ↑ eϑ) < 4.2 ↔ 10→8 [103], both at 90% CL.

Astrophysical constraints are relevant at larger decay
constants (lower couplings) and are most e!ective for
ALP masses below ma → O(100) MeV. In particular,
the LFC coupling to electrons and muons are strongly
constrained by the observation of SN1987A. There are
multiple mechanisms to derive a limit, depending on the
imposed physical requirement. The most well-known is
the cooling argument, based on the fact that weakly-
coupled ALPs can be produced and escape the star, car-
rying away energy from deep inside the progenitor. Given
that the observed neutrinos from SN1987A are consis-
tent with the energy loss expected from SM processes
within a proto-neutron star, an additional dominant cool-
ing mechanism is ruled out. We show limits on gee/fa

and gµµ/fa based on this criterion directly from [13] as
a lighter shade of grey and in dashed lines. Supernova
cooling limits on the LFV coupling geµ from [104] are
also shown in the same style. The geµ coupling allows
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FIG. 8. Limits and projected event-rate sensitivities in the
parameter space of LFC ALP with universal couplings of
Eq. (I.9). Constraints on long-lived ALPs discussed in Sec-
tion III are shown as filled regions for existing limits from
CHARM and BEBC and as solid and dashed lines for pro-
jections for FASER-2, proto-DUNE, DUNE, and SHiP. Other
neutrino experiments and FASER are less sensitive and not
shown. The grey regions show limits from SINDRUM [63] and
CHARM [31] as derived in [14], electron beam dumps limits
derived in as derived in [64] and [65] (see also [66, 67]) with
data from E137 [68], E141 [69], and Orsay [70], as well as lim-
its from BaBar [71], Belle [72], and NA64 [73]. We also show
supernova limits based on cooling arguments [74, 75] as well
as the constraint from ALP energy depositions in the outer
envelope of the supernova [75, 76] as a lighter grey line.

not couple to muons, which has important phenomeno-
logical consequences. For instance, the flavor univer-
sal LFC ALP, Fig. 8, with a mass above the dimuon
threshold, ma > 2mµ, would decay via a → µ

+
µ

→ with
a lifetime too short to be observed in beam dump ex-
periments. For vanishing coupling to muons, gµµ = 0,
the ALP is long-lived also for masses above the dimuon
threshold, decaying either via a → e

+
e
→ or a → ωω,

and thus beam dump searches are sensitive to the two
scenarios also above the muon threshold. In fact, for a
ε -philic ALP with gee = gµµ = 0, only a → ωω decays
are possible below the di-tau threshold, ma < 2mω , mak-
ing the ε -philic benchmark significantly less constrained
than the µ-phobic one. Note also, that in the ε -philic
case there is a steeper dependence of the sensitivities to
ALP mass because the photon width scales with a high
power of ALP mass, !(a → ωω) ↑ m

7
a, see Eq. (II.20).

In summary, as shown in Fig. 9, ALP production from
tau decays at beam dumps are again providing some of
the leading constraints in the parameter space also for
the flavor non-universal LFC ALPs.

C. Existing limits

In Figs. 6 to 9 we compare the reach of beam dump
experiments with other probes of weakly-interacting par-
ticles. Because the ALP couples exclusively to leptons,
many limits on long-lived ALPs from pion or kaon decays,
such as [52, 84, 85], are too weak to appear in our plots.
This is particularly true for LFV couplings, where the
ALP production in fully leptonic 2-body ε and µ decays
is significantly enhanced relative to any GF -suppressed
production mode from pion and/or kaon decays. The
tau lifetime measurements, bounds on some of the rare
tau decay channels, and the astrophysical constraints
therefore pose more meaningful limits on the ALP de-
cay constant. For the LFC case, the tau and muon ALP-
branching ratios are suppressed by GF and are thus much
smaller than in the LFV case for the same value of fa. In
this case direct constraints, therefore, come mostly from
ALP couplings to electrons.
Two-body decays of taus provide some of the leading

direct constraints on the lepto-philic ALPs. Decays into
invisible bosons, ε → ϑainv, have been carried out by
ARGUS [86], Belle [87] and Belle-II [88] and constrain
these BR’s to be as low as O(10→3). When the ALP is
short-lived, it leads to tau decays to neutrino-less three-
lepton final states, such as ε

+
→ µ

+
µ

+
µ

→. We refer to
this case as ε → ϑavis bounds. These are constrained by
BaBar [89], Belle [90], ATLAS [91], CMS [92], LHCb [93]
and Belle-II [94]. In setting the constrains we use the
world best limit as collected by PDG [9],

B(ε→
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→
e
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e
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, (IV.2)
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→
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+
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, (IV.3)

B(ε→
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→
e
+
µ

→) < 1.7 ↓ 10→8
, (IV.4)

B(ε→
→ e

→
µ

+
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→) < 2.7 ↓ 10→8
, (IV.5)

B(ε→
→ e

→
e
+
µ

→) < 1.8 ↓ 10→8
, (IV.6)

B(ε→
→ e

→
µ

+
e
→) < 1.5 ↓ 10→8

. (IV.7)

These are dominated by constraints from BaBar, Belle,
and Belle-II, where tau production proceeds via e

+
e
→

→

ε
+
ε

→. When setting constraints on leptophilic ALP pa-
rameter space we therefore require that the ALP decays
within 1 cm, assuming an average energy of

↔Ea↗ ↑

↘
s

4

(
1 +

m
2
a

m2
ω

≃
m

2
ε

m2
ω

)
, (IV.8)

where mε is the mass of the lepton produced in ε → ϑa

decays. For ε → ϑainv, we require that the ALP does
not decay within 3 m. The excluded regions are shown
in light (dark) grey in Figs. 6 and 7 for visible (invisible)
ALPs.
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FIG. 9. Same as Fig. 8 but for two flavor nonuniversal benchmarks a µ-phobic ALP (left) and a ω -philic ALP (right),
cf. Eqs. (I.10) and (I.12). The grey regions in the right panel show the limits derived in [77] using data from E137 [68],
NA64 [78–80], and LEP [81] as well as limits from Belle-II and BES-III derived in [82].

The tau lifetime is well known in the SM. The lep-
tonic and hadronic branching ratios of the ω are known,
in some cases, to N3LO [95–97], while the experimen-
tal determinations have → 0.1% precision [9]. The fit of
all observed branching ratios is consistent with the SM
at the per-mille level [9]. We use this to impose a con-
straint of B(ω ↑ εa) < 10→3, which is independent of
the decay properties of a. This constraint is shown as a
dashed black line in Figs. 6 and 7.

Flavor-violating muon decays can also be directly con-
strained. Experimental bounds on geµ/fa are derived
from µ ↑ ea decays, with ALP being either visible or
invisible. In our plots, µ ↑ eainv bounds are the most
relevant, since for such small masses and weak couplings
the ALP is almost always long-lived for ma < mµ ↓ me.
We show the experimental limits from TWIST [11],
PIENU [12], and Refs. [98, 99] (limits from Jodidio et
al. [10] are only valid below 12 MeV). These curves are
the analogues of the isotropic case shown in Ref. [13].

O!-shell ALP exchange in µ ↑ eϑ, µ
+

↑ e
+
e
+
e
→, and

µ ↑ e conversion, as well as analogous channels for taus,
also constrain leptophilic ALPs. In the region of interest
for this study, these constraints are subdominant rela-
tive to direct emission in lepton decays, however, they
can dominate for ma > mω ↓ me. For comparison, in
our figures we show the limits on fa from lepton decays
to single photons such as µ ↑ eϑ, following Ref. [100].
Recently, MEG-II [101] placed a world-leading limit on

B(µ+
↑ e

+
ϑ) < 1.5 ↔ 10→13 at 90% CL, constraining

decay constants as large as fa ↭ O(105) GeV in a LFV
anarchical scenario. This is to be compared with lower
limits of fa ↭ O(107) from tau decays such as ω ↑ ea.
Tau decays to a lepton and a photon benefit from the
larger ALP couplings, but, for flavor-anarchical scenar-
ios, still provide weaker constraints due to the weaker
limits on the branching ratios. Here, we show limits
from BaBar, B(ω ↑ eϑ) < 3.3 ↔ 10→8 [102], and Belle,
B(ω ↑ eϑ) < 4.2 ↔ 10→8 [103], both at 90% CL.

Astrophysical constraints are relevant at larger decay
constants (lower couplings) and are most e!ective for
ALP masses below ma → O(100) MeV. In particular,
the LFC coupling to electrons and muons are strongly
constrained by the observation of SN1987A. There are
multiple mechanisms to derive a limit, depending on the
imposed physical requirement. The most well-known is
the cooling argument, based on the fact that weakly-
coupled ALPs can be produced and escape the star, car-
rying away energy from deep inside the progenitor. Given
that the observed neutrinos from SN1987A are consis-
tent with the energy loss expected from SM processes
within a proto-neutron star, an additional dominant cool-
ing mechanism is ruled out. We show limits on gee/fa

and gµµ/fa based on this criterion directly from [13] as
a lighter shade of grey and in dashed lines. Supernova
cooling limits on the LFV coupling geµ from [104] are
also shown in the same style. The geµ coupling allows
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FIG. 9. Same as Fig. 8 but for two flavor nonuniversal benchmarks a µ-phobic ALP (left) and a ω -philic ALP (right),
cf. Eqs. (I.10) and (I.12). The grey regions in the right panel show the limits derived in [77] using data from E137 [68],
NA64 [78–80], and LEP [81] as well as limits from Belle-II and BES-III derived in [82].

The tau lifetime is well known in the SM. The lep-
tonic and hadronic branching ratios of the ω are known,
in some cases, to N3LO [95–97], while the experimen-
tal determinations have → 0.1% precision [9]. The fit of
all observed branching ratios is consistent with the SM
at the per-mille level [9]. We use this to impose a con-
straint of B(ω ↑ εa) < 10→3, which is independent of
the decay properties of a. This constraint is shown as a
dashed black line in Figs. 6 and 7.

Flavor-violating muon decays can also be directly con-
strained. Experimental bounds on geµ/fa are derived
from µ ↑ ea decays, with ALP being either visible or
invisible. In our plots, µ ↑ eainv bounds are the most
relevant, since for such small masses and weak couplings
the ALP is almost always long-lived for ma < mµ ↓ me.
We show the experimental limits from TWIST [11],
PIENU [12], and Refs. [98, 99] (limits from Jodidio et
al. [10] are only valid below 12 MeV). These curves are
the analogues of the isotropic case shown in Ref. [13].

O!-shell ALP exchange in µ ↑ eϑ, µ
+

↑ e
+
e
+
e
→, and

µ ↑ e conversion, as well as analogous channels for taus,
also constrain leptophilic ALPs. In the region of interest
for this study, these constraints are subdominant rela-
tive to direct emission in lepton decays, however, they
can dominate for ma > mω ↓ me. For comparison, in
our figures we show the limits on fa from lepton decays
to single photons such as µ ↑ eϑ, following Ref. [100].
Recently, MEG-II [101] placed a world-leading limit on

B(µ+
↑ e

+
ϑ) < 1.5 ↔ 10→13 at 90% CL, constraining

decay constants as large as fa ↭ O(105) GeV in a LFV
anarchical scenario. This is to be compared with lower
limits of fa ↭ O(107) from tau decays such as ω ↑ ea.
Tau decays to a lepton and a photon benefit from the
larger ALP couplings, but, for flavor-anarchical scenar-
ios, still provide weaker constraints due to the weaker
limits on the branching ratios. Here, we show limits
from BaBar, B(ω ↑ eϑ) < 3.3 ↔ 10→8 [102], and Belle,
B(ω ↑ eϑ) < 4.2 ↔ 10→8 [103], both at 90% CL.

Astrophysical constraints are relevant at larger decay
constants (lower couplings) and are most e!ective for
ALP masses below ma → O(100) MeV. In particular,
the LFC coupling to electrons and muons are strongly
constrained by the observation of SN1987A. There are
multiple mechanisms to derive a limit, depending on the
imposed physical requirement. The most well-known is
the cooling argument, based on the fact that weakly-
coupled ALPs can be produced and escape the star, car-
rying away energy from deep inside the progenitor. Given
that the observed neutrinos from SN1987A are consis-
tent with the energy loss expected from SM processes
within a proto-neutron star, an additional dominant cool-
ing mechanism is ruled out. We show limits on gee/fa

and gµµ/fa based on this criterion directly from [13] as
a lighter shade of grey and in dashed lines. Supernova
cooling limits on the LFV coupling geµ from [104] are
also shown in the same style. The geµ coupling allows
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FIG. 9. Same as Fig. 8 but for two flavor nonuniversal benchmarks a µ-phobic ALP (left) and a ω -philic ALP (right),
cf. Eqs. (I.10) and (I.12). The grey regions in the right panel show the limits derived in [77] using data from E137 [68],
NA64 [78–80], and LEP [81] as well as limits from Belle-II and BES-III derived in [82].

The tau lifetime is well known in the SM. The lep-
tonic and hadronic branching ratios of the ω are known,
in some cases, to N3LO [95–97], while the experimen-
tal determinations have → 0.1% precision [9]. The fit of
all observed branching ratios is consistent with the SM
at the per-mille level [9]. We use this to impose a con-
straint of B(ω ↑ εa) < 10→3, which is independent of
the decay properties of a. This constraint is shown as a
dashed black line in Figs. 6 and 7.

Flavor-violating muon decays can also be directly con-
strained. Experimental bounds on geµ/fa are derived
from µ ↑ ea decays, with ALP being either visible or
invisible. In our plots, µ ↑ eainv bounds are the most
relevant, since for such small masses and weak couplings
the ALP is almost always long-lived for ma < mµ ↓ me.
We show the experimental limits from TWIST [11],
PIENU [12], and Refs. [98, 99] (limits from Jodidio et
al. [10] are only valid below 12 MeV). These curves are
the analogues of the isotropic case shown in Ref. [13].

O!-shell ALP exchange in µ ↑ eϑ, µ
+

↑ e
+
e
+
e
→, and

µ ↑ e conversion, as well as analogous channels for taus,
also constrain leptophilic ALPs. In the region of interest
for this study, these constraints are subdominant rela-
tive to direct emission in lepton decays, however, they
can dominate for ma > mω ↓ me. For comparison, in
our figures we show the limits on fa from lepton decays
to single photons such as µ ↑ eϑ, following Ref. [100].
Recently, MEG-II [101] placed a world-leading limit on

B(µ+
↑ e

+
ϑ) < 1.5 ↔ 10→13 at 90% CL, constraining

decay constants as large as fa ↭ O(105) GeV in a LFV
anarchical scenario. This is to be compared with lower
limits of fa ↭ O(107) from tau decays such as ω ↑ ea.
Tau decays to a lepton and a photon benefit from the
larger ALP couplings, but, for flavor-anarchical scenar-
ios, still provide weaker constraints due to the weaker
limits on the branching ratios. Here, we show limits
from BaBar, B(ω ↑ eϑ) < 3.3 ↔ 10→8 [102], and Belle,
B(ω ↑ eϑ) < 4.2 ↔ 10→8 [103], both at 90% CL.

Astrophysical constraints are relevant at larger decay
constants (lower couplings) and are most e!ective for
ALP masses below ma → O(100) MeV. In particular,
the LFC coupling to electrons and muons are strongly
constrained by the observation of SN1987A. There are
multiple mechanisms to derive a limit, depending on the
imposed physical requirement. The most well-known is
the cooling argument, based on the fact that weakly-
coupled ALPs can be produced and escape the star, car-
rying away energy from deep inside the progenitor. Given
that the observed neutrinos from SN1987A are consis-
tent with the energy loss expected from SM processes
within a proto-neutron star, an additional dominant cool-
ing mechanism is ruled out. We show limits on gee/fa

and gµµ/fa based on this criterion directly from [13] as
a lighter shade of grey and in dashed lines. Supernova
cooling limits on the LFV coupling geµ from [104] are
also shown in the same style. The geµ coupling allows
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FIG. 9. Same as Fig. 8 but for two flavor nonuniversal benchmarks a µ-phobic ALP (left) and a ω -philic ALP (right),
cf. Eqs. (I.10) and (I.12). The grey regions in the right panel show the limits derived in [77] using data from E137 [68],
NA64 [78–80], and LEP [81] as well as limits from Belle-II and BES-III derived in [82].

The tau lifetime is well known in the SM. The lep-
tonic and hadronic branching ratios of the ω are known,
in some cases, to N3LO [95–97], while the experimen-
tal determinations have → 0.1% precision [9]. The fit of
all observed branching ratios is consistent with the SM
at the per-mille level [9]. We use this to impose a con-
straint of B(ω ↑ εa) < 10→3, which is independent of
the decay properties of a. This constraint is shown as a
dashed black line in Figs. 6 and 7.

Flavor-violating muon decays can also be directly con-
strained. Experimental bounds on geµ/fa are derived
from µ ↑ ea decays, with ALP being either visible or
invisible. In our plots, µ ↑ eainv bounds are the most
relevant, since for such small masses and weak couplings
the ALP is almost always long-lived for ma < mµ ↓ me.
We show the experimental limits from TWIST [11],
PIENU [12], and Refs. [98, 99] (limits from Jodidio et
al. [10] are only valid below 12 MeV). These curves are
the analogues of the isotropic case shown in Ref. [13].

O!-shell ALP exchange in µ ↑ eϑ, µ
+

↑ e
+
e
+
e
→, and

µ ↑ e conversion, as well as analogous channels for taus,
also constrain leptophilic ALPs. In the region of interest
for this study, these constraints are subdominant rela-
tive to direct emission in lepton decays, however, they
can dominate for ma > mω ↓ me. For comparison, in
our figures we show the limits on fa from lepton decays
to single photons such as µ ↑ eϑ, following Ref. [100].
Recently, MEG-II [101] placed a world-leading limit on

B(µ+
↑ e

+
ϑ) < 1.5 ↔ 10→13 at 90% CL, constraining

decay constants as large as fa ↭ O(105) GeV in a LFV
anarchical scenario. This is to be compared with lower
limits of fa ↭ O(107) from tau decays such as ω ↑ ea.
Tau decays to a lepton and a photon benefit from the
larger ALP couplings, but, for flavor-anarchical scenar-
ios, still provide weaker constraints due to the weaker
limits on the branching ratios. Here, we show limits
from BaBar, B(ω ↑ eϑ) < 3.3 ↔ 10→8 [102], and Belle,
B(ω ↑ eϑ) < 4.2 ↔ 10→8 [103], both at 90% CL.

Astrophysical constraints are relevant at larger decay
constants (lower couplings) and are most e!ective for
ALP masses below ma → O(100) MeV. In particular,
the LFC coupling to electrons and muons are strongly
constrained by the observation of SN1987A. There are
multiple mechanisms to derive a limit, depending on the
imposed physical requirement. The most well-known is
the cooling argument, based on the fact that weakly-
coupled ALPs can be produced and escape the star, car-
rying away energy from deep inside the progenitor. Given
that the observed neutrinos from SN1987A are consis-
tent with the energy loss expected from SM processes
within a proto-neutron star, an additional dominant cool-
ing mechanism is ruled out. We show limits on gee/fa

and gµµ/fa based on this criterion directly from [13] as
a lighter shade of grey and in dashed lines. Supernova
cooling limits on the LFV coupling geµ from [104] are
also shown in the same style. The geµ coupling allows
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2

where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.
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tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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is supplemented by the interaction terms involving just
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where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g
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L and g
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The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
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µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
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a in any process that results in ϖ leptons.
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ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
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2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e
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→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
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a

τ+
GF

νℓ

ℓ+

ντ
f −1
a

a

τ+
GF

π+, ρ+

ντ
f −1
a

a
τ+

ℓ+

f −1
a a

ℓ−2

f −1
a

ℓ+1

FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
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2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)
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FIG. 7. Same as Fig. 6, but for flavor-violating hierarchical couplings, Eq. (I.8), for several representative sizes of flavor o!-
diagonal couplings, as indicated. Constraints on long-lived ALPs discussed in Section III are shown as filled colored regions for
existing limits from CHARM and BEBC and as solid and dashed lines for projections for neutrino experiments, FASER, proto-
DUNE, and SHiP. Other constraints from tau decays, discussed in Section IV, are shown as light grey regions for ω → εainv

and dark grey regions for ω → εavis.

(µ→phobic, left panel), and gee = gµµ = 0, gωω = 1 (ω - philic, right panel). In both benchmarks the ALP does

• As FV couplings 
become smaller other 
constraints weaken


• Bounds move to 
smaller f, favouring 
closer detectors and 
axions with larger 
boost i.e. FASER/SHiP




13

10�2 10�1 100

ma [GeV]

10�5

10�4

10�3

10�2

10�1

100

f
�

1
a

[G
eV

�
1
] (g � 2)µ

NA64µ
(inv)

E137 (Eberhart et al)

NA64e
(vis)

Orsay

SN cooling (gee) Low-energy SN (gee)

CHARM
(Dror et al)

BaBar/Belle

SINDRUME141

LFC flavor universal | g`` = 1

CHARM

BEBC

ProtoDUNE

DUNE ND

FASER-2

SHiP

FIG. 8. Limits and projected event-rate sensitivities in the
parameter space of LFC ALP with universal couplings of
Eq. (I.9). Constraints on long-lived ALPs discussed in Sec-
tion III are shown as filled regions for existing limits from
CHARM and BEBC and as solid and dashed lines for pro-
jections for FASER-2, proto-DUNE, DUNE, and SHiP. Other
neutrino experiments and FASER are less sensitive and not
shown. The grey regions show limits from SINDRUM [63] and
CHARM [31] as derived in [14], electron beam dumps limits
derived in as derived in [64] and [65] (see also [66, 67]) with
data from E137 [68], E141 [69], and Orsay [70], as well as lim-
its from BaBar [71], Belle [72], and NA64 [73]. We also show
supernova limits based on cooling arguments [74, 75] as well
as the constraint from ALP energy depositions in the outer
envelope of the supernova [75, 76] as a lighter grey line.

not couple to muons, which has important phenomeno-
logical consequences. For instance, the flavor univer-
sal LFC ALP, Fig. 8, with a mass above the dimuon
threshold, ma > 2mµ, would decay via a → µ

+
µ

→ with
a lifetime too short to be observed in beam dump ex-
periments. For vanishing coupling to muons, gµµ = 0,
the ALP is long-lived also for masses above the dimuon
threshold, decaying either via a → e

+
e
→ or a → ωω,

and thus beam dump searches are sensitive to the two
scenarios also above the muon threshold. In fact, for a
ε -philic ALP with gee = gµµ = 0, only a → ωω decays
are possible below the di-tau threshold, ma < 2mω , mak-
ing the ε -philic benchmark significantly less constrained
than the µ-phobic one. Note also, that in the ε -philic
case there is a steeper dependence of the sensitivities to
ALP mass because the photon width scales with a high
power of ALP mass, !(a → ωω) ↑ m

7
a, see Eq. (II.20).

In summary, as shown in Fig. 9, ALP production from
tau decays at beam dumps are again providing some of
the leading constraints in the parameter space also for
the flavor non-universal LFC ALPs.

C. Existing limits

In Figs. 6 to 9 we compare the reach of beam dump
experiments with other probes of weakly-interacting par-
ticles. Because the ALP couples exclusively to leptons,
many limits on long-lived ALPs from pion or kaon decays,
such as [52, 83, 84], are too weak to appear in our plots.
This is particularly true for LFV couplings, where the
ALP production in fully leptonic 2-body ε and µ decays
is significantly enhanced relative to any GF -suppressed
production mode from pion and/or kaon decays. The
tau lifetime measurements, bounds on some of the rare
tau decay channels, and the astrophysical constraints
therefore pose more meaningful limits on the ALP de-
cay constant. For the LFC case, the tau and muon ALP-
branching ratios are suppressed by GF and are thus much
smaller than in the LFV case for the same value of fa. In
this case direct constraints, therefore, come mostly from
ALP couplings to electrons.
Two-body decays of taus provide some of the leading

direct constraints on the lepto-philic ALPs. Decays into
invisible bosons, ε → ϑainv, have been carried out by
ARGUS [85], Belle [86] and Belle-II [87] and constrain
these BR’s to be as low as O(10→3). When the ALP is
short-lived, it leads to tau decays to neutrino-less three-
lepton final states, such as ε

+
→ µ

+
µ

+
µ

→. We refer to
this case as ε → ϑavis bounds. These are constrained by
BaBar [88], Belle [89], ATLAS [90], CMS [91], LHCb [92]
and Belle-II [93]. In setting the constrains we use the
world best limit as collected by PDG [9],

B(ε→
→ e

→
e
+
e
→) < 2.7 ↓ 10→8

, (IV.2)

B(ε→
→ µ

→
µ

+
µ

→) < 1.9 ↓ 10→8
, (IV.3)

B(ε→
→ µ

→
e
+
µ

→) < 1.7 ↓ 10→8
, (IV.4)

B(ε→
→ e

→
µ

+
µ

→) < 2.7 ↓ 10→8
, (IV.5)

B(ε→
→ e

→
e
+
µ

→) < 1.8 ↓ 10→8
, (IV.6)

B(ε→
→ e

→
µ

+
e
→) < 1.5 ↓ 10→8

. (IV.7)

These are dominated by constraints from BaBar, Belle,
and Belle-II, where tau production proceeds via e

+
e
→

→

ε
+
ε

→. When setting constraints on leptophilic ALP pa-
rameter space we therefore require that the ALP decays
within 1 cm, assuming an average energy of

↔Ea↗ ↑

↘
s

4

(
1 +

m
2
a

m2
ω

≃
m

2
ε

m2
ω

)
, (IV.8)

where mε is the mass of the lepton produced in ε → ϑa

decays. For ε → ϑainv, we require that the ALP does
not decay within 3 m. The excluded regions are shown
in light (dark) grey in Figs. 6 and 7 for visible (invisible)
ALPs.

• Coupling to muon important (muon-phobic vs universal)

• Steep dependence on axion mass in tau-philic case.
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FIG. 4. Left: the normalized di!erential tau production rate at the collision point as function of the tau transverse momentum
pT

ω (defined with respect to the z-axis, i.e., the axis of the proton beam) for the three beams considered in this paper: NuMI,
SPS, and FASER (as indicated). Right: the distribution of tau events as a function of the ratio between the total tau energy
and the proton beam energy for the same three beams. The shaded bands show the statistical uncertainties on Monte Carlo
samples.

For an ALP decaying to a pair of leptons of the same
flavor the decay width is given by

!(a → ω
+
ω
→) = |gωω|

2 m
2
ωma

8εf2
a

(
1 ↑

4m
2
ω

m2
a

)1/2

, (II.16)

while for decays to a pair of leptons of di”ering flavor the
partial decay width is given by,

!(a → ω
±
1 ω

↑
2 ) = |gω1ω2 |

2 (mω1 + mω2)
2
ma

16εf2
a

↓

[
1 ↑

(mω1 ↑ mω2)
2

m2
a

]
v(ma, mω1 , mω2).

(II.17)

Here, we define a → ω1ω2 as a sum of both modes, a →

ω
+
1 ω

→
2 and a → ω

→
1 ω

+
2 , so that !(a → ω

±
1 ω

↑
2 ) = !(a →

ω
+
1 ω

→
2 ) + !(a → ω

→
1 ω

+
2 ). The ALP can also decay into two

charged leptons and two neutrinos, e.g., a → µ
+
ϑεe

→
ϑ̄e

through gµε . However, these channels are suppressed by
G

2
F and by four-body decay phase space factors, and are

irrelevant in our discussion.

The ALP–lepton couplings generate at one-loop the
a → ϖϖ decays. For our analysis these are phenomenolog-
ically important only in the corners of parameter space.
Summing all lepton contributions for the a → ϖϖ decay
width, we get

!(a → ϖϖ) =
ϱ

2
m

3
a

64ε3f2
a

∣∣∣∣∣∣

∑

ω=e,µ,ε

gωω

[
1 ↑

4m
2
ω

m2
a

I
2
ϑϑ

(
ma

2mω

)]∣∣∣∣∣∣

2

,

(II.18)

where

Iϑϑ (z) =






arcsin (z) for z ↔ 1,

ε

2
+

i

2
log

[
z +

↗
z2 ↑ 1

z ↑
↗

z2 ↑ 1

]
for z > 1.

(II.19)
For ma ↘ 2mω, the term with Iϑϑ in Eq. (II.18) becomes
much smaller than one. For instance, if the axion is µ-
phobic then in the range 2me < ma < 2mε the ratio of
the diphoton width to the dielectron width grows with
axion mass, !(a → ϖϖ)/!(a → ee) ≃ ϱ

2
m

2
a/8ε

2
m

2
e ≃

8 ↓ (ma/mε )2. Where we have taken advantage of the
numerical coincidence that me/mε ⇐ ϱ/8ε. Thus, there
is a window around the ς mass, mε/3 ↭ ma ↭ 2mε ,
where the photon decay mode is dominant. This can
be seen in the bottom panel in Fig. 3. For ma ⇒ 2mω

the photon partial width scales with a high power of the
axion mass

!(a → ϖϖ) =
ϱ

2
g
2
ωω

962ε3

m
7
a

m4
ωf

2
a

+ O(m9
a) . (II.20)

So for light ς -philic axions, where this is the only avail-
able decay channel, the axion will also be long lived.

III. EXPERIMENTAL SIGNATURES

Next, we describe how we calculate the expected tau
production rate and the resulting ALP signals at di”erent
experiments.
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FIG. 8. Limits and projected event-rate sensitivities in the
parameter space of LFC ALP with universal couplings of
Eq. (I.9). Constraints on long-lived ALPs discussed in Sec-
tion III are shown as filled regions for existing limits from
CHARM and BEBC and as solid and dashed lines for pro-
jections for FASER-2, proto-DUNE, DUNE, and SHiP. Other
neutrino experiments and FASER are less sensitive and not
shown. The grey regions show limits from SINDRUM [63] and
CHARM [31] as derived in [14], electron beam dumps limits
derived in as derived in [64] and [65] (see also [66, 67]) with
data from E137 [68], E141 [69], and Orsay [70], as well as lim-
its from BaBar [71], Belle [72], and NA64 [73]. We also show
supernova limits based on cooling arguments [74, 75] as well
as the constraint from ALP energy depositions in the outer
envelope of the supernova [75, 76] as a lighter grey line.

not couple to muons, which has important phenomeno-
logical consequences. For instance, the flavor univer-
sal LFC ALP, Fig. 8, with a mass above the dimuon
threshold, ma > 2mµ, would decay via a → µ

+
µ

→ with
a lifetime too short to be observed in beam dump ex-
periments. For vanishing coupling to muons, gµµ = 0,
the ALP is long-lived also for masses above the dimuon
threshold, decaying either via a → e

+
e
→ or a → ωω,

and thus beam dump searches are sensitive to the two
scenarios also above the muon threshold. In fact, for a
ε -philic ALP with gee = gµµ = 0, only a → ωω decays
are possible below the di-tau threshold, ma < 2mω , mak-
ing the ε -philic benchmark significantly less constrained
than the µ-phobic one. Note also, that in the ε -philic
case there is a steeper dependence of the sensitivities to
ALP mass because the photon width scales with a high
power of ALP mass, !(a → ωω) ↑ m

7
a, see Eq. (II.20).

In summary, as shown in Fig. 9, ALP production from
tau decays at beam dumps are again providing some of
the leading constraints in the parameter space also for
the flavor non-universal LFC ALPs.

C. Existing limits

In Figs. 6 to 9 we compare the reach of beam dump
experiments with other probes of weakly-interacting par-
ticles. Because the ALP couples exclusively to leptons,
many limits on long-lived ALPs from pion or kaon decays,
such as [52, 83, 84], are too weak to appear in our plots.
This is particularly true for LFV couplings, where the
ALP production in fully leptonic 2-body ε and µ decays
is significantly enhanced relative to any GF -suppressed
production mode from pion and/or kaon decays. The
tau lifetime measurements, bounds on some of the rare
tau decay channels, and the astrophysical constraints
therefore pose more meaningful limits on the ALP de-
cay constant. For the LFC case, the tau and muon ALP-
branching ratios are suppressed by GF and are thus much
smaller than in the LFV case for the same value of fa. In
this case direct constraints, therefore, come mostly from
ALP couplings to electrons.
Two-body decays of taus provide some of the leading

direct constraints on the lepto-philic ALPs. Decays into
invisible bosons, ε → ϑainv, have been carried out by
ARGUS [85], Belle [86] and Belle-II [87] and constrain
these BR’s to be as low as O(10→3). When the ALP is
short-lived, it leads to tau decays to neutrino-less three-
lepton final states, such as ε

+
→ µ

+
µ

+
µ

→. We refer to
this case as ε → ϑavis bounds. These are constrained by
BaBar [88], Belle [89], ATLAS [90], CMS [91], LHCb [92]
and Belle-II [93]. In setting the constrains we use the
world best limit as collected by PDG [9],

B(ε→
→ e

→
e
+
e
→) < 2.7 ↓ 10→8

, (IV.2)

B(ε→
→ µ

→
µ

+
µ

→) < 1.9 ↓ 10→8
, (IV.3)

B(ε→
→ µ

→
e
+
µ

→) < 1.7 ↓ 10→8
, (IV.4)

B(ε→
→ e

→
µ

+
µ

→) < 2.7 ↓ 10→8
, (IV.5)

B(ε→
→ e

→
e
+
µ

→) < 1.8 ↓ 10→8
, (IV.6)

B(ε→
→ e

→
µ

+
e
→) < 1.5 ↓ 10→8

. (IV.7)

These are dominated by constraints from BaBar, Belle,
and Belle-II, where tau production proceeds via e

+
e
→

→

ε
+
ε

→. When setting constraints on leptophilic ALP pa-
rameter space we therefore require that the ALP decays
within 1 cm, assuming an average energy of

↔Ea↗ ↑

↘
s

4

(
1 +

m
2
a

m2
ω

≃
m

2
ε

m2
ω

)
, (IV.8)

where mε is the mass of the lepton produced in ε → ϑa

decays. For ε → ϑainv, we require that the ALP does
not decay within 3 m. The excluded regions are shown
in light (dark) grey in Figs. 6 and 7 for visible (invisible)
ALPs.
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FIG. 9. Same as Fig. 8 but for two flavor nonuniversal benchmarks a µ-phobic ALP (left) and a ω -philic ALP (right),
cf. Eqs. (I.10) and (I.12). The grey regions in the right panel show the limits derived in [77] using data from E137 [68],
NA64 [78–80], and LEP [81].

The tau lifetime is well known in the SM. The lep-
tonic and hadronic branching ratios of the ω are known,
in some cases, to N3LO [94–96], while the experimen-
tal determinations have → 0.1% precision [9]. The fit of
all observed branching ratios is consistent with the SM
at the per-mille level [9]. We use this to impose a con-
straint of B(ω ↑ εa) < 10→3, which is independent of
the decay properties of a. This constraint is shown as a
dashed black line in Figs. 6 and 7.

Flavor-violating muon decays can also be directly con-
strained. Experimental bounds on geµ/fa are derived
from µ ↑ ea decays, with ALP being either visible or
invisible. In our plots, µ ↑ eainv bounds are the most
relevant, since for such small masses and weak couplings
the ALP is almost always long-lived for ma < mµ ↓ me.
We show the experimental limits from TWIST [11],
PIENU [12], and Refs. [97, 98] (limits from Jodidio et
al. [10] are only valid below 12 MeV). These curves are
the analogues of the isotropic case shown in Ref. [13].

O!-shell ALP exchange in µ ↑ eϑ, µ
+

↑ e
+
e
+
e
→, and

µ ↑ e conversion, as well as analogous channels for taus,
also constrain leptophilic ALPs. In the region of interest
for this study, these constraints are subdominant rela-
tive to direct emission in lepton decays, however, they
can dominate for ma > mω ↓ me. For comparison, in
our figures we show the limits on fa from lepton decays
to single photons such as µ ↑ eϑ, following Ref. [99].
Recently, MEG-II [100] placed a world-leading limit on

B(µ+
↑ e

+
ϑ) < 1.5 ↔ 10→13 at 90% CL, constraining

decay constants as large as fa ↭ O(105) GeV in a LFV
anarchical scenario. This is to be compared with lower
limits of fa ↭ O(107) from tau decays such as ω ↑ ea.
Tau decays to a lepton and a photon benefit from the
larger ALP couplings, but, for flavor-anarchical scenar-
ios, still provide weaker constraints due to the weaker
limits on the branching ratios. Here, we show limits
from BaBar, B(ω ↑ eϑ) < 3.3 ↔ 10→8 [101], and Belle,
B(ω ↑ eϑ) < 4.2 ↔ 10→8 [102], both at 90% CL.

Astrophysical constraints are relevant at larger decay
constants (lower couplings) and are most e!ective for
ALP masses below ma → O(100) MeV. In particular,
the LFC coupling to electrons and muons are strongly
constrained by the observation of SN1987A. There are
multiple mechanisms to derive a limit, depending on the
imposed physical requirement. The most well-known is
the cooling argument, based on the fact that weakly-
coupled ALPs can be produced and escape the star, car-
rying away energy from deep inside the progenitor. Given
that the observed neutrinos from SN1987A are consis-
tent with the energy loss expected from SM processes
within a proto-neutron star, an additional dominant cool-
ing mechanism is ruled out. We show limits on gee/fa

and gµµ/fa based on this criterion directly from [13] as
a lighter shade of grey and in dashed lines. Supernova
cooling limits on the LFV coupling geµ from [103] are
also shown in the same style. The geµ coupling allows

• Coupling to muon important (muon-phobic vs universal)

• Steep dependence on axion mass in tau-philic case.
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FIG. 4. Left: the normalized di!erential tau production rate at the collision point as function of the tau transverse momentum
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ω (defined with respect to the z-axis, i.e., the axis of the proton beam) for the three beams considered in this paper: NuMI,
SPS, and FASER (as indicated). Right: the distribution of tau events as a function of the ratio between the total tau energy
and the proton beam energy for the same three beams. The shaded bands show the statistical uncertainties on Monte Carlo
samples.

For an ALP decaying to a pair of leptons of the same
flavor the decay width is given by

!(a → ω
+
ω
→) = |gωω|

2 m
2
ωma

8εf2
a

(
1 ↑

4m
2
ω

m2
a

)1/2

, (II.16)

while for decays to a pair of leptons of di”ering flavor the
partial decay width is given by,

!(a → ω
±
1 ω

↑
2 ) = |gω1ω2 |

2 (mω1 + mω2)
2
ma

16εf2
a

↓

[
1 ↑

(mω1 ↑ mω2)
2

m2
a

]
v(ma, mω1 , mω2).

(II.17)

Here, we define a → ω1ω2 as a sum of both modes, a →

ω
+
1 ω

→
2 and a → ω

→
1 ω

+
2 , so that !(a → ω

±
1 ω

↑
2 ) = !(a →

ω
+
1 ω

→
2 ) + !(a → ω

→
1 ω

+
2 ). The ALP can also decay into two

charged leptons and two neutrinos, e.g., a → µ
+
ϑεe

→
ϑ̄e

through gµε . However, these channels are suppressed by
G

2
F and by four-body decay phase space factors, and are

irrelevant in our discussion.

The ALP–lepton couplings generate at one-loop the
a → ϖϖ decays. For our analysis these are phenomenolog-
ically important only in the corners of parameter space.
Summing all lepton contributions for the a → ϖϖ decay
width, we get

!(a → ϖϖ) =
ϱ

2
m

3
a

64ε3f2
a

∣∣∣∣∣∣

∑

ω=e,µ,ε

gωω

[
1 ↑

4m
2
ω

m2
a

I
2
ϑϑ

(
ma

2mω

)]∣∣∣∣∣∣

2

,

(II.18)

where

Iϑϑ (z) =






arcsin (z) for z ↔ 1,

ε

2
+

i

2
log

[
z +

↗
z2 ↑ 1

z ↑
↗

z2 ↑ 1

]
for z > 1.

(II.19)
For ma ↘ 2mω, the term with Iϑϑ in Eq. (II.18) becomes
much smaller than one. For instance, if the axion is µ-
phobic then in the range 2me < ma < 2mε the ratio of
the diphoton width to the dielectron width grows with
axion mass, !(a → ϖϖ)/!(a → ee) ≃ ϱ

2
m

2
a/8ε

2
m

2
e ≃

8 ↓ (ma/mε )2. Where we have taken advantage of the
numerical coincidence that me/mε ⇐ ϱ/8ε. Thus, there
is a window around the ς mass, mε/3 ↭ ma ↭ 2mε ,
where the photon decay mode is dominant. This can
be seen in the bottom panel in Fig. 3. For ma ⇒ 2mω

the photon partial width scales with a high power of the
axion mass

!(a → ϖϖ) =
ϱ

2
g
2
ωω

962ε3

m
7
a

m4
ωf

2
a

+ O(m9
a) . (II.20)

So for light ς -philic axions, where this is the only avail-
able decay channel, the axion will also be long lived.

III. EXPERIMENTAL SIGNATURES

Next, we describe how we calculate the expected tau
production rate and the resulting ALP signals at di”erent
experiments.
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where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.

a
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)

a is long lived a is prompt
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FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
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2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)

a is long lived a is prompt



Prompt mulilepton tau decays
• Dark sector showers leading to SM-rich final states

• Tau mass allows many more final states than for other leptons

• Many candidate models — lepton “fingerprints”
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Kinetic mixing

U(1)’, kinetic mixing, no SM states charged

Higher (dim-6) operator gives off-diagonal scalar coupling
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Gauged lepton flavour
Gauge Lmu-Ltau, or some other (anomaly free) combination

Higher (dim-5) operator gives off-diagonal scalar coupling
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The kinetic mixing term in Eq. (28) can be removed via
field redefinition Âµ → Aµ ↑ωZ

→
µ, giving canonically nor-

malized A and Z
→. This also induces millicharged O(ω)

couplings of SM quarks to Z
→, and changes the couplings

of Z
→ to the SM charged leptons by O(ω) away from the

J
µ
ω↑ε current in Eq. (29). We will assume that ωe ↓ g

→ so
that the Z

→ couplings to leptons due to Lω↑Lε current in
Eq. (29) always dominate, and the O(ω) corrections can
be neglected. Note also, that if instead of Eq. (28) we
consider the U(1)→

ω↑ε Lagrangian above the electroweak
scale, the kinetic mixing is between hypercharge and Z

→.
After SU(2)L↔U(1)Y ↔U(1)→

→ U(1)EM breaking, there
will now also be a mixing between Z

→ and the SM Z. This
gives a correction to Z

→ mass, shifting mZ→ = g
→
v

→
Q! to

mZ→(1 + O(ω2)), and also induces tree-level couplings of
Z

→ to the SM Higgs H.
An important di!erence with the U(1)→ model (Model

I in Section III A), is that the LFV interactions can arise
already at dimension-5

↑LLFV,II =
k̃ij

”
#L̄iHεj +

k̃
→
ji

”
#↓

L̄jHεi + h.c. (30)

if the U(1)→
ω↑ε charge of # is Q! = [Li]ω↑ε ↑ [Lj ]ω↑ε ,

where [Li]ω↑ε = [εi]ω↑ε is the charge of i↑th generation
SM lepton under the U(1)→

ω↑ε . Focusing on U(1)µ↑ϑ , as
a benchmark example, LFV dimension-5 operators are
allowed by gauge invariance for

Q! =

{
+2 : k̃µϑ , k̃

→
ϑµ ↗= 0,

+1 : k̃eϑ , k̃µe, k̃
→
ϑe, k̃

→
eµ ↗= 0,

(31)

where we indicated which matrix elements in k̃, k̃
→ can be

nonzero in each of the two cases. That is, in the Q! = +2
case only ϑ → µ FCNCs are allowed at dimension 5 level,
while, in contrast, for Q! = +1 both ϑ → e and µ → e

transitions are allowed, and ϑ → µ is not.
For the two numerical benchmarks we take

Q! = +2 benchm. : k̃µϑ = k̃
→
ϑµ ↘ kµϑ , (32)

Q! = +1 benchm. : k̃eϑ = k̃
→
ϑe ↘ keϑ , k̃µe = k̃

→
eµ = 0,

(33)

with kµϑ and keϑ real (the motivation is simply a re-
duction in the number of parameters — our results
do not depend heavily on this simplification). Writing
# = (v→ + ϖ)/

≃
2, the dark scalar ϖ couples to the SM

charged leptons, after the electroweak symmetry and the
U(1)→ symmetry breaking. For the two benchmarks this
interaction term is given by

↑LLFV,II ⇐
v

2”
kijϖε̄iLεjR + h.c., (34)

where k = k̃ + k̃
→ is a symmetric 3 ↔ 3 matrix with as

the only nonzero entries either the kµϑ = kϑµ (Qµϑ
! = +2

benchmark) or keϑ = kϑe (Qµϑ
! = +1 benchmark).

The dimension-5 interactions in Eq. (30) also con-
tribute to the charged lepton mass matrix, in addition

to the usual SM Yukawa contribution, cf. Eq. (20). Af-
ter mass diagonalization we thus have

diag(me, mµ, mϑ ) = V
†
L

(
y + k

v
→

≃
2”

)
VR

v
≃

2
, (35)

with VL,R the two mass-matrix-diagonalizing unitary ma-
trices. This is similar to the charged lepton mass matrix
in dark photon model (Model I, Eq. (21)), except that
now the corrections arise already at O(v→

/”). Note also,
that the Lµ↑Lϑ charges are defined in the basis in which
y is diagonal. [PJF: Isn’t this enforced by Lµ↑Lϑ ?] [TM:
Elaborate why diagonal. Higg’s ins’t charged (note with
the charge assignments)]

The Z
→ couplings to the SM charged leptons are lepton

flavor violating, which is in contrast to the dark photon
model in Sec. III A. The reason is that in general the lep-
tonic charge matrices Q

µ↑ϑ
L,R = diag(0, 1, ↑1) in Eq. (29)

do not commute with VL,R, and thus induce flavor o!-
diagonal couplings to the Z

→. After transforming to the
mass basis, the flavor structure of the Z

→ couplings is
encoded in

V
†
LQµ↑ϑVL, V

†
RQµ↑ϑVR. (36)

In the limit kv
→
/2” ↓ yϑ , the mixing matrices can then

be parameterized as VL,R ⇒ 1 + $L,R with $†
L,R =

↑$L,R, such that

V
†
L,RQµ↑ϑVL,R ⇒ Qµ↑ϑ + [Qµ↑ϑ , $L,R]. (37)

For the two benchmarks this then gives for the nonzero
entries in $L,R,

($L,R)ϖ3 = ↑($L,R)3ϖ ⇒
kϖϑ

mϑ

v
→
v

2”
, ε = e, µ, (38)

where we neglected contributions suppressed by powers of
mϖ/mϑ . The lepton current coupling to the Z

→, Eq. (28),
is thus for the two benchmarks in Eq. (32) given by

J
µ
µ↑ϑ = µ̄ϱ

µ
µ ↑ ϑ̄ ϱ

µ
ϑ + ς̄µϱ

µ
PLςµ ↑ ς̄ϑϱ

µ
PLςϑ

+ 2
kµϑ

mϑ

v
→
v

2”
µ̄ϱ

µ
ϑ +

keϑ

mϑ

v
→
v

2”
ēϱ

µ
ϑ + h.c.,

(39)

where we neglect corrections of O($2
L,R). [TM: Split for

two benchmarks.]
The flavor violating couplings of ϖ to leptons are given

by Eq. (34). Rotating to the mass basis gives only sup-
pressed corrections, which can be neglected to the pre-
cision we work. That is, in the notation of Eq. (1), we
have

cij = (V †
LkVR)ij

v

2”
⇒ kij

v

2”
+ O

(
kij

mj

v
→
v
2

4”2

)
, (40)

and

µV = g
→
Q!mZ→ , gV = g

→
. (41)

Charge of scalar dictates decay mode: 
<latexit sha1_base64="bN22xdjLqIvBiDTC/2iQLXdQOnU="></latexit>
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Vector also has FV couplings, opening up 3-body decays
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Note that in this model both Z
→ and ω have LFV

couplings, in contrast to the dark photon model in Sec-
tion III A, where only the ω had LFV interactions. The
FCNC tau decays are thus both due to ε → ϑω and
ε → ϑZ

→. In the mω, mZ→ ↑ mε limit, the branching
ratios for the two channels are comparable

R
ϑ
ωZ→ ↓

!(ε → ωϑ)

!(ε → Z →ϑ)
↔ 1, (42)

as expected from the Goldstone boson equivalence theo-
rem. Therefore, in this model the ε → 3µ and ε → e2µ

signatures, which one obtains from the ε → ϑZ
→
, Z

→
→ 2µ

decay cascades for the Q
µε
! = +2 and Q

µε
! = +1 bench-

marks, respectively, compete with the ε → 5µ and
ε → e+4µ signatures from the ε → ϑω, ω → 2Z

→
, Z

→
→ 2µ

cascades. Since Br(Z →
→ 2µ) : Br(Z →

→ 2ϖ) ↔ 0.5 : 0.5,
we have

!(ε → ϑ + 4µ)

!(ε → ϑ + 2µ + 2ϖ)
↔ 0.5, ϑ = e, µ, (43)

in both benchmarks. For other Lϖ ↗ Lϱ choices one can
obtain other multilepton signatures. For instance, for
U(1)→ that gauges Le ↗ Lε one would instead have ε →

ϑ + 2e and ε → ϑ + 4e multibody decays, with ϑ = e, µ,
for the choices of charge assignments for ”.

Throughout this discussion we worked in the limit
where kinetic mixing is negligible, i.e., ϱ → 0 in Eq. (28).
Consequently there were no couplings of Z

→ to electrons
and quarks. This is unlikely to be the case, however.
That is, even if one forbids tree level couplings of Z

→ to
electrons and quarks, they will be induced at one-loop
due to loop-induced kinetic mixing between hypercharge
and Z

→, and thus couplings of Z
→ to the electromagnetic

current. The e#ective mixing parameter depends on mo-
mentum q flowing through the electromagnetic current,
and is for U(1)→ that gauges Lµ ↗ Lε given by [46]

ϱµε (q2) = ↗
eg

→

4ς2

∫ 1

0
dxx(x ↗ 1)↘

↘

[
3 log

(
m

2
µ + q

2
x(x ↗ 1)

m2
ε + q2x(x ↗ 1)

)

+ log

(
m

2
ς2

+ q
2
x(x ↗ 1)

m2
ς3

+ q2x(x ↗ 1)

)]
.

(44)

For Z
→ decays, q

2 = m
2
Z→ , so that this loop induced is

just a constant. Assuming that the tree level ϱ kinetic
mixing parameter vanishes, the bounds on Lµ↗Lε gauge
coupling is g

→ ↭ few ↘ 10↑4
↗ 10↑3 in the mass range of

interest, mA→ = 0.1 ↗ 1 GeV [47, 48]. It is, however, also
possible that the sum of one loop and tree level contri-
butions to the mixing, ϱµε + ϱ, cancel against each, in
which case these bounds would get relaxed.

The LFV Z
→ interactions in Eq. (39) induce ε → ϑφ

transition at one loop, due to a vertex correction with Z
→

exchange. The branching ratio Br(ε → ϑφ) is suppressed
by ↼

→
↼EM relative to Br(ε → 3ϑ) and Br(ε → 5ϑ) from

dark cascades. Since the current bounds on ε → 3ϑ and
ε → ϑφ are both of order O(10↑8), the bounds on ε → 3ϑ

at present dominate the constraints on this model.

C. Model III: gauged Le + Lµ → 2Lω

If the SM particle content is extended by nR right-
handed neutrinos Ni, the linear combination of lepton
numbers U(1)→ = a(Lϖ ↗ Lϱ) + b(Lϱ ↗ Lφ) is anomaly
free and can be gauged, if a and b satisfy 3ab(a ↗ b) =∑nR

i=1 Q
3
Ni

, with QNi the U(1)→ charges of right-handed
neutrinos [49]. Taking a = 1, b = 0 gives the models
discussed in Section III B. Here, let us take a = ↗b = 1,
with ↼ = e, ↽ = ε , and φ = µ, so that

U(1)→ = Le + Lµ ↗ 2Lε . (45)

This is an anomaly free choice, if there are nR = 3 right-
handed neutrinos with charges QN1 = 1, QN2 = 1, and
QN3 = ↗2.

The U(1)→ gauge group is spontaneously broken once
the scalar field ” charged under it, obtains a vev. If the
U(1)→ charge of ” is Q! = ↗3, then the dimension 5
LFV interactions necessarily involve the third generation
leptons and are in given by

↗L ≃
⇀e

$
”L̄εHeR +

⇀̃e

$
”↓

L̄eHεR

+
⇀µ

$
”L̄εHµR +

⇀̃µ

$
”↓

L̄µHεR + h.c..
(46)

That is, for Q! = ↗3 charge assignment the dimension
5 LFV operators will lead to ε → µω and/or ε → eω

decays, while the µ → eω transitions will be further sup-
pressed. When H and ” obtain vevs, the above Yukawa
like interactions in Eq. (46) contribute to the charged lep-
ton mass matrix. For simplicity let us take as a bench-
mark (similarly to the benchmark for the Lµ ↗Lε model
in the previous subsection)

⇀e = ⇀̃e, ⇀µ = ⇀̃µ, (47)

and assume that both ⇀e and ⇀µ are real. Rotating to
the mass basis as in Eq. (35), we have VL,R ↔ 1 + %L,R,
where, neglected contributions suppressed by powers of
mϑ/mε ,

(%L,R)ϑ3 = ↗(%L,R)3ϑ ↔
⇀ϑ

mε

v
→
v

[MH : 2]$
, ϑ = e, µ,

(48)
The Le + Lµ ↗ 2Lε lepton current coupling to the Z

→,
Lint ≃ g

→
Z

→
µJ

µ
e+µ↑2ε , is in the mass basis given by

J
µ
e+µ↑2ε = ēφ

µ
e + µ̄φ

µ
µ ↗ 2ε̄ φ

µ
ε

+ ϖ̄eφ
µ
PLϖe + ϖ̄µφ

µ
PLϖµ ↗ 2ϖ̄εφ

µ
PLϖε

+ 3
⇀µ

mε

v
→
v

2$
µ̄φ

µ
ε + 3

⇀e

mε

v
→
v

2$
ēφ

µ
ε + h.c.,

(49)

where we neglect corrections of O(%2
L,R). In this model

R
ϑ
ωZ→ =

!(ε → ωϑ)

!(ε → Z →ϑ)
↔

1

9
, (50)

Vector now has invisible decays, but no hadronic modes
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Model I IIa IIb III IVa IVb V

Seclud. U(1) U(1)Lµ→Lω U(1)Lµ→Lω U(1)Lµ+Le→2Lω Chiral Chiral Flav. prot.

/E ω decay Search Kinetic mix. Q! = +1 Q! = +2 Q! = →3 U(1)µ U(1)e scalar

ω ↑ 3µ [45] (✁) ✁ ✁ ✁ (✁)

/E = 0 ω ↑ 2µ e [40] (✁) ✁ ✁

3 leptons ω ↑ µ 2e [40] (✁) ✁ (✁)

ω ↑ 3e [40] (✁) ✁ ✁

/E > 0 ω ↑ µ 2ε [38, 55] ✁ ✁ ✁

3 leptons ω ↑ e 2ε [38, 55] ✁ ✁ ✁

ω ↑ 5µ [56]↑ ✁ ✁ ✁ ✁ (✁)

ω ↑ 4µ e ✂ ✁ ✁ ✁ (✁)

/E = 0 ω ↑ 3µ 2e ✂ ✁ ✁ (✁)

5 leptons ω ↑ 2µ 3e ✂ ✁ ✁ (✁)

ω ↑ µ 4e ✂ ✁ ✁ (✁)

ω ↑ 5e ✂ ✁ ✁ ✁ (✁)

ω ↑ 3µ 2ϑ ✂ ✁

ω ↑ 2µ e 2ϑ ✂ ✁

/E = 0 ω ↑ µ 2e 2ϑ ✂ ✁

hadrons ω ↑ µ 4ϑ ✂ ✁

ω ↑ 3e 2ϑ ✂ ✁

ω ↑ e 4ϑ ✂ ✁

ω ↑ 3µ 2ε ✂ ✁ ✁ (✁)

ω ↑ 2µ e 2ε [57] ✁ ✁

/E > 0 ω ↑ µ 2e 2ε ✂ ✁

5 leptons ω ↑ µ 4ε ✂ ✁ ✁ (✁)

ω ↑ 3e 2ε [57] ✁ (✁)

ω ↑ e 4ε ✂ ✁ ✁ (✁)

ω ↑ 7µ ✂ ✁

ω ↑ 6µ e ✂ ✁

/E = 0 ω ↑ 5µ 2e ✂ ✁

7 leptons ω ↑ 4µ 3e ✂ ✁

ω ↑ 3µ 4e ✂ ✁

ω ↑ 2µ5e ✂ ✁

ω ↑ µ6e ✂ ✁

ω ↑ 7e ✂ ✁

TABLE I. Master atlas for three-, five-, and seven-body ω decays into leptons and hadrons (ε denotes both SM and sterile
neutrinos). A checkmark indicates which model contributes at tree level, while greyed out checkmarks (✁) denote that the
signature is possible but is suppressed by higher powers of the new physics scale ! in benchmark models. The third column
indicates whether there has been an experimental search for the given decay channel: green indicates an existing search with

the corresponding reference, while red indicates no dedicated search has been performed. The ↓ denotes a preliminary LHCb
sensitivity study. Near the ϖ resonance (mV ↔ 782 MeV), V ↑ ϑ+ϑ→ϑ0 can also contribute in Model I, giving additional
hadronic channels, i.e., replacing 2ϑ ↑ 3ϑ and 4ϑ ↑ 5ϑ + 6ϑ in the above list of final states, see the inset in Fig. 3.

normalized A, A
→, and inducing millicharged couplings of

SM leptons and hadrons to A
→. The mass of A

→ is pro-
portional to U(1)→ symmetry breaking, and is given by
mA→ = gdv

→ assuming that ! has the U(1)→ charge +1.

The LFV is induced in this model via non-
renormalizable interactions between ! and SM fields.

Generically, the first SU(2)L-invariant LFV operators
appear at dimension-5, though these would require some
of the SM fields to be charged under U(1)→, which we
assume not to be the case for the dark photon. There-
fore, the first U(1)→-invariant LFV operators appear at

Belle II: 
<latexit sha1_base64="9VZDrgtQXwy0ifVpYLHyzt/GZiU="></latexit>

B <⇠ 10�8
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B <⇠ 10�3
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B <⇠ 10�5CLEO: 
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B <⇠ 10�8LHCb (prelim):
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dimension-6,

→LLFV,I =
ωij

!2
|”|

2
L̄iHεRj + h.c., (19)

where L = (L1, L2, L3)T and εR = (eR, µR, ϑR)T are vec-
tors in flavor space with the left and right-handed lep-
ton doublets, respectively, where L1 = (ϖe, eL), L2 =
(ϖµ, µL), L3 = (ϖω , ϑL), and ωij is a matrix of Wilson
coe#cients in flavor space.

After both ” and H obtain VEVs, the leptonic
mass matrix receives two contributions: one from the
dimension-6 operator in Eq. (19) and another from the
SM Yukawa couplings,

LSM ↑ →yijL̄iHεRj + h.c., (20)

where yij is the Yukawa matrix in flavor space. The
charged lepton masses are thus given by,

diag(me, mµ, mω ) = U
†
L

(
y + ω

v
→2

2!2

)
UR

v
↓

2
, (21)

where UL,R are the unitary matrices that diagonalize the
mass matrix. After transforming to the mass basis, the
low energy coe#cients in Eq. (1) are given by

cij = →(U†
Lω UR)ij

v
→
v

↓
2!2

, µV = 2gdmA→ , and gV = eϱ.

(22)
Note that because the dark photon inherits the same
flavor-conserving structure as the SM photon, QL =
QR = 1, all interactions between the dark photon and
the SM leptons are flavor conserving.

For 2me < mA→ < 2mε, dark photons will decay exclu-
sively through the dilepton channel, with partial width
given by Eq. (8). For mA→ > 2mε, A

→ will also decay to
hadrons with partial width

$A→↑hadrons = $A→↑µµ ↔ R(s = m
2
A→), (23)

where R ↗ ςe+e↑↑hadrons/ςe+e↑↑µ+µ↑ . Note that the
only hadronic decay channels of A

→ that are kinemati-
cally allowed are into pions. Here, the A

→
↘ φ

+
φ

↓ is the
dominant one, except when A

→ mass is almost degener-
ate with ↼, in which case A

→
↘ φ

+
φ

↓
φ

0 is the most im-
portant channel (in most of the discussion of this model
we neglect this signature for brevity). The A

→
↘ 4φ

channel is always subdominant. To separate these con-
tributions in Fig. 3, we decompose the total R-ratio into
exclusive hadronic channels using the vector meson dom-
inance (VMD) form factors of [60]. The branching ratios
for the main decay channels of A

→, as a function of mA→ ,
are shown in (the inset of) Fig. 3.

For mϑ > 2mA→ , ↽ will decay predominantly to dark
photons, ↽ ↘ 2A

→, provided the dark couplings are su#-
ciently larger than the non-renormalizable LFV interac-
tions involving first and second generation leptons, so as
to dominate over ↽ ↘ εiεj decays. For the benchmark
numerical values we use,

ϱ = 10↓4 and ⇀d = ⇀, (24)

along with the usual benchmark mass spectrum, Eq. (9),

mA→ = 300 MeV and mϑ = 1GeV. (25)

For these benchmark values both ↽ and A
→ decay

promptly, well within the viable parameter space shown
in Fig. 2,

cϑA→ ≃ 14µm

(
10↓4

ϱ

)2 (
300 MeV

mA→

)
, (26)

cϑϑ ≃ 33 fm

(
⇀

⇀d

) (
1 GeV

mϑ

)3 (
mA→

300 MeV

)2
. (27)

The lifetime of ↽ is determined by its decay ↽ ↘ 2A
→

for |cij | ↭ 10↓1, which is the situation we are interested
in. At the benchmark point the vector decays slightly
more to electrons than muons and has a O(1%) branch-
ing fraction to charged pions. The scalings in the above
estimates ignore the masses of the final state particles in
the phase space factors, see Eqs. (5) and (8), for complete
expressions.

As a benchmark we work directly with the low-energy
couplings cij in Eq. (1), and take

cµµ = cµω = 1, (28)

with all other cij = 0. This is the minimal choice that
induces both exotic five-body decays such as ϑ ↘ 5µ

(via the flavor-violating cµω ) and allows the ϑ ↘ 3µ con-
straint to apply (which requires the flavor-diagonal cµµ).
A more general flavor structure, with additional nonzero
entries cij , would open further decay channels but does
not change the qualitative conclusions regarding the dis-
covery reach. The predicted branching ratios as a func-
tion of mV are shown in Fig. 3. For each value of mV the
NP scale ! was set such that the ϑ ↘ 5µ branching ra-
tio equals the preliminary estimate for LHCb sensitivity,
Br(ϑ ↘ 5µ) = 4.2↔10↓8 [56]. Note that for larger mV it
may be advantageous to search for mixed lepton-hadronic
modes, such as ϑ ↘ 3µ2φ, ϑ ↘ µ4φ or ϑ ↘ 3µ3φ (if V

mass is close to ↼ meson), which are the dominant de-
cay modes in that mass range. The value of ! that gives
Br(ϑ ↘ 5µ) = 4.2 ↔ 10↓8, as a function of mϑ and mV

is shown in the left panel in Fig. 4 (the shaded region
denotes mV > mϑ/2, in which case the ↽ is o%-shell,
suppressing the ϑ ↘ 5µ signal).

The right panel in Fig. 4 shows the projected sensitiv-
ity to ! at Belle II (with 50 ab↓1) and FCC-ee. These
projections are obtained by rescaling the preliminary
LHCb ϑ ↘ 5µ sensitivity of B < 4.2 ↔ 10↓8[56] by the
expected increase in tau statistics at each facility, assum-
ing comparable per-tau sensitivity (see Section V). This
gives projected sensitivities of B ⇐ 3 ↔ 10↓10 for Belle II
and B ⇐ 8 ↔ 10↓11 for FCC-ee, applied uniformly to all
cascade final states. At each value of mV , the reach cor-
responds to the “best channel”, i.e., whichever cascade
channel yields the strongest constraint. Combining sev-
eral channels can lead to further improvements in the
reach.

Kinetic mixing
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FIG. 4. Sensitivity to the new physics scale ! in the secluded U(1)→ model with kinetic mixing (Model I). Left: The NP scale
! reach of ω → 5µ corresponding to the LHCb preliminary sensitivity B(ω → 5µ) < 4.2 ↑ 10↑8, shown in the (mV , mω) plane.
The red shaded region is kinematically forbidden (mV > mω/2). Right: Discovery reach as a function of mV , maximized over
mω for each mV . The shaded regions show existing constraints from the ω lifetime (blue,

∑
B /SM < 5 ↑ 10↑3, maximized over

all kinematically allowed mω) and from ω → 3µ (orange), the latter requiring a nonzero diagonal coupling cµµ = cεµ (see text).
All other curves are maximized over mω > 2mV , i.e., the on-shell cascade regime ε → V V . Solid and dashed curves show the
! reach of LHCb (preliminary, best channel and 5µ-only), In both panels ϑ = 10↑4, ϖd = ϖ, cµµ = cεµ = 1, and cεe = 0.

J
µ
ω→ε current in Eq. (30). We will assume that ωe → g

↑ so
that the Z

↑ couplings to leptons due to Lω↑Lε current in
Eq. (30) always dominate, and the O(ω) corrections can
be neglected. Note also, that if instead of Eq. (29) we
consider the U(1)↑

ω→ε Lagrangian above the electroweak
scale, the kinetic mixing is between hypercharge and Z

↑.
After SU(2)L↓U(1)Y ↓U(1)↑

↔ U(1)EM breaking, there
will now also be a mixing between Z

↑ and the SM Z. This
gives a correction to Z

↑ mass, shifting mZ→ = g
↑
v

↑
Q! to

mZ→(1 + O(ω2)), and also induces tree-level couplings of
Z

↑ to the SM Higgs H.
An important di!erence with the U(1)↑ model (Model I

in Section III A), is that the LFV interactions can arise
already at dimension-5

↑LLFV,II =
k̃ij

”
#L̄iHεj +

k̃
↑
ji

”
#↓

L̄jHεi + h.c., (31)

if the U(1)↑
ω→ε charge of # is Q! = [Li]ω→ε ↑ [Lj ]ω→ε ,

where [Li]ω→ε = [εi]ω→ε is the charge of i–th generation
SM lepton under the U(1)↑

ω→ε . Focusing on U(1)µ→ϑ , as
a benchmark example, LFV dimension-5 operators are
allowed by gauge invariance for

Q! =

{
+2 : k̃µϑ , k̃

↑
ϑµ ↗= 0,

+1 : k̃eϑ , k̃µe, k̃
↑
ϑe, k̃

↑
eµ ↗= 0,

(32)

where we indicated which matrix elements in k̃, k̃
↑ can be

nonzero in each of the two cases. That is, in the Q! = +2
case only ϑ ↔ µ FCNCs are allowed at dimension 5 level,

while, in contrast, for Q! = +1 both ϑ ↔ e and µ ↔ e

transitions are allowed, and ϑ ↔ µ is not.
For the two numerical benchmarks we take

Q! = +2 benchm. : k̃µϑ = k̃
↑
ϑµ ↘ kµϑ , (33)

Q! = +1 benchm. : k̃eϑ = k̃
↑
ϑe ↘ keϑ , k̃µe = k̃

↑
eµ = 0,

(34)

with kµϑ and keϑ real (the motivation is simply a re-
duction in the number of parameters — our results
do not depend heavily on this simplification). Writing
# = (v↑ + ϖ)/

≃
2, the dark scalar ϖ couples to the SM

charged leptons, after the electroweak symmetry and the
U(1)↑ symmetry breaking. For the two benchmarks this
interaction term is given by

↑LLFV,II ⇐
v

2”
kijϖε̄iLεjR + h.c., (35)

where k = k̃ + k̃
↑ is a symmetric 3 ↓ 3 matrix with as

the only nonzero entries either the kµϑ = kϑµ (Qµϑ
! = +2

benchmark) or keϑ = kϑe (Qµϑ
! = +1 benchmark).

The dimension-5 interactions in Eq. (31) also con-
tribute to the charged lepton mass matrix, in addition
to the usual SM Yukawa contribution, cf. Eq. (20). Af-
ter mass diagonalization we thus have

diag(me, mµ, mϑ ) = V
†
L

(
y + k

v
↑

≃
2”

)
VR

v
≃

2
, (36)

with VL,R the two mass-matrix-diagonalizing unitary ma-
trices. This is similar to the charged lepton mass matrix
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FIG. 4. Sensitivity to the new physics scale ! in the secluded U(1)→ model with kinetic mixing (Model I). Left: The NP scale
! reach of ω → 5µ corresponding to the LHCb preliminary sensitivity B(ω → 5µ) < 4.2 ↑ 10↑8, shown in the (mV , mω) plane.
The red shaded region is kinematically forbidden (mV > mω/2). Right: Discovery reach as a function of mV , maximized over
mω for each mV . The shaded regions show existing constraints from the ω lifetime (blue,

∑
B /SM < 5 ↑ 10↑3, maximized over

all kinematically allowed mω) and from ω → 3µ (orange), the latter requiring a nonzero diagonal coupling cµµ = cεµ (see text).
All other curves are maximized over mω > 2mV , i.e., the on-shell cascade regime ε → V V . Solid and dashed curves show the
! reach of LHCb (preliminary, best channel and 5µ-only), In both panels ϑ = 10↑4, ϖd = ϖ, cµµ = cεµ = 1, and cεe = 0.

J
µ
ω→ε current in Eq. (30). We will assume that ωe → g

↑ so
that the Z

↑ couplings to leptons due to Lω↑Lε current in
Eq. (30) always dominate, and the O(ω) corrections can
be neglected. Note also, that if instead of Eq. (29) we
consider the U(1)↑

ω→ε Lagrangian above the electroweak
scale, the kinetic mixing is between hypercharge and Z

↑.
After SU(2)L↓U(1)Y ↓U(1)↑

↔ U(1)EM breaking, there
will now also be a mixing between Z

↑ and the SM Z. This
gives a correction to Z

↑ mass, shifting mZ→ = g
↑
v

↑
Q! to

mZ→(1 + O(ω2)), and also induces tree-level couplings of
Z

↑ to the SM Higgs H.
An important di!erence with the U(1)↑ model (Model I

in Section III A), is that the LFV interactions can arise
already at dimension-5

↑LLFV,II =
k̃ij

”
#L̄iHεj +

k̃
↑
ji

”
#↓

L̄jHεi + h.c., (31)

if the U(1)↑
ω→ε charge of # is Q! = [Li]ω→ε ↑ [Lj ]ω→ε ,

where [Li]ω→ε = [εi]ω→ε is the charge of i–th generation
SM lepton under the U(1)↑

ω→ε . Focusing on U(1)µ→ϑ , as
a benchmark example, LFV dimension-5 operators are
allowed by gauge invariance for

Q! =

{
+2 : k̃µϑ , k̃

↑
ϑµ ↗= 0,

+1 : k̃eϑ , k̃µe, k̃
↑
ϑe, k̃

↑
eµ ↗= 0,

(32)

where we indicated which matrix elements in k̃, k̃
↑ can be

nonzero in each of the two cases. That is, in the Q! = +2
case only ϑ ↔ µ FCNCs are allowed at dimension 5 level,

while, in contrast, for Q! = +1 both ϑ ↔ e and µ ↔ e

transitions are allowed, and ϑ ↔ µ is not.
For the two numerical benchmarks we take

Q! = +2 benchm. : k̃µϑ = k̃
↑
ϑµ ↘ kµϑ , (33)

Q! = +1 benchm. : k̃eϑ = k̃
↑
ϑe ↘ keϑ , k̃µe = k̃

↑
eµ = 0,

(34)

with kµϑ and keϑ real (the motivation is simply a re-
duction in the number of parameters — our results
do not depend heavily on this simplification). Writing
# = (v↑ + ϖ)/

≃
2, the dark scalar ϖ couples to the SM

charged leptons, after the electroweak symmetry and the
U(1)↑ symmetry breaking. For the two benchmarks this
interaction term is given by

↑LLFV,II ⇐
v

2”
kijϖε̄iLεjR + h.c., (35)

where k = k̃ + k̃
↑ is a symmetric 3 ↓ 3 matrix with as

the only nonzero entries either the kµϑ = kϑµ (Qµϑ
! = +2

benchmark) or keϑ = kϑe (Qµϑ
! = +1 benchmark).

The dimension-5 interactions in Eq. (31) also con-
tribute to the charged lepton mass matrix, in addition
to the usual SM Yukawa contribution, cf. Eq. (20). Af-
ter mass diagonalization we thus have

diag(me, mµ, mϑ ) = V
†
L

(
y + k

v
↑

≃
2”

)
VR

v
≃

2
, (36)

with VL,R the two mass-matrix-diagonalizing unitary ma-
trices. This is similar to the charged lepton mass matrix
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FIG. 4. Sensitivity to the new physics scale ! in the secluded U(1)→ model with kinetic mixing (Model I). Left: The NP scale
! reach of ω → 5µ corresponding to the LHCb preliminary sensitivity B(ω → 5µ) < 4.2 ↑ 10↑8, shown in the (mV , mω) plane.
The red shaded region is kinematically forbidden (mV > mω/2). Right: Discovery reach as a function of mV , maximized over
mω for each mV . The shaded regions show existing constraints from the ω lifetime (blue,

∑
B /SM < 5 ↑ 10↑3, maximized over

all kinematically allowed mω) and from ω → 3µ (orange), the latter requiring a nonzero diagonal coupling cµµ = cεµ (see text).
All other curves are maximized over mω > 2mV , i.e., the on-shell cascade regime ε → V V . Solid and dashed curves show the
! reach of LHCb (preliminary, best channel and 5µ-only), In both panels ϑ = 10↑4, ϖd = ϖ, cµµ = cεµ = 1, and cεe = 0.

J
µ
ω→ε current in Eq. (30). We will assume that ωe → g

↑ so
that the Z

↑ couplings to leptons due to Lω↑Lε current in
Eq. (30) always dominate, and the O(ω) corrections can
be neglected. Note also, that if instead of Eq. (29) we
consider the U(1)↑

ω→ε Lagrangian above the electroweak
scale, the kinetic mixing is between hypercharge and Z

↑.
After SU(2)L↓U(1)Y ↓U(1)↑

↔ U(1)EM breaking, there
will now also be a mixing between Z

↑ and the SM Z. This
gives a correction to Z

↑ mass, shifting mZ→ = g
↑
v

↑
Q! to

mZ→(1 + O(ω2)), and also induces tree-level couplings of
Z

↑ to the SM Higgs H.
An important di!erence with the U(1)↑ model (Model I

in Section III A), is that the LFV interactions can arise
already at dimension-5

↑LLFV,II =
k̃ij

”
#L̄iHεj +

k̃
↑
ji

”
#↓

L̄jHεi + h.c., (31)

if the U(1)↑
ω→ε charge of # is Q! = [Li]ω→ε ↑ [Lj ]ω→ε ,

where [Li]ω→ε = [εi]ω→ε is the charge of i–th generation
SM lepton under the U(1)↑

ω→ε . Focusing on U(1)µ→ϑ , as
a benchmark example, LFV dimension-5 operators are
allowed by gauge invariance for

Q! =

{
+2 : k̃µϑ , k̃

↑
ϑµ ↗= 0,

+1 : k̃eϑ , k̃µe, k̃
↑
ϑe, k̃

↑
eµ ↗= 0,

(32)

where we indicated which matrix elements in k̃, k̃
↑ can be

nonzero in each of the two cases. That is, in the Q! = +2
case only ϑ ↔ µ FCNCs are allowed at dimension 5 level,

while, in contrast, for Q! = +1 both ϑ ↔ e and µ ↔ e

transitions are allowed, and ϑ ↔ µ is not.
For the two numerical benchmarks we take

Q! = +2 benchm. : k̃µϑ = k̃
↑
ϑµ ↘ kµϑ , (33)

Q! = +1 benchm. : k̃eϑ = k̃
↑
ϑe ↘ keϑ , k̃µe = k̃

↑
eµ = 0,

(34)

with kµϑ and keϑ real (the motivation is simply a re-
duction in the number of parameters — our results
do not depend heavily on this simplification). Writing
# = (v↑ + ϖ)/

≃
2, the dark scalar ϖ couples to the SM

charged leptons, after the electroweak symmetry and the
U(1)↑ symmetry breaking. For the two benchmarks this
interaction term is given by

↑LLFV,II ⇐
v

2”
kijϖε̄iLεjR + h.c., (35)

where k = k̃ + k̃
↑ is a symmetric 3 ↓ 3 matrix with as

the only nonzero entries either the kµϑ = kϑµ (Qµϑ
! = +2

benchmark) or keϑ = kϑe (Qµϑ
! = +1 benchmark).

The dimension-5 interactions in Eq. (31) also con-
tribute to the charged lepton mass matrix, in addition
to the usual SM Yukawa contribution, cf. Eq. (20). Af-
ter mass diagonalization we thus have

diag(me, mµ, mϑ ) = V
†
L

(
y + k

v
↑

≃
2”

)
VR

v
≃

2
, (36)

with VL,R the two mass-matrix-diagonalizing unitary ma-
trices. This is similar to the charged lepton mass matrix

Possible LHCb reach (estimate 
in Thesis, no analysis)

“Guesstimates”
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FIG. 4. Sensitivity to the new physics scale ! in the secluded U(1)→ model with kinetic mixing (Model I). Left: The NP scale
! reach of ω → 5µ corresponding to the LHCb preliminary sensitivity B(ω → 5µ) < 4.2 ↑ 10↑8, shown in the (mV , mω) plane.
The red shaded region is kinematically forbidden (mV > mω/2). Right: Discovery reach as a function of mV , maximized over
mω for each mV . The shaded regions show existing constraints from the ω lifetime (blue,

∑
B /SM < 5 ↑ 10↑3, maximized over

all kinematically allowed mω) and from ω → 3µ (orange), the latter requiring a nonzero diagonal coupling cµµ = cεµ (see text).
All other curves are maximized over mω > 2mV , i.e., the on-shell cascade regime ε → V V . Solid and dashed curves show the
! reach of LHCb (preliminary, best channel and 5µ-only), In both panels ϑ = 10↑4, ϖd = ϖ, cµµ = cεµ = 1, and cεe = 0.

J
µ
ω→ε current in Eq. (30). We will assume that ωe → g

↑ so
that the Z

↑ couplings to leptons due to Lω↑Lε current in
Eq. (30) always dominate, and the O(ω) corrections can
be neglected. Note also, that if instead of Eq. (29) we
consider the U(1)↑

ω→ε Lagrangian above the electroweak
scale, the kinetic mixing is between hypercharge and Z

↑.
After SU(2)L↓U(1)Y ↓U(1)↑

↔ U(1)EM breaking, there
will now also be a mixing between Z

↑ and the SM Z. This
gives a correction to Z

↑ mass, shifting mZ→ = g
↑
v

↑
Q! to

mZ→(1 + O(ω2)), and also induces tree-level couplings of
Z

↑ to the SM Higgs H.
An important di!erence with the U(1)↑ model (Model I

in Section III A), is that the LFV interactions can arise
already at dimension-5

↑LLFV,II =
k̃ij

”
#L̄iHεj +

k̃
↑
ji

”
#↓

L̄jHεi + h.c., (31)

if the U(1)↑
ω→ε charge of # is Q! = [Li]ω→ε ↑ [Lj ]ω→ε ,

where [Li]ω→ε = [εi]ω→ε is the charge of i–th generation
SM lepton under the U(1)↑

ω→ε . Focusing on U(1)µ→ϑ , as
a benchmark example, LFV dimension-5 operators are
allowed by gauge invariance for

Q! =

{
+2 : k̃µϑ , k̃

↑
ϑµ ↗= 0,

+1 : k̃eϑ , k̃µe, k̃
↑
ϑe, k̃

↑
eµ ↗= 0,

(32)

where we indicated which matrix elements in k̃, k̃
↑ can be

nonzero in each of the two cases. That is, in the Q! = +2
case only ϑ ↔ µ FCNCs are allowed at dimension 5 level,

while, in contrast, for Q! = +1 both ϑ ↔ e and µ ↔ e

transitions are allowed, and ϑ ↔ µ is not.
For the two numerical benchmarks we take

Q! = +2 benchm. : k̃µϑ = k̃
↑
ϑµ ↘ kµϑ , (33)

Q! = +1 benchm. : k̃eϑ = k̃
↑
ϑe ↘ keϑ , k̃µe = k̃

↑
eµ = 0,

(34)

with kµϑ and keϑ real (the motivation is simply a re-
duction in the number of parameters — our results
do not depend heavily on this simplification). Writing
# = (v↑ + ϖ)/

≃
2, the dark scalar ϖ couples to the SM

charged leptons, after the electroweak symmetry and the
U(1)↑ symmetry breaking. For the two benchmarks this
interaction term is given by

↑LLFV,II ⇐
v

2”
kijϖε̄iLεjR + h.c., (35)

where k = k̃ + k̃
↑ is a symmetric 3 ↓ 3 matrix with as

the only nonzero entries either the kµϑ = kϑµ (Qµϑ
! = +2

benchmark) or keϑ = kϑe (Qµϑ
! = +1 benchmark).

The dimension-5 interactions in Eq. (31) also con-
tribute to the charged lepton mass matrix, in addition
to the usual SM Yukawa contribution, cf. Eq. (20). Af-
ter mass diagonalization we thus have

diag(me, mµ, mϑ ) = V
†
L

(
y + k

v
↑

≃
2”

)
VR

v
≃

2
, (36)

with VL,R the two mass-matrix-diagonalizing unitary ma-
trices. This is similar to the charged lepton mass matrix

Existing Belle-II constraints

Possible LHCb reach (estimate 
in Thesis, no analysis)

“Guesstimates”
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FIG. 4. Sensitivity to the new physics scale ! in the secluded U(1)→ model with kinetic mixing (Model I). Left: The NP scale
! reach of ω → 5µ corresponding to the LHCb preliminary sensitivity B(ω → 5µ) < 4.2 ↑ 10↑8, shown in the (mV , mω) plane.
The red shaded region is kinematically forbidden (mV > mω/2). Right: Discovery reach as a function of mV , maximized over
mω for each mV . The shaded regions show existing constraints from the ω lifetime (blue,

∑
B /SM < 5 ↑ 10↑3, maximized over

all kinematically allowed mω) and from ω → 3µ (orange), the latter requiring a nonzero diagonal coupling cµµ = cεµ (see text).
All other curves are maximized over mω > 2mV , i.e., the on-shell cascade regime ε → V V . Solid and dashed curves show the
! reach of LHCb (preliminary, best channel and 5µ-only), In both panels ϑ = 10↑4, ϖd = ϖ, cµµ = cεµ = 1, and cεe = 0.

J
µ
ω→ε current in Eq. (30). We will assume that ωe → g

↑ so
that the Z

↑ couplings to leptons due to Lω↑Lε current in
Eq. (30) always dominate, and the O(ω) corrections can
be neglected. Note also, that if instead of Eq. (29) we
consider the U(1)↑

ω→ε Lagrangian above the electroweak
scale, the kinetic mixing is between hypercharge and Z

↑.
After SU(2)L↓U(1)Y ↓U(1)↑

↔ U(1)EM breaking, there
will now also be a mixing between Z

↑ and the SM Z. This
gives a correction to Z

↑ mass, shifting mZ→ = g
↑
v

↑
Q! to

mZ→(1 + O(ω2)), and also induces tree-level couplings of
Z

↑ to the SM Higgs H.
An important di!erence with the U(1)↑ model (Model I

in Section III A), is that the LFV interactions can arise
already at dimension-5

↑LLFV,II =
k̃ij

”
#L̄iHεj +

k̃
↑
ji

”
#↓

L̄jHεi + h.c., (31)

if the U(1)↑
ω→ε charge of # is Q! = [Li]ω→ε ↑ [Lj ]ω→ε ,

where [Li]ω→ε = [εi]ω→ε is the charge of i–th generation
SM lepton under the U(1)↑

ω→ε . Focusing on U(1)µ→ϑ , as
a benchmark example, LFV dimension-5 operators are
allowed by gauge invariance for

Q! =

{
+2 : k̃µϑ , k̃

↑
ϑµ ↗= 0,

+1 : k̃eϑ , k̃µe, k̃
↑
ϑe, k̃

↑
eµ ↗= 0,

(32)

where we indicated which matrix elements in k̃, k̃
↑ can be

nonzero in each of the two cases. That is, in the Q! = +2
case only ϑ ↔ µ FCNCs are allowed at dimension 5 level,

while, in contrast, for Q! = +1 both ϑ ↔ e and µ ↔ e

transitions are allowed, and ϑ ↔ µ is not.
For the two numerical benchmarks we take

Q! = +2 benchm. : k̃µϑ = k̃
↑
ϑµ ↘ kµϑ , (33)

Q! = +1 benchm. : k̃eϑ = k̃
↑
ϑe ↘ keϑ , k̃µe = k̃

↑
eµ = 0,

(34)

with kµϑ and keϑ real (the motivation is simply a re-
duction in the number of parameters — our results
do not depend heavily on this simplification). Writing
# = (v↑ + ϖ)/

≃
2, the dark scalar ϖ couples to the SM

charged leptons, after the electroweak symmetry and the
U(1)↑ symmetry breaking. For the two benchmarks this
interaction term is given by

↑LLFV,II ⇐
v

2”
kijϖε̄iLεjR + h.c., (35)

where k = k̃ + k̃
↑ is a symmetric 3 ↓ 3 matrix with as

the only nonzero entries either the kµϑ = kϑµ (Qµϑ
! = +2

benchmark) or keϑ = kϑe (Qµϑ
! = +1 benchmark).

The dimension-5 interactions in Eq. (31) also con-
tribute to the charged lepton mass matrix, in addition
to the usual SM Yukawa contribution, cf. Eq. (20). Af-
ter mass diagonalization we thus have

diag(me, mµ, mϑ ) = V
†
L

(
y + k

v
↑

≃
2”

)
VR

v
≃

2
, (36)

with VL,R the two mass-matrix-diagonalizing unitary ma-
trices. This is similar to the charged lepton mass matrix

Existing Belle-II constraints

Possible LHCb reach (estimate 
in Thesis, no analysis)

“Guesstimates”

Considerable 
improvement 

possible
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FIG. 6. Same as Fig. 4 but for the gauged Le + Lµ → 2Lω model (Model III) with dimension-5 LFV operators. Left: The
heatmap shows the best fully visible five-body channel (/E = 0, i.e., excluding cascade final states with neutrinos) at each point,
assuming comparable experimental sensitivity across channels. Right: In addition to the ω lifetime (blue,

∑
Bω→ /SM < 5↑10↑3,

maximized over all kinematically allowed mε), the shaded regions show existing constraints from the direct three-body decays
ω ↓ 3µ (Belle II, green) and ω ↓ µ, e+e↑ (Belle, orange), as well as the semi-invisible cascade channel ω ↓ µ, e+e↑ + inv
(CLEO, purple) and ω ↓ µ+inv (Belle II, teal). All other curves are maximized over mε > 2mV (on-shell cascade regime). For
this model RεZ→ ↔ 1, so the direct ω ↓ ε, Z↓ channels compete with the five-body cascades; the Belle II and FCC-ee projections
reflect the best sensitivity across both topologies. In both panels Q! = →3, ϑµ = ϑ̃µ, ϑe = 0.

where we neglect corrections of O(!2
L,R). As expected for

a model where the ” coupling is a dimension-5 operator

R
ω
εZ→ =

#(ω → εϑ)

#(ω → Z →ϑ)
↑ 1. (51)

The decays of the U(1)→ gauge boson are, up to phase
space considerations, the same for electrons and muons,
namely #Z→↑ee ↑ #Z→↑µµ. Assuming that the ster-
ile neutrinos are heavier, we thus have B(Z →

→ ee) ↑

B(Z →
→ µµ) ↑ B(Z →

→ ϖϖ) = 0.2 : 0.2 : 0.6. The
ω → ϑε, ε → 2Z

→ cascade decays will thus lead to a num-
ber of multi-lepton decays. The decays channels with
odd number of electrons + positrons in the final state
arise when ϱe, ϱ̃e ↓= 0, with branching ratios that are
controlled by the Z

→ decay branching ratios,

B(ω → 5e) : B(ω → e4µ) : B(ω → 3e2µ) :

B(ω → 3e2ϖ) : B(ω → e2µ2ϖ) : B(ω → e4ϖ)

↑ 0.04 : 0.04 : 0.08 : 0.24 : 0.24 : 0.36.

(52)

Similarly, if ϱµ, ϱ̃µ ↓= 0, one obtains final states with odd
number of muons.

B(ω → 5µ) : B(ω → µ4e) : B(ω → 3µ2e) :

B(ω → 3µ2ϖ) : B(ω → µ2e2ϖ) : B(ω → µ4ϖ)

↑ 0.04 : 0.04 : 0.08 : 0.24 : 0.24 : 0.36.

(53)

The relative sizes between the two sets of branching ratios
depend on the values of ϱi and are, ignoring phase space

e$ects, given by

B(ω → odd e)

B(ω → oddµ)
↑

|ϱe|
2 + |ϱ̃e|

2

|ϱµ|2 + |ϱ̃µ|2
. (54)

The predicted branching ratios as a function of mV are
shown in Fig. 5, and the resulting bounds on % are shown
in Fig. 6. The projected Belle II and FCC-ee sensitivi-
ties in Fig. 6 are obtained by rescaling current ω → 3µ

and ω → µ e
+
e
↓ upper limits by the expected increase

in tau statistics (see Section V). As a benchmark we set
ϱµ = ϱ̃µ ↓= 0 with ϱe = ϱ̃e = 0, which is the mini-
mal choice that induces exotic tau decays with odd muon
number while keeping the electron channels in Eq. (52)
closed. Note that unlike Model I, no separate flavor-
diagonal scalar coupling is needed for the ω → 3µ con-
straint to apply: in this model R

ω
εZ→ ↑ 1, so the ω → µZ

→,
Z

→
→ µ

+
µ

↓ cascade contributes to ω → 3µ at the same
order as the five-body channels, with the flavor-diagonal
Z

→ couplings fixed by the gauge structure. A more gen-
eral flavor structure with ϱe, ϱ̃e ↓= 0 would open the ad-
ditional odd-electron channels in Eq. (52) but does not
change the qualitative conclusions. Among the above ex-
otic decay channels, the ω → ϑ4ϖ decays have the largest
branching ratios. However, they also face a very large
SM background from tree level leptonic tau decays. The
main sensitivity is thus expected to come from tau decays
to five charged leptons. The ω → ϑ2ϑ

→2ϖ decays also face
SM backgrounds, however, one can still search for exotic
decays by searching for a bump in the 2ϑ

→ invariant mass.

Gauged lepton flavour
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FIG. 5. Same as Fig. 3 but for the gauged Le + Lµ → 2Lω model (Model III) with mε = 1 GeV. In this model the Z→ carries
lepton-flavor-violating couplings (RεZ→ ↑ 1), giving rise to both five-body cascade decays (ω ↓ µ, ε ↓ µ, Z→Z→) and direct
three-body decays (ω ↓ µ, Z→). At each mV the LFV coupling is fixed by saturating the strongest existing bound among the
Belle ω ↓ µe+e↑ (orange line, 1.8↔10↑8), Belle II ω ↓ 3µ limit (dark red line, 1.9↔10↑8), and the preliminary LHCb ω ↓ 5µ
estimate of sensitivity (black line, 4.2 ↔ 10↑8). The gray shaded region above the Belle and Belle II lines is excluded. Because
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that

U(1)→ = Le + Lµ → 2Lω . (46)

This is an anomaly free choice, if there are nR = 3 right-
handed neutrinos with charges QN1 = 1, QN2 = 1, and
QN3 = →2. In general, we can introduce three right-
handed neutrinos with QN1 = a, QN2 = →b, and QN3 =
b → a to cancel the anomaly for any choice of a and b.

The U(1)→ gauge group is spontaneously broken once
the scalar field ! charged under it, obtains a VEV. If
the U(1)→ charge of ! is Q! = →3, then the dimension-5
LFV interactions necessarily involve the third generation
leptons and are given by

→L ↑
ωe

”
!L̄ωHeR +

ω̃e

”
!↑

L̄eHεR

+
ωµ

”
!L̄ωHµR +

ω̃µ

”
!↑

L̄µHεR + h.c..
(47)

That is, for Q! = →3 charge assignment the dimension-
5 LFV operators will lead to ε ↓ µϑ and/or ε ↓ eϑ

decays, while the µ ↓ eϑ transitions will be further
suppressed even if kinematically allowed. When H and

! obtain VEVs, the above Yukawa like interactions in
Eq. (47) contribute to the charged lepton mass matrix.
For simplicity let us take as a benchmark (similarly to
the benchmark for the Lµ → Lω model in the previous
subsection)

ωe = ω̃e, ωµ = ω̃µ, (48)

and assume that both ωe and ωµ are defined in the ba-
sis where the e – µ block of the SM Yukawa matrix yij

has been diagonalized. Rotating to the mass basis as in
Eq. (36), we have VL,R ↔ 1 + #L,R, where, neglected
contributions suppressed by powers of mε/mω ,

(#L,R)ε3 = →(#L,R)3ε ↔
ωε

mω

v
→
v

2”
, ϖ = e, µ. (49)

The Le + Lµ → 2Lω lepton current coupling to the Z
→,

Lint ↑ g
→
Z

→
µJ

µ
e+µ↓2ω , is in the mass basis given by

J
µ
e+µ↓2ω = ēϱ

µ
e + µ̄ϱ

µ
µ → 2ε̄ ϱ

µ
ε

+ ς̄eϱ
µ
PLςe + ς̄µϱ

µ
PLςµ → 2ς̄ωϱ

µ
PLςω

+ 3
ωµ

mω

v
→
v

2”
µ̄ϱ

µ
ε + 3

ωe

mω

v
→
v

2”
ēϱ

µ
ε + h.c.,

(50)
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FIG. 6. Same as Fig. 4 but for the gauged Le + Lµ → 2Lω model (Model III) with dimension-5 LFV operators. Left: The
heatmap shows the best fully visible five-body channel (/E = 0, i.e., excluding cascade final states with neutrinos) at each point,
assuming comparable experimental sensitivity across channels. Right: In addition to the ω lifetime (blue,

∑
Bω→ /SM < 5↑10↑3,

maximized over all kinematically allowed mε), the shaded regions show existing constraints from the direct three-body decays
ω ↓ 3µ (Belle II, green) and ω ↓ µ, e+e↑ (Belle, orange), as well as the semi-invisible cascade channel ω ↓ µ, e+e↑ + inv
(CLEO, purple) and ω ↓ µ+inv (Belle II, teal). All other curves are maximized over mε > 2mV (on-shell cascade regime). For
this model RεZ→ ↔ 1, so the direct ω ↓ ε, Z↓ channels compete with the five-body cascades; the Belle II and FCC-ee projections
reflect the best sensitivity across both topologies. In both panels Q! = →3, ϑµ = ϑ̃µ, ϑe = 0.

where we neglect corrections of O(!2
L,R). As expected for

a model where the ” coupling is a dimension-5 operator

R
ω
εZ→ =

#(ω → εϑ)

#(ω → Z →ϑ)
↑ 1. (51)

The decays of the U(1)→ gauge boson are, up to phase
space considerations, the same for electrons and muons,
namely #Z→↑ee ↑ #Z→↑µµ. Assuming that the ster-
ile neutrinos are heavier, we thus have B(Z →

→ ee) ↑

B(Z →
→ µµ) ↑ B(Z →

→ ϖϖ) = 0.2 : 0.2 : 0.6. The
ω → ϑε, ε → 2Z

→ cascade decays will thus lead to a num-
ber of multi-lepton decays. The decays channels with
odd number of electrons + positrons in the final state
arise when ϱe, ϱ̃e ↓= 0, with branching ratios that are
controlled by the Z

→ decay branching ratios,

B(ω → 5e) : B(ω → e4µ) : B(ω → 3e2µ) :

B(ω → 3e2ϖ) : B(ω → e2µ2ϖ) : B(ω → e4ϖ)

↑ 0.04 : 0.04 : 0.08 : 0.24 : 0.24 : 0.36.

(52)

Similarly, if ϱµ, ϱ̃µ ↓= 0, one obtains final states with odd
number of muons.

B(ω → 5µ) : B(ω → µ4e) : B(ω → 3µ2e) :

B(ω → 3µ2ϖ) : B(ω → µ2e2ϖ) : B(ω → µ4ϖ)

↑ 0.04 : 0.04 : 0.08 : 0.24 : 0.24 : 0.36.

(53)

The relative sizes between the two sets of branching ratios
depend on the values of ϱi and are, ignoring phase space

e$ects, given by

B(ω → odd e)

B(ω → oddµ)
↑

|ϱe|
2 + |ϱ̃e|

2

|ϱµ|2 + |ϱ̃µ|2
. (54)

The predicted branching ratios as a function of mV are
shown in Fig. 5, and the resulting bounds on % are shown
in Fig. 6. The projected Belle II and FCC-ee sensitivi-
ties in Fig. 6 are obtained by rescaling current ω → 3µ

and ω → µ e
+
e
↓ upper limits by the expected increase

in tau statistics (see Section V). As a benchmark we set
ϱµ = ϱ̃µ ↓= 0 with ϱe = ϱ̃e = 0, which is the mini-
mal choice that induces exotic tau decays with odd muon
number while keeping the electron channels in Eq. (52)
closed. Note that unlike Model I, no separate flavor-
diagonal scalar coupling is needed for the ω → 3µ con-
straint to apply: in this model R

ω
εZ→ ↑ 1, so the ω → µZ

→,
Z

→
→ µ

+
µ

↓ cascade contributes to ω → 3µ at the same
order as the five-body channels, with the flavor-diagonal
Z

→ couplings fixed by the gauge structure. A more gen-
eral flavor structure with ϱe, ϱ̃e ↓= 0 would open the ad-
ditional odd-electron channels in Eq. (52) but does not
change the qualitative conclusions. Among the above ex-
otic decay channels, the ω → ϑ4ϖ decays have the largest
branching ratios. However, they also face a very large
SM background from tree level leptonic tau decays. The
main sensitivity is thus expected to come from tau decays
to five charged leptons. The ω → ϑ2ϑ

→2ϖ decays also face
SM backgrounds, however, one can still search for exotic
decays by searching for a bump in the 2ϑ

→ invariant mass.

Both scalar and 
vector flavour 

violating 
couplings

Scale by increased lumi
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where the canonical kinetic term for a,

Lkin =
1

2
(ωµa)2 →

1

2
m

2
aa

2
, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
ωµa

2fa

∑

i,j

[
g

ij
L L̄iε

µ
PLLj + g

ij
R ϑ̄iε

µ
PRϑj

]
, (I.5)

where we made the chirality explicit. In this expression,
fa is the overall suppression scale, while the indices on
the dimensionless real coe!cients g

ij
L and g

ij
R run over

the three generations of SM leptons, i, j = 1, 2, 3.
In the analysis and numerical calculation below we

limit ourselves to the situation where g
ij
L and g

ij
R have the

same magnitude but opposite sign, i.e., gω1ω2 = g
ω1ω2
L =

→g
ω1ω2
R , and use the following short-hand notation,

1

fω1ω2

=
gω1ω2

fa
. (I.6)

The Lagrangian in Eq. (I.5) has two phenomenologi-
cally important features. The o”-diagonal couplings f

→1
eε

and f
→1
µε induce flavor-changing neutral current (FCNC)

decays ϖ ↑ ea and ϖ ↑ µa. Since these are induced by
dimension-5 operators they are parametrically enhanced
by (m2

W /mεfωε )2 compared to the SM decay rates, which
are suppressed by Fermi coupling constant GF ↓ 1/m

2
W .

Therefore, nonzero f
→1
µε and f

→1
eε can e!ciently produce

a in any process that results in ϖ leptons.
The second notable feature of the Lagrangian

in Eq. (I.5) is the additional suppression of the par-
tial decay widths a ↑ µ

+
µ

→ and, in particular, a ↑

e
+
e
→. The currents that the axion couples to are con-

served in the limit of massless leptons, so the two decays
widths are proportional to lepton masses. In particu-
lar, #(a ↑ µ

+
µ

→) ↓ ma(mµ/fµµ)2 and #(a ↑ e
+
e
→) ↓

ma(me/fee)2, and are thus suppressed by the relative
smallness of the leptonic masses mµ and me relative to
the fiducial mass scale set by ma, which can be as large
as ↔ 1 GeV. As a result, a is expected to be relatively
long-lived, potentially giving rise to displaced decay sig-
natures — a possibility that we explore in this work.

Even though we restricted the parameter space of pos-
sible ALP couplings to just the ones coupling ALPs to
leptons, there is still considerable freedom in the choices
for these couplings. At the qualitative level, though,
the bulk of the phenomenology can be captured by con-
sidering the following lepton-flavor-violating (LFV) and
lepton-flavor-conserving (LFC) benchmark scenarios:

1. Anarchical LFV. This scenario assumes a “demo-
cratic” pattern of couplings, without any particular
suppression of the o”-diagonal couplings:

gεε ↔ gµε ↔ gµµ ↔ gee, etc. (I.7)

The main source of a will be the FCNC production
from ϖ ↑ ϑa, while the dominant a decay chan-
nel will be into the heaviest kinematically available
lepton pair.

a

τ+
GF

νℓ

ℓ+

ντ
f −1
a

a

τ+
GF

π+, ρ+

ντ
f −1
a

a
τ+

ℓ+

f −1
a a

ℓ−2

f −1
a

ℓ+1

FIG. 1. Tau decays involving LFV (top left) and LFC (bot-
tom row) ALPs, where, in addition, the ALP can also attach
to ω̄ω (not shown). The ALP decay is shown in the top right.

2. Hierarchical LFV. In this scenario the flavor-
changing couplings are assumed to be smaller,

gεε ↔ gµµ ↔ gee > gµε , geε , geµ , (I.8)

but not negligible, so that the FCNC decays ϖ ↑ ϑa

still dominate ALP production. Within this sce-
nario, we will be able to explore how the size of the
hierarchy between LFV and LFC couplings impacts
the experimental reach.

3. Universal LFC. In this benchmark, the FCNC cou-
plings are set to zero, while the diagonal couplings
have no particular pattern

gεε ↔ gµµ ↔ gee; gµε = geε = geµ = 0. (I.9)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ϖ ↑ ϱςa; ϱϱςa etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

4. Non-universal LFC. In this benchmark, ALPs only
have flavor diagonal couplings to leptons, and these
exhibit a hierarchical pattern. We are particularly
interested in the case, where ALPs produced in tau
decays are always long-lived, which occurs for a fla-
vor non-universal coupling choice of

gµµ ↗ gεε ; gµε = geε = geµ = 0. (I.10)

Depending on whether gee is sizeable or not, the
ALP will decay mostly to e

+
e
→ or to εε, but it will

be typically long-lived in the mass range of interest.
We consider both cases: a µ-phobic ALP, with

gµµ ↗ gee ↔ gεε , (I.11)

and a ϖ -philic scenario with

gµµ, gee ↗ gεε . (I.12)

a is long lived a is prompt

Modulation
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The existence of dark matter (DM) would provide
smoking-gun evidence for physics beyond the Standard
Model (SM), yet its particle nature remains unknown
despite decades of dedicated experiments [1]. While these
searches have traditionally focused on DM masses near the
weak scale, in recent years, this global effort has broadened
to cover a wide range of DM masses. Such strategies
incorporate techniques from diverse disciplines, including
accelerator [2], condensed matter [3,4], and atomic/
molecular/optical physics [5], and their relative advantages
depend greatly on the DM mass scale.
Based on the measured dark matter mass density and the

Tremaine-Gunn bound [6], any self consistent theory of
“ultralight” DM must be both bosonic and wavelike with a
present day classical field value [7]

ϕcðtÞ ¼ ϕ0 cosðmϕtþ δÞ; ð1Þ

where mϕ is the DM mass, δ is an arbitrary phase. The
amplitude satisfies

ϕ0 ¼
ffiffiffiffiffiffiffiffi
2ρϕ

p

mϕ
≃ 2.5 TeV

"
10−15 eV

mϕ

#
; ð2Þ

where ρϕ ¼ 0.4 GeV=cm3 is the local dark matter mass
density [8] and ϕ is said to be “misaligned” from its
potential minimum [9–11]. This unique [12] description of
ultralight DM offers a powerful first-principles starting
point for any investigation into DM candidate masses in the
range 10−21 eV < mϕ < 1 eV. Masses below 10−21 eV are
excluded because the DM de-Broglie wavelength exceeds
the scale of dwarf galaxies [13,14].
As the field in Eq. (1) modulates in time with frequency

mϕ, interactions between ϕ and the SM fields can inherit
the characteristic periodicity

τϕ ¼ 2π
mϕ

≃ 4 s
"
10−15 eV

mϕ

#
; ð3Þ

which may be appreciable on experimental timescales.
While there is a large literature on DM-induced time
variation in fundamental constants, particle masses, and
nuclear spin-precession, these strategies assume flavor
blind interactions between ϕ and SM fields (see
Refs. [15–17] for reviews). Ultralight DM has been studied
as a catalyst for time variation in the quark and lepton
mixing matrices [18–24], in the CP phase of strong
interactions [25–27], and of fundamental constants (see,
e.g., [28]). However, to date, no study has explored its
possible impact on flavor violating processes.
In this Letter, we introduce a novel DM search strategy

based on flavor changing neutral current (FCNC)
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Allows removal of static systematic backgrounds

to mϕ depend explicitly
on the local DM density, ϕc,

leading to position
dependen

t fine-tun
ing. This

problem

does not
exist if th

ere are two separate fields onl
y one of

which has a classical
field value.

As a concrete
example we w

ill consid
er interac

tions of

the form

Lint ⊃
iϕð∂μϕ

0Þ

2f2
liγ

μðCV
ij þ CA

ijγ5Þlj þ H:c:;
ð6Þ

where ϕ is DM and ϕ
0 is another

ultralight
dark secto

r field,

CV;A
ij

are Hermitian matrices in flavor sp
ace and the i, j

indices ru
n over all c

harged fermion species, a
nd f is the

effective
energy sc

ale associ
ated with

the gener
ation of th

is

operator.
In Supplemental Material we show that the

interactio
n in Eq. (6

) can be th
e leading

DM-SM interactio
n

if ϕ and ϕ0 are pseudo-N
ambu-Go

ldstone bosons of a

spontaneo
usly broken non-Abel

ian global sy
mmetry, and

how f relates to
the physi

cs that ge
nerates th

is operato
r. In

Supplemental Material [58
] we also

give furth
er examples

of such quadratic
interactio

ns with the dark sector.

Since the interactio
n in Eq. (6) c

ontains tw
o light field

insertions
, expandi

ng ϕ around its backg
round value, ϕc,

results in
time-depend

ent FCNC
decays at

leading o
rder. To

make this t
ime modulation

manifest, w
e integrat

e by parts

and replace the ϕ field with ϕc to obtain

Lint⊃
ϕc

2f2
ϕ0li

h
CV

ijðmli
−mlj

ÞþCA
ijðmli

þmlj
Þγ5

i
lj; ð7Þ

where mli
is the mass of li. The

branching
fraction for

li → ljϕ
0 decays is now explicitly

calculated
from the

diagram
in Fig. 2 and is time dependen

t,

Bðli → ljϕ
0Þ ¼

C2
ijϕ

2
0

64πf
4

m3
li

Γli

cos2ðmϕtþ δÞ; ð8Þ

where C
2
ij ≡ jCV

ijj
2 þ jCA

ijj
2 , Γli

is the tota
l width of lepton

li, ϕ0 is the field amplitude from Eq. (2), a
nd we have

approxim
ated all fi

nal state p
articles as

massless ex
cept for

the appea
rance of mϕ in th

e cosine.
Note that

, as part o
f the

dark secto
r, ϕ0 will

be invisib
le on acce

lerator len
gth scales

.

Observin
g periodic

signals—
New physics transition

s

li → ljϕ
0 have an irreducibl

e SM backgrou
nd from the

tree-level
W-boson mediated decays, li → ljνiν̄j.

Because

of three-b
ody kinem

atics, this
backgrou

nd mimics the
signal

li → ljϕ
0 onlywhen

the invari
ant mass of the

two neutr
inos

is close to
zero, with

in experimental reso
lution (th

e ϕ0 mass

is assume
d to be far bel

ow the invisi
ble mass resolu

tion in

these exp
eriments). Tim

e-depende
nt signals

offer a va
luable

handle to distinguis
h signal fro

m backgrou
nd, partic

ularly

because
the backgrou

nd events do not exhibit periodic

modulatio
n. Observing

a time modulation
in li → ljϕ

0

decays would constitute
compellin

g evidence
for DM or

another m
isaligned

field with nontrivial
cosmological a

bun-

dance. [9
2]. There

is a non-time-depende
nt decay

of li →

ljϕϕ
0 which is hard to separate f

rom backgrou
nd since the

energy of
the final s

tate lepton
closely m

imics the SM
decay.

There are
many possi

ble analys
is techniq

ues to det
ermine

the statist
ical sensit

ivity to th
e sinusoid

al signals
in Eq. (8)

in

the presence
of substa

ntial SM
backgrou

nds. We follow a

simplified approach,
using the

binned χ
2 when pos

sible and

the unbinned
Rayleigh

periodogr
am elsewhere

[93].

Furtherm
ore, we

assume continuou
s data collection

over

total obse
rvation time T. For th

e χ2 analysis,
the data are

divided into nbin ¼ T=Δt equa
l-sized bins, each

of duratio
n

Δt, which
are longer than or equal to the experime

ntal

resolution
. Using Eq. (8), t

he predicted
event rate

is

ṄpredðtÞ ¼
N tot

T
½Bbgfbg þ 2Bsigfsigcos

2ðmϕtþ δÞ&; ð9Þ

where N tot is the total num
ber of li deca

ys, BbgðsigÞ
and

fbgðsigÞ
are the ba

ckground
(signal) b

ranching
fractions

and

experimental efficiencie
s, respective

ly. Local DM with

velocity v ∼ 10
−3 sets a characteri

stic coherence
time

τcoh ∼
1

mϕv
2
≃ 7 × 10

5 s
!
10

−15 eV

mϕ

"!10
−3

v

"2

; ð10Þ

during which the classical
DM field maintains

the same

phase δ. F
or T > τcoh, an

experiment can experienc
e two or

more coherent
“patches”

with different
phases. Further

details about dec
oherence

in our analysis
may be found

in Supple
mental M

aterial [58
]. In Eq. (

9), the tim
e-average

d

branching
ratio for the signal cha

nnel satis
fies

Bsig ≡ hBðli → ljϕ
0Þi ¼

C2
ij

128π

ϕ20
f4
m3

li

Γli

; ð11Þ

where we have used Eq. (8). T
he number o

f backgro
und

events, as
sumed to

be nonmo
dulating a

nd domin
ant over t

he

signal, is
given by

Nbg ¼ N totBbgfbg;
Bbgfbg ≫ Bsigfsig:

ð12Þ

The number
of events per time bin is obtained

from

integratin
g ṄpredðtÞ

over each bin interval
Δt. Using

FIG. 2.
Model cont

ribution t
o li → ljϕ

0 , where th
e interact

ion

with the backgrou
nd classical

field (ϕc) is d
enoted in red.
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Model Building (some) details
Non-abelian pseudo-Nambu Goldstone bosons (npNGBs)

9

SUPPLEMENTAL MATERIAL

1. Non-Abelian pseudo-NGBs

A spontaneously broken global symmetry gives rise to massless Nambu-Goldstone Bosons (NGBs). The NGBs
acquire a nonzero mass, if there is a small explicit breaking of the global symmetry. Celebrated examples of NGBs
in particle physics are the QCD axion, and the light mesons ⇡

± and ⇡
0. The QCD axion is a pseudo-NGB (pNGB)

of a U(1)PQ Peccei-Quinn global symmetry, spontaneously broken at high scale fa and then also explicitly broken by
the QCD anomaly [69–72]. The pions are the pNGBs of spontaneous chiral symmetry breaking in QCD, SU(2)L ⇥

SU(2)R ! SU(2)V , where the initial SU(2)L⇥SU(2)R global group is also explicitly broken by the mu,d quark masses
(see, e.g., [73]). The QCD axion is an example of an Abelian pNGB, while the pions are examples of non-Abelian
pNGBs.

More generally, the non-Abelian pseudo-Goldstone Bosons (npNGBs) arise when the theory is invariant under an
approximate non-Abelian global group G, that is spontaneously broken to its subgroup H (G ! H), where the
G/H coset consists of several pNGBs that have non-linear interactions with each other. Let us denote the npNGB
parametrization of the G/H coset as U(�) where, under G transformations, U(�) ! V

†
LU(�)VR. In general, the left

and right transformations di↵er so that VL 6= VR; this is the case we are interested in.
We assume that the leading interactions between the npNGB dark sector and the SM has the general form

Lint � Tr
�
QU

†
i@µU

�
¯̀
i�

µ(C̃V
`i`j + C̃

A
`i`j�5)`j + h.c., (S1)

where `i are the SM charged leptons, and Q is the symmetry breaking spurion that transforms as Q ! V
†
RQVR under

G. Other transformation properties for U and Q, and thus di↵erent structures for the interaction term, Eq. (S1), can
also be considered. The interaction in Eq. (S1) can be generated via heavy mediators, that are then integrated out at
low energies, but variants of this model with light mediators can also be considered (for the phenomenology we are
most interested in, though, they should still be heavier than a muon). Note that the interaction term Eq. (S1) remains
invariant under shift symmetry, U ! e

�i↵
U , where ↵ = ↵

a
T

a is an arbitrary constant matrix in the tangent space of
the G/H coset. Due to this remaining shift symmetry the interaction in Eq. (S1) does not generate contributions to
npNGB masses.

Expanding the U(�) exponentiation in terms of the �a fields, U = exp(i�a
T

a), gives dimension-6 interaction
operators with a typical form

Lint �

⇣
�1

f

i@µ�2

2f
�

�2

f

i@µ�1

2f

⌘
¯̀
i�

µ(CV
`i`j + C

A
`i`j�5)`j + h.c., (S2)

where f is the scale of spontaneous symmetry breaking, while �1 and �2 are two di↵erent npNGBs, possibly related
through complex conjugation so that �1 = �

†
2, depending on the detailed structure of the G/H coset and on the

form of spurion Q. Note that the above interaction term is invariant under the nonlinearly realized shift symmetry
�
a
T

a
! �

a
T

a
� ↵

a
T

a
�

1
2 [↵a

T
a
, i�

a
T

a] + · · · , with ↵
a constants (this is most easily seen in the exponentiated form,

keeping all terms in �
a).

It is illuminating to compare the phenomenology of the FCNC `i ! `j� decays for the two cases, when � is a
non-Abelian pNGB with interaction of the form eq. (S2), and when � is an Abelian pNGB with an interaction that
involves only a single � field,

L � C`i`j

✓
@µ�

f

◆
`i�

µ
�5`j . (S3)

There are several important di↵erences between the two cases. First of all, since the interaction in Eq. (S3) is linear
in �, the `i ! `j� decay rates for Abelian pNGB case are time independent, and also do not depend on the local DM
number density. In contrast, for npNGBs in eq. (S2) the two-body `i ! `j� decays arise only, if there is a background
density of light � particles. This background density then leads to time-dependent `i ! `j� rates. The observation
of such time-dependent `i ! `j� decays would be a smoking-gun signal of light npNGB dark matter. For Abelian
pNGB the observation of `i ! `j� signal instead does not immediately imply that � is DM, and one would need to
confirm that � is indeed the DM using other observations (for instance by searching for time-dependent interactions
via its couplings to electrons).

The npNGBs have already been discussed in the literature as the possible dark matter candidates, though, in a
very di↵erent mass regime that we are interested in. An example is the strongly interacting massive particle (SIMP)
dark matter candidate [74–78]. While in the SIMP case the interesting mass regime is around GeV, we are interested
in much lighter npNGB dark matter candidates, with masses well below eV. For other examples of heavier npNGB

<latexit sha1_base64="nIptM/e+XnQuEJGmTnAgNnF5BAk="></latexit>

G ! H

Generated by integrating out a mediator, SM leptons charged
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SUPPLEMENTAL MATERIAL

1. Non-Abelian pseudo-NGBs

A spontaneously broken global symmetry gives rise to massless Nambu-Goldstone Bosons (NGBs). The NGBs
acquire a nonzero mass, if there is a small explicit breaking of the global symmetry. Celebrated examples of NGBs
in particle physics are the QCD axion, and the light mesons ⇡

± and ⇡
0. The QCD axion is a pseudo-NGB (pNGB)

of a U(1)PQ Peccei-Quinn global symmetry, spontaneously broken at high scale fa and then also explicitly broken by
the QCD anomaly [69–72]. The pions are the pNGBs of spontaneous chiral symmetry breaking in QCD, SU(2)L ⇥

SU(2)R ! SU(2)V , where the initial SU(2)L⇥SU(2)R global group is also explicitly broken by the mu,d quark masses
(see, e.g., [73]). The QCD axion is an example of an Abelian pNGB, while the pions are examples of non-Abelian
pNGBs.

More generally, the non-Abelian pseudo-Goldstone Bosons (npNGBs) arise when the theory is invariant under an
approximate non-Abelian global group G, that is spontaneously broken to its subgroup H (G ! H), where the
G/H coset consists of several pNGBs that have non-linear interactions with each other. Let us denote the npNGB
parametrization of the G/H coset as U(�) where, under G transformations, U(�) ! V

†
LU(�)VR. In general, the left

and right transformations di↵er so that VL 6= VR; this is the case we are interested in.
We assume that the leading interactions between the npNGB dark sector and the SM has the general form

Lint � Tr
�
QU

†
i@µU

�
¯̀
i�

µ(C̃V
`i`j + C̃

A
`i`j�5)`j + h.c., (S1)

where `i are the SM charged leptons, and Q is the symmetry breaking spurion that transforms as Q ! V
†
RQVR under

G. Other transformation properties for U and Q, and thus di↵erent structures for the interaction term, Eq. (S1), can
also be considered. The interaction in Eq. (S1) can be generated via heavy mediators, that are then integrated out at
low energies, but variants of this model with light mediators can also be considered (for the phenomenology we are
most interested in, though, they should still be heavier than a muon). Note that the interaction term Eq. (S1) remains
invariant under shift symmetry, U ! e

�i↵
U , where ↵ = ↵

a
T

a is an arbitrary constant matrix in the tangent space of
the G/H coset. Due to this remaining shift symmetry the interaction in Eq. (S1) does not generate contributions to
npNGB masses.

Expanding the U(�) exponentiation in terms of the �a fields, U = exp(i�a
T

a), gives dimension-6 interaction
operators with a typical form

Lint �

⇣
�1

f

i@µ�2

2f
�

�2

f

i@µ�1

2f

⌘
¯̀
i�

µ(CV
`i`j + C

A
`i`j�5)`j + h.c., (S2)

where f is the scale of spontaneous symmetry breaking, while �1 and �2 are two di↵erent npNGBs, possibly related
through complex conjugation so that �1 = �

†
2, depending on the detailed structure of the G/H coset and on the

form of spurion Q. Note that the above interaction term is invariant under the nonlinearly realized shift symmetry
�
a
T

a
! �

a
T

a
� ↵

a
T

a
�

1
2 [↵a

T
a
, i�

a
T

a] + · · · , with ↵
a constants (this is most easily seen in the exponentiated form,

keeping all terms in �
a).

It is illuminating to compare the phenomenology of the FCNC `i ! `j� decays for the two cases, when � is a
non-Abelian pNGB with interaction of the form eq. (S2), and when � is an Abelian pNGB with an interaction that
involves only a single � field,

L � C`i`j

✓
@µ�

f

◆
`i�

µ
�5`j . (S3)

There are several important di↵erences between the two cases. First of all, since the interaction in Eq. (S3) is linear
in �, the `i ! `j� decay rates for Abelian pNGB case are time independent, and also do not depend on the local DM
number density. In contrast, for npNGBs in eq. (S2) the two-body `i ! `j� decays arise only, if there is a background
density of light � particles. This background density then leads to time-dependent `i ! `j� rates. The observation
of such time-dependent `i ! `j� decays would be a smoking-gun signal of light npNGB dark matter. For Abelian
pNGB the observation of `i ! `j� signal instead does not immediately imply that � is DM, and one would need to
confirm that � is indeed the DM using other observations (for instance by searching for time-dependent interactions
via its couplings to electrons).

The npNGBs have already been discussed in the literature as the possible dark matter candidates, though, in a
very di↵erent mass regime that we are interested in. An example is the strongly interacting massive particle (SIMP)
dark matter candidate [74–78]. While in the SIMP case the interesting mass regime is around GeV, we are interested
in much lighter npNGB dark matter candidates, with masses well below eV. For other examples of heavier npNGB
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A spontaneously broken global symmetry gives rise to massless Nambu-Goldstone Bosons (NGBs). The NGBs
acquire a nonzero mass, if there is a small explicit breaking of the global symmetry. Celebrated examples of NGBs
in particle physics are the QCD axion, and the light mesons ⇡

± and ⇡
0. The QCD axion is a pseudo-NGB (pNGB)

of a U(1)PQ Peccei-Quinn global symmetry, spontaneously broken at high scale fa and then also explicitly broken by
the QCD anomaly [69–72]. The pions are the pNGBs of spontaneous chiral symmetry breaking in QCD, SU(2)L ⇥
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(see, e.g., [73]). The QCD axion is an example of an Abelian pNGB, while the pions are examples of non-Abelian
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More generally, the non-Abelian pseudo-Goldstone Bosons (npNGBs) arise when the theory is invariant under an
approximate non-Abelian global group G, that is spontaneously broken to its subgroup H (G ! H), where the
G/H coset consists of several pNGBs that have non-linear interactions with each other. Let us denote the npNGB
parametrization of the G/H coset as U(�) where, under G transformations, U(�) ! V
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LU(�)VR. In general, the left

and right transformations di↵er so that VL 6= VR; this is the case we are interested in.
We assume that the leading interactions between the npNGB dark sector and the SM has the general form
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where `i are the SM charged leptons, and Q is the symmetry breaking spurion that transforms as Q ! V
†
RQVR under

G. Other transformation properties for U and Q, and thus di↵erent structures for the interaction term, Eq. (S1), can
also be considered. The interaction in Eq. (S1) can be generated via heavy mediators, that are then integrated out at
low energies, but variants of this model with light mediators can also be considered (for the phenomenology we are
most interested in, though, they should still be heavier than a muon). Note that the interaction term Eq. (S1) remains
invariant under shift symmetry, U ! e

�i↵
U , where ↵ = ↵

a
T

a is an arbitrary constant matrix in the tangent space of
the G/H coset. Due to this remaining shift symmetry the interaction in Eq. (S1) does not generate contributions to
npNGB masses.

Expanding the U(�) exponentiation in terms of the �a fields, U = exp(i�a
T

a), gives dimension-6 interaction
operators with a typical form
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where f is the scale of spontaneous symmetry breaking, while �1 and �2 are two di↵erent npNGBs, possibly related
through complex conjugation so that �1 = �

†
2, depending on the detailed structure of the G/H coset and on the

form of spurion Q. Note that the above interaction term is invariant under the nonlinearly realized shift symmetry
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keeping all terms in �
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It is illuminating to compare the phenomenology of the FCNC `i ! `j� decays for the two cases, when � is a
non-Abelian pNGB with interaction of the form eq. (S2), and when � is an Abelian pNGB with an interaction that
involves only a single � field,
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There are several important di↵erences between the two cases. First of all, since the interaction in Eq. (S3) is linear
in �, the `i ! `j� decay rates for Abelian pNGB case are time independent, and also do not depend on the local DM
number density. In contrast, for npNGBs in eq. (S2) the two-body `i ! `j� decays arise only, if there is a background
density of light � particles. This background density then leads to time-dependent `i ! `j� rates. The observation
of such time-dependent `i ! `j� decays would be a smoking-gun signal of light npNGB dark matter. For Abelian
pNGB the observation of `i ! `j� signal instead does not immediately imply that � is DM, and one would need to
confirm that � is indeed the DM using other observations (for instance by searching for time-dependent interactions
via its couplings to electrons).

The npNGBs have already been discussed in the literature as the possible dark matter candidates, though, in a
very di↵erent mass regime that we are interested in. An example is the strongly interacting massive particle (SIMP)
dark matter candidate [74–78]. While in the SIMP case the interesting mass regime is around GeV, we are interested
in much lighter npNGB dark matter candidates, with masses well below eV. For other examples of heavier npNGB
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± and ⇡
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SU(2)R ! SU(2)V , where the initial SU(2)L⇥SU(2)R global group is also explicitly broken by the mu,d quark masses
(see, e.g., [73]). The QCD axion is an example of an Abelian pNGB, while the pions are examples of non-Abelian
pNGBs.

More generally, the non-Abelian pseudo-Goldstone Bosons (npNGBs) arise when the theory is invariant under an
approximate non-Abelian global group G, that is spontaneously broken to its subgroup H (G ! H), where the
G/H coset consists of several pNGBs that have non-linear interactions with each other. Let us denote the npNGB
parametrization of the G/H coset as U(�) where, under G transformations, U(�) ! V
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and right transformations di↵er so that VL 6= VR; this is the case we are interested in.
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where `i are the SM charged leptons, and Q is the symmetry breaking spurion that transforms as Q ! V
†
RQVR under

G. Other transformation properties for U and Q, and thus di↵erent structures for the interaction term, Eq. (S1), can
also be considered. The interaction in Eq. (S1) can be generated via heavy mediators, that are then integrated out at
low energies, but variants of this model with light mediators can also be considered (for the phenomenology we are
most interested in, though, they should still be heavier than a muon). Note that the interaction term Eq. (S1) remains
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There are several important di↵erences between the two cases. First of all, since the interaction in Eq. (S3) is linear
in �, the `i ! `j� decay rates for Abelian pNGB case are time independent, and also do not depend on the local DM
number density. In contrast, for npNGBs in eq. (S2) the two-body `i ! `j� decays arise only, if there is a background
density of light � particles. This background density then leads to time-dependent `i ! `j� rates. The observation
of such time-dependent `i ! `j� decays would be a smoking-gun signal of light npNGB dark matter. For Abelian
pNGB the observation of `i ! `j� signal instead does not immediately imply that � is DM, and one would need to
confirm that � is indeed the DM using other observations (for instance by searching for time-dependent interactions
via its couplings to electrons).

The npNGBs have already been discussed in the literature as the possible dark matter candidates, though, in a
very di↵erent mass regime that we are interested in. An example is the strongly interacting massive particle (SIMP)
dark matter candidate [74–78]. While in the SIMP case the interesting mass regime is around GeV, we are interested
in much lighter npNGB dark matter candidates, with masses well below eV. For other examples of heavier npNGB
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DM and time-variation in muon decays

to mϕ depend explicitly on the local DM density, ϕc,
leading to position dependent fine-tuning. This problem
does not exist if there are two separate fields only one of
which has a classical field value.
As a concrete example we will consider interactions of

the form

Lint ⊃
iϕð∂μϕ0Þ

2f2
liγμðCV

ij þ CA
ijγ5Þlj þ H:c:; ð6Þ

where ϕ is DM and ϕ0 is another ultralight dark sector field,
CV;A
ij are Hermitian matrices in flavor space and the i, j

indices run over all charged fermion species, and f is the
effective energy scale associated with the generation of this
operator. In Supplemental Material we show that the
interaction in Eq. (6) can be the leading DM-SM interaction
if ϕ and ϕ0 are pseudo-Nambu-Goldstone bosons of a
spontaneously broken non-Abelian global symmetry, and
how f relates to the physics that generates this operator. In
Supplemental Material [58] we also give further examples
of such quadratic interactions with the dark sector.
Since the interaction in Eq. (6) contains two light field

insertions, expanding ϕ around its background value, ϕc,
results in time-dependent FCNC decays at leading order. To
make this time modulation manifest, we integrate by parts
and replace the ϕ field with ϕc to obtain

Lint⊃
ϕc

2f2
ϕ0li

h
CV
ijðmli

−mljÞþCA
ijðmli

þmljÞγ5
i
lj; ð7Þ

where mli is the mass of li. The branching fraction for
li → ljϕ0 decays is now explicitly calculated from the
diagram in Fig. 2 and is time dependent,

Bðli → ljϕ0Þ ¼
C2
ijϕ

2
0

64πf4
m3

li

Γli
cos2ðmϕtþ δÞ; ð8Þ

where C2
ij ≡ jCV

ijj2 þ jCA
ijj2, Γli is the total width of lepton

li, ϕ0 is the field amplitude from Eq. (2), and we have
approximated all final state particles as massless except for
the appearance of mϕ in the cosine. Note that, as part of the
dark sector, ϕ0 will be invisible on accelerator length scales.

Observing periodic signals—New physics transitions
li → ljϕ0 have an irreducible SM background from the
tree-level W-boson mediated decays, li → ljνiν̄j. Because
of three-body kinematics, this background mimics the signal
li → ljϕ0 onlywhen the invariant mass of the two neutrinos
is close to zero, within experimental resolution (the ϕ0 mass
is assumed to be far below the invisible mass resolution in
these experiments). Time-dependent signals offer a valuable
handle to distinguish signal from background, particularly
because the background events do not exhibit periodic
modulation. Observing a time modulation in li → ljϕ0

decays would constitute compelling evidence for DM or
another misaligned field with nontrivial cosmological abun-
dance. [92]. There is a non-time-dependent decay of li →
ljϕϕ0 which is hard to separate from background since the
energy of the final state lepton closely mimics the SM decay.
There are many possible analysis techniques to determine

the statistical sensitivity to the sinusoidal signals in Eq. (8) in
the presence of substantial SM backgrounds. We follow a
simplified approach, using the binned χ2 when possible and
the unbinned Rayleigh periodogram elsewhere [93].
Furthermore, we assume continuous data collection over
total observation time T. For the χ2 analysis, the data are
divided into nbin ¼ T=Δt equal-sized bins, each of duration
Δt, which are longer than or equal to the experimental
resolution. Using Eq. (8), the predicted event rate is

ṄpredðtÞ ¼
Ntot

T
½Bbgfbg þ 2Bsigfsigcos2ðmϕtþ δÞ&; ð9Þ

where Ntot is the total number of li decays, BbgðsigÞ and
fbgðsigÞ are the background (signal) branching fractions and
experimental efficiencies, respectively. Local DM with
velocity v ∼ 10−3 sets a characteristic coherence time

τcoh ∼
1

mϕv2
≃ 7 × 105 s

!
10−15 eV

mϕ

"!
10−3

v

"
2

; ð10Þ

during which the classical DM field maintains the same
phase δ. For T > τcoh, an experiment can experience two or
more coherent “patches” with different phases. Further
details about decoherence in our analysis may be found
in Supplemental Material [58]. In Eq. (9), the time-averaged
branching ratio for the signal channel satisfies

Bsig ≡ hBðli → ljϕ0Þi ¼
C2
ij

128π
ϕ2
0

f4
m3

li

Γli

; ð11Þ

where we have used Eq. (8). The number of background
events, assumed to be nonmodulating and dominant over the
signal, is given by

Nbg ¼ NtotBbgfbg; Bbgfbg ≫ Bsigfsig: ð12Þ

The number of events per time bin is obtained from
integrating ṄpredðtÞ over each bin interval Δt. Using

FIG. 2. Model contribution to li → ljϕ0, where the interaction
with the background classical field (ϕc) is denoted in red.
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Mu3e collected ~1E15 decays, 1E13 in “endpoint” bin  
Asimov datasets [94] we construct a χ2 test statistic, which
depends on the quadratic sum of statistical and systematic
errors in each bin, which, respectively, satisfy

σstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nbg=nbin

q
; σsys ¼ αNbg=nbin; ð13Þ

where α is the relative systematic uncertainty. The χ2 test
statistic can then be translated to the expected bounds on
f=

ffiffiffiffiffiffiffi
Cij

p
from Eq. (8) using time-dependent li → ljϕ0

searches. As shown in Supplemental Material [58], in the
“fine-binned” (fb) limit where mϕΔt ≪ 1, mϕT ≫ 1, the
time-dependent test statistic χ2fb can be written

χ2fb ¼
3

2

"
1þ nbin

3

#
σsys
σstat

$
2
%
χ2const; ð14Þ

where χ2const is the usual time-independent test statistic. Thus,
in the fine-binned limit, the sensitivity to a time-dependent
signal is significantly enhanced if systematic uncertainties
dominate over statistical ones. The time dependence of the
signal allows the background rate to be measured in situ, in
the low signal rate bins, thus removing the associated
uncertainty. In fact, in the systematics-dominated regime,
Eq. (14) reduces to [58]

χ2fb ¼
ðBsigfsigNtotÞ2

2nbinσ2stat
; ð15Þ

which shows complete independence from systematic uncer-
tainties. Thus, with an appropriate analysis, it is possible to
measure a time-dependent signal even in the presence of
large systematic uncertainties, as long as all the systematics
are time independent.
The expected sensitivity generally depends on the choice

of time-bin width Δt (equivalently, the number of bins

nbin), as shown in Fig. 3. The time-independent limit
corresponds to nbin ¼ 1 (horizontal dashed line in
Fig. 3). Sensitivity gradually decreases as Δt increases:
small Δt corresponds to a regime fully resolving oscil-
lations, whereas large Δt approaches a less sensitive, time-
integrated analysis dominated by systematics.
The χ2 approach requires at least ∼10 events per time

bin, which places a lower bound on the bin size Δt. To
resolve shorter period oscillations, but above the exper-
imental time resolution, we utilize the unbinned approach
of the Rayleigh periodogram [23]. Further details on the
procedure can be found in Supplemental Material [58]. In
Fig. 1, we summarize the expected sensitivity to Bðli →
ljϕ0Þ as a function of mϕ for representative numerical
examples detailed below.
Numerical examples—As representative examples we

consider a possible search for time-dependent μ → eϕ0

decays at Mu3e, and for τ → lϕ0 decays at Belle II and at
FCC-ee. More details regarding the chosen numerical values
for each example can be found inSupplementalMaterial [58].
For Mu3e, we assume T ¼ 300 days of continuous

data collection, yielding Ntot ∼ 3 × 1015 muon decays.
The endpoint region for mϕ ≃ 0 includes Nbg ∼ 1013

background events from μ → eνν̄, corresponding to a
background fraction fbg ∼ 3 × 10−3 [32,33]. For these
large data samples, the μ → eϕ0 search will be dominated
by systematics, which we conservatively assume are set by
theoretical uncertainties, implying a 90% CL upper bound
of Bðμ → eϕ0Þ < 6 × 10−7 (Fig. 12 of Ref. [59]), and thus a
relative systematic uncertainty of α ∼ 10−4. Given the
dataset above, the time-dependent search for μ → eϕ0

can result in a sensitivity to the μ → eϕ0 branching ratio
well below the systematic uncertainty for mϕ ≲ 10−10 eV
(solid purple line in Fig. 1 left).

FIG. 3. The 90% confidence upper limit on the signal branching Bsig obtained from a time-dependent analysis, as a function of bin size
Δt (solid, dashed-dotted lines) for different ϕ masses at Mu3e (left) and Belle II using the full projected integrated luminosity (right),
using the same assumptions as in Fig. 1. The dotted vertical lines denote approximately when the oscillatory signal for each mass is
resolved, Δt ∼m−1

ϕ . The horizontal dashed black line denotes the upper limit for a time-independent, single-bin, analysis.
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to mϕ depend explicitly on the local DM density, ϕc,
leading to position dependent fine-tuning. This problem
does not exist if there are two separate fields only one of
which has a classical field value.
As a concrete example we will consider interactions of

the form

Lint ⊃
iϕð∂μϕ0Þ

2f2
liγμðCV

ij þ CA
ijγ5Þlj þ H:c:; ð6Þ

where ϕ is DM and ϕ0 is another ultralight dark sector field,
CV;A
ij are Hermitian matrices in flavor space and the i, j

indices run over all charged fermion species, and f is the
effective energy scale associated with the generation of this
operator. In Supplemental Material we show that the
interaction in Eq. (6) can be the leading DM-SM interaction
if ϕ and ϕ0 are pseudo-Nambu-Goldstone bosons of a
spontaneously broken non-Abelian global symmetry, and
how f relates to the physics that generates this operator. In
Supplemental Material [58] we also give further examples
of such quadratic interactions with the dark sector.
Since the interaction in Eq. (6) contains two light field

insertions, expanding ϕ around its background value, ϕc,
results in time-dependent FCNC decays at leading order. To
make this time modulation manifest, we integrate by parts
and replace the ϕ field with ϕc to obtain

Lint⊃
ϕc

2f2
ϕ0li

h
CV
ijðmli

−mljÞþCA
ijðmli

þmljÞγ5
i
lj; ð7Þ

where mli is the mass of li. The branching fraction for
li → ljϕ0 decays is now explicitly calculated from the
diagram in Fig. 2 and is time dependent,

Bðli → ljϕ0Þ ¼
C2
ijϕ

2
0

64πf4
m3

li

Γli
cos2ðmϕtþ δÞ; ð8Þ

where C2
ij ≡ jCV

ijj2 þ jCA
ijj2, Γli is the total width of lepton

li, ϕ0 is the field amplitude from Eq. (2), and we have
approximated all final state particles as massless except for
the appearance of mϕ in the cosine. Note that, as part of the
dark sector, ϕ0 will be invisible on accelerator length scales.

Observing periodic signals—New physics transitions
li → ljϕ0 have an irreducible SM background from the
tree-level W-boson mediated decays, li → ljνiν̄j. Because
of three-body kinematics, this background mimics the signal
li → ljϕ0 onlywhen the invariant mass of the two neutrinos
is close to zero, within experimental resolution (the ϕ0 mass
is assumed to be far below the invisible mass resolution in
these experiments). Time-dependent signals offer a valuable
handle to distinguish signal from background, particularly
because the background events do not exhibit periodic
modulation. Observing a time modulation in li → ljϕ0

decays would constitute compelling evidence for DM or
another misaligned field with nontrivial cosmological abun-
dance. [92]. There is a non-time-dependent decay of li →
ljϕϕ0 which is hard to separate from background since the
energy of the final state lepton closely mimics the SM decay.
There are many possible analysis techniques to determine

the statistical sensitivity to the sinusoidal signals in Eq. (8) in
the presence of substantial SM backgrounds. We follow a
simplified approach, using the binned χ2 when possible and
the unbinned Rayleigh periodogram elsewhere [93].
Furthermore, we assume continuous data collection over
total observation time T. For the χ2 analysis, the data are
divided into nbin ¼ T=Δt equal-sized bins, each of duration
Δt, which are longer than or equal to the experimental
resolution. Using Eq. (8), the predicted event rate is

ṄpredðtÞ ¼
Ntot

T
½Bbgfbg þ 2Bsigfsigcos2ðmϕtþ δÞ&; ð9Þ

where Ntot is the total number of li decays, BbgðsigÞ and
fbgðsigÞ are the background (signal) branching fractions and
experimental efficiencies, respectively. Local DM with
velocity v ∼ 10−3 sets a characteristic coherence time

τcoh ∼
1

mϕv2
≃ 7 × 105 s

!
10−15 eV

mϕ

"!
10−3

v

"
2

; ð10Þ

during which the classical DM field maintains the same
phase δ. For T > τcoh, an experiment can experience two or
more coherent “patches” with different phases. Further
details about decoherence in our analysis may be found
in Supplemental Material [58]. In Eq. (9), the time-averaged
branching ratio for the signal channel satisfies

Bsig ≡ hBðli → ljϕ0Þi ¼
C2
ij

128π
ϕ2
0

f4
m3

li

Γli

; ð11Þ

where we have used Eq. (8). The number of background
events, assumed to be nonmodulating and dominant over the
signal, is given by

Nbg ¼ NtotBbgfbg; Bbgfbg ≫ Bsigfsig: ð12Þ

The number of events per time bin is obtained from
integrating ṄpredðtÞ over each bin interval Δt. Using

FIG. 2. Model contribution to li → ljϕ0, where the interaction
with the background classical field (ϕc) is denoted in red.
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Asimov datasets [94] we construct a χ2 test statistic, which
depends on the quadratic sum of statistical and systematic
errors in each bin, which, respectively, satisfy

σstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nbg=nbin

q
; σsys ¼ αNbg=nbin; ð13Þ

where α is the relative systematic uncertainty. The χ2 test
statistic can then be translated to the expected bounds on
f=

ffiffiffiffiffiffiffi
Cij

p
from Eq. (8) using time-dependent li → ljϕ0

searches. As shown in Supplemental Material [58], in the
“fine-binned” (fb) limit where mϕΔt ≪ 1, mϕT ≫ 1, the
time-dependent test statistic χ2fb can be written

χ2fb ¼
3

2

"
1þ nbin

3

#
σsys
σstat

$
2
%
χ2const; ð14Þ

where χ2const is the usual time-independent test statistic. Thus,
in the fine-binned limit, the sensitivity to a time-dependent
signal is significantly enhanced if systematic uncertainties
dominate over statistical ones. The time dependence of the
signal allows the background rate to be measured in situ, in
the low signal rate bins, thus removing the associated
uncertainty. In fact, in the systematics-dominated regime,
Eq. (14) reduces to [58]

χ2fb ¼
ðBsigfsigNtotÞ2

2nbinσ2stat
; ð15Þ

which shows complete independence from systematic uncer-
tainties. Thus, with an appropriate analysis, it is possible to
measure a time-dependent signal even in the presence of
large systematic uncertainties, as long as all the systematics
are time independent.
The expected sensitivity generally depends on the choice

of time-bin width Δt (equivalently, the number of bins

nbin), as shown in Fig. 3. The time-independent limit
corresponds to nbin ¼ 1 (horizontal dashed line in
Fig. 3). Sensitivity gradually decreases as Δt increases:
small Δt corresponds to a regime fully resolving oscil-
lations, whereas large Δt approaches a less sensitive, time-
integrated analysis dominated by systematics.
The χ2 approach requires at least ∼10 events per time

bin, which places a lower bound on the bin size Δt. To
resolve shorter period oscillations, but above the exper-
imental time resolution, we utilize the unbinned approach
of the Rayleigh periodogram [23]. Further details on the
procedure can be found in Supplemental Material [58]. In
Fig. 1, we summarize the expected sensitivity to Bðli →
ljϕ0Þ as a function of mϕ for representative numerical
examples detailed below.
Numerical examples—As representative examples we

consider a possible search for time-dependent μ → eϕ0

decays at Mu3e, and for τ → lϕ0 decays at Belle II and at
FCC-ee. More details regarding the chosen numerical values
for each example can be found inSupplementalMaterial [58].
For Mu3e, we assume T ¼ 300 days of continuous

data collection, yielding Ntot ∼ 3 × 1015 muon decays.
The endpoint region for mϕ ≃ 0 includes Nbg ∼ 1013

background events from μ → eνν̄, corresponding to a
background fraction fbg ∼ 3 × 10−3 [32,33]. For these
large data samples, the μ → eϕ0 search will be dominated
by systematics, which we conservatively assume are set by
theoretical uncertainties, implying a 90% CL upper bound
of Bðμ → eϕ0Þ < 6 × 10−7 (Fig. 12 of Ref. [59]), and thus a
relative systematic uncertainty of α ∼ 10−4. Given the
dataset above, the time-dependent search for μ → eϕ0

can result in a sensitivity to the μ → eϕ0 branching ratio
well below the systematic uncertainty for mϕ ≲ 10−10 eV
(solid purple line in Fig. 1 left).

FIG. 3. The 90% confidence upper limit on the signal branching Bsig obtained from a time-dependent analysis, as a function of bin size
Δt (solid, dashed-dotted lines) for different ϕ masses at Mu3e (left) and Belle II using the full projected integrated luminosity (right),
using the same assumptions as in Fig. 1. The dotted vertical lines denote approximately when the oscillatory signal for each mass is
resolved, Δt ∼m−1

ϕ . The horizontal dashed black line denotes the upper limit for a time-independent, single-bin, analysis.
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to mϕ depend explicitly on the local DM density, ϕc,
leading to position dependent fine-tuning. This problem
does not exist if there are two separate fields only one of
which has a classical field value.
As a concrete example we will consider interactions of

the form

Lint ⊃
iϕð∂μϕ0Þ

2f2
liγμðCV

ij þ CA
ijγ5Þlj þ H:c:; ð6Þ

where ϕ is DM and ϕ0 is another ultralight dark sector field,
CV;A
ij are Hermitian matrices in flavor space and the i, j

indices run over all charged fermion species, and f is the
effective energy scale associated with the generation of this
operator. In Supplemental Material we show that the
interaction in Eq. (6) can be the leading DM-SM interaction
if ϕ and ϕ0 are pseudo-Nambu-Goldstone bosons of a
spontaneously broken non-Abelian global symmetry, and
how f relates to the physics that generates this operator. In
Supplemental Material [58] we also give further examples
of such quadratic interactions with the dark sector.
Since the interaction in Eq. (6) contains two light field

insertions, expanding ϕ around its background value, ϕc,
results in time-dependent FCNC decays at leading order. To
make this time modulation manifest, we integrate by parts
and replace the ϕ field with ϕc to obtain

Lint⊃
ϕc

2f2
ϕ0li

h
CV
ijðmli

−mljÞþCA
ijðmli

þmljÞγ5
i
lj; ð7Þ

where mli is the mass of li. The branching fraction for
li → ljϕ0 decays is now explicitly calculated from the
diagram in Fig. 2 and is time dependent,

Bðli → ljϕ0Þ ¼
C2
ijϕ

2
0

64πf4
m3

li

Γli
cos2ðmϕtþ δÞ; ð8Þ

where C2
ij ≡ jCV

ijj2 þ jCA
ijj2, Γli is the total width of lepton

li, ϕ0 is the field amplitude from Eq. (2), and we have
approximated all final state particles as massless except for
the appearance of mϕ in the cosine. Note that, as part of the
dark sector, ϕ0 will be invisible on accelerator length scales.

Observing periodic signals—New physics transitions
li → ljϕ0 have an irreducible SM background from the
tree-level W-boson mediated decays, li → ljνiν̄j. Because
of three-body kinematics, this background mimics the signal
li → ljϕ0 onlywhen the invariant mass of the two neutrinos
is close to zero, within experimental resolution (the ϕ0 mass
is assumed to be far below the invisible mass resolution in
these experiments). Time-dependent signals offer a valuable
handle to distinguish signal from background, particularly
because the background events do not exhibit periodic
modulation. Observing a time modulation in li → ljϕ0

decays would constitute compelling evidence for DM or
another misaligned field with nontrivial cosmological abun-
dance. [92]. There is a non-time-dependent decay of li →
ljϕϕ0 which is hard to separate from background since the
energy of the final state lepton closely mimics the SM decay.
There are many possible analysis techniques to determine

the statistical sensitivity to the sinusoidal signals in Eq. (8) in
the presence of substantial SM backgrounds. We follow a
simplified approach, using the binned χ2 when possible and
the unbinned Rayleigh periodogram elsewhere [93].
Furthermore, we assume continuous data collection over
total observation time T. For the χ2 analysis, the data are
divided into nbin ¼ T=Δt equal-sized bins, each of duration
Δt, which are longer than or equal to the experimental
resolution. Using Eq. (8), the predicted event rate is

ṄpredðtÞ ¼
Ntot

T
½Bbgfbg þ 2Bsigfsigcos2ðmϕtþ δÞ&; ð9Þ

where Ntot is the total number of li decays, BbgðsigÞ and
fbgðsigÞ are the background (signal) branching fractions and
experimental efficiencies, respectively. Local DM with
velocity v ∼ 10−3 sets a characteristic coherence time

τcoh ∼
1

mϕv2
≃ 7 × 105 s

!
10−15 eV

mϕ

"!
10−3

v

"
2

; ð10Þ

during which the classical DM field maintains the same
phase δ. For T > τcoh, an experiment can experience two or
more coherent “patches” with different phases. Further
details about decoherence in our analysis may be found
in Supplemental Material [58]. In Eq. (9), the time-averaged
branching ratio for the signal channel satisfies

Bsig ≡ hBðli → ljϕ0Þi ¼
C2
ij

128π
ϕ2
0

f4
m3

li

Γli

; ð11Þ

where we have used Eq. (8). The number of background
events, assumed to be nonmodulating and dominant over the
signal, is given by

Nbg ¼ NtotBbgfbg; Bbgfbg ≫ Bsigfsig: ð12Þ

The number of events per time bin is obtained from
integrating ṄpredðtÞ over each bin interval Δt. Using

FIG. 2. Model contribution to li → ljϕ0, where the interaction
with the background classical field (ϕc) is denoted in red.
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Asimov datasets [94] we construct a χ2 test statistic, which
depends on the quadratic sum of statistical and systematic
errors in each bin, which, respectively, satisfy

σstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nbg=nbin

q
; σsys ¼ αNbg=nbin; ð13Þ

where α is the relative systematic uncertainty. The χ2 test
statistic can then be translated to the expected bounds on
f=

ffiffiffiffiffiffiffi
Cij

p
from Eq. (8) using time-dependent li → ljϕ0

searches. As shown in Supplemental Material [58], in the
“fine-binned” (fb) limit where mϕΔt ≪ 1, mϕT ≫ 1, the
time-dependent test statistic χ2fb can be written

χ2fb ¼
3

2

"
1þ nbin

3

#
σsys
σstat

$
2
%
χ2const; ð14Þ

where χ2const is the usual time-independent test statistic. Thus,
in the fine-binned limit, the sensitivity to a time-dependent
signal is significantly enhanced if systematic uncertainties
dominate over statistical ones. The time dependence of the
signal allows the background rate to be measured in situ, in
the low signal rate bins, thus removing the associated
uncertainty. In fact, in the systematics-dominated regime,
Eq. (14) reduces to [58]

χ2fb ¼
ðBsigfsigNtotÞ2

2nbinσ2stat
; ð15Þ

which shows complete independence from systematic uncer-
tainties. Thus, with an appropriate analysis, it is possible to
measure a time-dependent signal even in the presence of
large systematic uncertainties, as long as all the systematics
are time independent.
The expected sensitivity generally depends on the choice

of time-bin width Δt (equivalently, the number of bins

nbin), as shown in Fig. 3. The time-independent limit
corresponds to nbin ¼ 1 (horizontal dashed line in
Fig. 3). Sensitivity gradually decreases as Δt increases:
small Δt corresponds to a regime fully resolving oscil-
lations, whereas large Δt approaches a less sensitive, time-
integrated analysis dominated by systematics.
The χ2 approach requires at least ∼10 events per time

bin, which places a lower bound on the bin size Δt. To
resolve shorter period oscillations, but above the exper-
imental time resolution, we utilize the unbinned approach
of the Rayleigh periodogram [23]. Further details on the
procedure can be found in Supplemental Material [58]. In
Fig. 1, we summarize the expected sensitivity to Bðli →
ljϕ0Þ as a function of mϕ for representative numerical
examples detailed below.
Numerical examples—As representative examples we

consider a possible search for time-dependent μ → eϕ0

decays at Mu3e, and for τ → lϕ0 decays at Belle II and at
FCC-ee. More details regarding the chosen numerical values
for each example can be found inSupplementalMaterial [58].
For Mu3e, we assume T ¼ 300 days of continuous

data collection, yielding Ntot ∼ 3 × 1015 muon decays.
The endpoint region for mϕ ≃ 0 includes Nbg ∼ 1013

background events from μ → eνν̄, corresponding to a
background fraction fbg ∼ 3 × 10−3 [32,33]. For these
large data samples, the μ → eϕ0 search will be dominated
by systematics, which we conservatively assume are set by
theoretical uncertainties, implying a 90% CL upper bound
of Bðμ → eϕ0Þ < 6 × 10−7 (Fig. 12 of Ref. [59]), and thus a
relative systematic uncertainty of α ∼ 10−4. Given the
dataset above, the time-dependent search for μ → eϕ0

can result in a sensitivity to the μ → eϕ0 branching ratio
well below the systematic uncertainty for mϕ ≲ 10−10 eV
(solid purple line in Fig. 1 left).

FIG. 3. The 90% confidence upper limit on the signal branching Bsig obtained from a time-dependent analysis, as a function of bin size
Δt (solid, dashed-dotted lines) for different ϕ masses at Mu3e (left) and Belle II using the full projected integrated luminosity (right),
using the same assumptions as in Fig. 1. The dotted vertical lines denote approximately when the oscillatory signal for each mass is
resolved, Δt ∼m−1

ϕ . The horizontal dashed black line denotes the upper limit for a time-independent, single-bin, analysis.
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to mϕ depend explicitly on the local DM density, ϕc,
leading to position dependent fine-tuning. This problem
does not exist if there are two separate fields only one of
which has a classical field value.
As a concrete example we will consider interactions of

the form

Lint ⊃
iϕð∂μϕ0Þ

2f2
liγμðCV

ij þ CA
ijγ5Þlj þ H:c:; ð6Þ

where ϕ is DM and ϕ0 is another ultralight dark sector field,
CV;A
ij are Hermitian matrices in flavor space and the i, j

indices run over all charged fermion species, and f is the
effective energy scale associated with the generation of this
operator. In Supplemental Material we show that the
interaction in Eq. (6) can be the leading DM-SM interaction
if ϕ and ϕ0 are pseudo-Nambu-Goldstone bosons of a
spontaneously broken non-Abelian global symmetry, and
how f relates to the physics that generates this operator. In
Supplemental Material [58] we also give further examples
of such quadratic interactions with the dark sector.
Since the interaction in Eq. (6) contains two light field

insertions, expanding ϕ around its background value, ϕc,
results in time-dependent FCNC decays at leading order. To
make this time modulation manifest, we integrate by parts
and replace the ϕ field with ϕc to obtain

Lint⊃
ϕc

2f2
ϕ0li

h
CV
ijðmli

−mljÞþCA
ijðmli

þmljÞγ5
i
lj; ð7Þ

where mli is the mass of li. The branching fraction for
li → ljϕ0 decays is now explicitly calculated from the
diagram in Fig. 2 and is time dependent,

Bðli → ljϕ0Þ ¼
C2
ijϕ

2
0

64πf4
m3

li

Γli
cos2ðmϕtþ δÞ; ð8Þ

where C2
ij ≡ jCV

ijj2 þ jCA
ijj2, Γli is the total width of lepton

li, ϕ0 is the field amplitude from Eq. (2), and we have
approximated all final state particles as massless except for
the appearance of mϕ in the cosine. Note that, as part of the
dark sector, ϕ0 will be invisible on accelerator length scales.

Observing periodic signals—New physics transitions
li → ljϕ0 have an irreducible SM background from the
tree-level W-boson mediated decays, li → ljνiν̄j. Because
of three-body kinematics, this background mimics the signal
li → ljϕ0 onlywhen the invariant mass of the two neutrinos
is close to zero, within experimental resolution (the ϕ0 mass
is assumed to be far below the invisible mass resolution in
these experiments). Time-dependent signals offer a valuable
handle to distinguish signal from background, particularly
because the background events do not exhibit periodic
modulation. Observing a time modulation in li → ljϕ0

decays would constitute compelling evidence for DM or
another misaligned field with nontrivial cosmological abun-
dance. [92]. There is a non-time-dependent decay of li →
ljϕϕ0 which is hard to separate from background since the
energy of the final state lepton closely mimics the SM decay.
There are many possible analysis techniques to determine

the statistical sensitivity to the sinusoidal signals in Eq. (8) in
the presence of substantial SM backgrounds. We follow a
simplified approach, using the binned χ2 when possible and
the unbinned Rayleigh periodogram elsewhere [93].
Furthermore, we assume continuous data collection over
total observation time T. For the χ2 analysis, the data are
divided into nbin ¼ T=Δt equal-sized bins, each of duration
Δt, which are longer than or equal to the experimental
resolution. Using Eq. (8), the predicted event rate is

ṄpredðtÞ ¼
Ntot

T
½Bbgfbg þ 2Bsigfsigcos2ðmϕtþ δÞ&; ð9Þ

where Ntot is the total number of li decays, BbgðsigÞ and
fbgðsigÞ are the background (signal) branching fractions and
experimental efficiencies, respectively. Local DM with
velocity v ∼ 10−3 sets a characteristic coherence time

τcoh ∼
1

mϕv2
≃ 7 × 105 s

!
10−15 eV

mϕ

"!
10−3

v

"
2

; ð10Þ

during which the classical DM field maintains the same
phase δ. For T > τcoh, an experiment can experience two or
more coherent “patches” with different phases. Further
details about decoherence in our analysis may be found
in Supplemental Material [58]. In Eq. (9), the time-averaged
branching ratio for the signal channel satisfies

Bsig ≡ hBðli → ljϕ0Þi ¼
C2
ij

128π
ϕ2
0

f4
m3

li

Γli

; ð11Þ

where we have used Eq. (8). The number of background
events, assumed to be nonmodulating and dominant over the
signal, is given by

Nbg ¼ NtotBbgfbg; Bbgfbg ≫ Bsigfsig: ð12Þ

The number of events per time bin is obtained from
integrating ṄpredðtÞ over each bin interval Δt. Using

FIG. 2. Model contribution to li → ljϕ0, where the interaction
with the background classical field (ϕc) is denoted in red.
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Asimov datasets [94] we construct a χ2 test statistic, which
depends on the quadratic sum of statistical and systematic
errors in each bin, which, respectively, satisfy

σstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nbg=nbin

q
; σsys ¼ αNbg=nbin; ð13Þ

where α is the relative systematic uncertainty. The χ2 test
statistic can then be translated to the expected bounds on
f=

ffiffiffiffiffiffiffi
Cij

p
from Eq. (8) using time-dependent li → ljϕ0

searches. As shown in Supplemental Material [58], in the
“fine-binned” (fb) limit where mϕΔt ≪ 1, mϕT ≫ 1, the
time-dependent test statistic χ2fb can be written

χ2fb ¼
3

2

"
1þ nbin

3

#
σsys
σstat

$
2
%
χ2const; ð14Þ

where χ2const is the usual time-independent test statistic. Thus,
in the fine-binned limit, the sensitivity to a time-dependent
signal is significantly enhanced if systematic uncertainties
dominate over statistical ones. The time dependence of the
signal allows the background rate to be measured in situ, in
the low signal rate bins, thus removing the associated
uncertainty. In fact, in the systematics-dominated regime,
Eq. (14) reduces to [58]

χ2fb ¼
ðBsigfsigNtotÞ2

2nbinσ2stat
; ð15Þ

which shows complete independence from systematic uncer-
tainties. Thus, with an appropriate analysis, it is possible to
measure a time-dependent signal even in the presence of
large systematic uncertainties, as long as all the systematics
are time independent.
The expected sensitivity generally depends on the choice

of time-bin width Δt (equivalently, the number of bins

nbin), as shown in Fig. 3. The time-independent limit
corresponds to nbin ¼ 1 (horizontal dashed line in
Fig. 3). Sensitivity gradually decreases as Δt increases:
small Δt corresponds to a regime fully resolving oscil-
lations, whereas large Δt approaches a less sensitive, time-
integrated analysis dominated by systematics.
The χ2 approach requires at least ∼10 events per time

bin, which places a lower bound on the bin size Δt. To
resolve shorter period oscillations, but above the exper-
imental time resolution, we utilize the unbinned approach
of the Rayleigh periodogram [23]. Further details on the
procedure can be found in Supplemental Material [58]. In
Fig. 1, we summarize the expected sensitivity to Bðli →
ljϕ0Þ as a function of mϕ for representative numerical
examples detailed below.
Numerical examples—As representative examples we

consider a possible search for time-dependent μ → eϕ0

decays at Mu3e, and for τ → lϕ0 decays at Belle II and at
FCC-ee. More details regarding the chosen numerical values
for each example can be found inSupplementalMaterial [58].
For Mu3e, we assume T ¼ 300 days of continuous

data collection, yielding Ntot ∼ 3 × 1015 muon decays.
The endpoint region for mϕ ≃ 0 includes Nbg ∼ 1013

background events from μ → eνν̄, corresponding to a
background fraction fbg ∼ 3 × 10−3 [32,33]. For these
large data samples, the μ → eϕ0 search will be dominated
by systematics, which we conservatively assume are set by
theoretical uncertainties, implying a 90% CL upper bound
of Bðμ → eϕ0Þ < 6 × 10−7 (Fig. 12 of Ref. [59]), and thus a
relative systematic uncertainty of α ∼ 10−4. Given the
dataset above, the time-dependent search for μ → eϕ0

can result in a sensitivity to the μ → eϕ0 branching ratio
well below the systematic uncertainty for mϕ ≲ 10−10 eV
(solid purple line in Fig. 1 left).

FIG. 3. The 90% confidence upper limit on the signal branching Bsig obtained from a time-dependent analysis, as a function of bin size
Δt (solid, dashed-dotted lines) for different ϕ masses at Mu3e (left) and Belle II using the full projected integrated luminosity (right),
using the same assumptions as in Fig. 1. The dotted vertical lines denote approximately when the oscillatory signal for each mass is
resolved, Δt ∼m−1

ϕ . The horizontal dashed black line denotes the upper limit for a time-independent, single-bin, analysis.
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DM and time-variation in muon decays

to mϕ depend explicitly on the local DM density, ϕc,
leading to position dependent fine-tuning. This problem
does not exist if there are two separate fields only one of
which has a classical field value.
As a concrete example we will consider interactions of

the form

Lint ⊃
iϕð∂μϕ0Þ

2f2
liγμðCV

ij þ CA
ijγ5Þlj þ H:c:; ð6Þ

where ϕ is DM and ϕ0 is another ultralight dark sector field,
CV;A
ij are Hermitian matrices in flavor space and the i, j

indices run over all charged fermion species, and f is the
effective energy scale associated with the generation of this
operator. In Supplemental Material we show that the
interaction in Eq. (6) can be the leading DM-SM interaction
if ϕ and ϕ0 are pseudo-Nambu-Goldstone bosons of a
spontaneously broken non-Abelian global symmetry, and
how f relates to the physics that generates this operator. In
Supplemental Material [58] we also give further examples
of such quadratic interactions with the dark sector.
Since the interaction in Eq. (6) contains two light field

insertions, expanding ϕ around its background value, ϕc,
results in time-dependent FCNC decays at leading order. To
make this time modulation manifest, we integrate by parts
and replace the ϕ field with ϕc to obtain

Lint⊃
ϕc

2f2
ϕ0li

h
CV
ijðmli

−mljÞþCA
ijðmli

þmljÞγ5
i
lj; ð7Þ

where mli is the mass of li. The branching fraction for
li → ljϕ0 decays is now explicitly calculated from the
diagram in Fig. 2 and is time dependent,

Bðli → ljϕ0Þ ¼
C2
ijϕ

2
0

64πf4
m3

li

Γli
cos2ðmϕtþ δÞ; ð8Þ

where C2
ij ≡ jCV

ijj2 þ jCA
ijj2, Γli is the total width of lepton

li, ϕ0 is the field amplitude from Eq. (2), and we have
approximated all final state particles as massless except for
the appearance of mϕ in the cosine. Note that, as part of the
dark sector, ϕ0 will be invisible on accelerator length scales.

Observing periodic signals—New physics transitions
li → ljϕ0 have an irreducible SM background from the
tree-level W-boson mediated decays, li → ljνiν̄j. Because
of three-body kinematics, this background mimics the signal
li → ljϕ0 onlywhen the invariant mass of the two neutrinos
is close to zero, within experimental resolution (the ϕ0 mass
is assumed to be far below the invisible mass resolution in
these experiments). Time-dependent signals offer a valuable
handle to distinguish signal from background, particularly
because the background events do not exhibit periodic
modulation. Observing a time modulation in li → ljϕ0

decays would constitute compelling evidence for DM or
another misaligned field with nontrivial cosmological abun-
dance. [92]. There is a non-time-dependent decay of li →
ljϕϕ0 which is hard to separate from background since the
energy of the final state lepton closely mimics the SM decay.
There are many possible analysis techniques to determine

the statistical sensitivity to the sinusoidal signals in Eq. (8) in
the presence of substantial SM backgrounds. We follow a
simplified approach, using the binned χ2 when possible and
the unbinned Rayleigh periodogram elsewhere [93].
Furthermore, we assume continuous data collection over
total observation time T. For the χ2 analysis, the data are
divided into nbin ¼ T=Δt equal-sized bins, each of duration
Δt, which are longer than or equal to the experimental
resolution. Using Eq. (8), the predicted event rate is

ṄpredðtÞ ¼
Ntot

T
½Bbgfbg þ 2Bsigfsigcos2ðmϕtþ δÞ&; ð9Þ

where Ntot is the total number of li decays, BbgðsigÞ and
fbgðsigÞ are the background (signal) branching fractions and
experimental efficiencies, respectively. Local DM with
velocity v ∼ 10−3 sets a characteristic coherence time

τcoh ∼
1

mϕv2
≃ 7 × 105 s

!
10−15 eV

mϕ

"!
10−3

v

"
2

; ð10Þ

during which the classical DM field maintains the same
phase δ. For T > τcoh, an experiment can experience two or
more coherent “patches” with different phases. Further
details about decoherence in our analysis may be found
in Supplemental Material [58]. In Eq. (9), the time-averaged
branching ratio for the signal channel satisfies

Bsig ≡ hBðli → ljϕ0Þi ¼
C2
ij

128π
ϕ2
0

f4
m3

li

Γli

; ð11Þ

where we have used Eq. (8). The number of background
events, assumed to be nonmodulating and dominant over the
signal, is given by

Nbg ¼ NtotBbgfbg; Bbgfbg ≫ Bsigfsig: ð12Þ

The number of events per time bin is obtained from
integrating ṄpredðtÞ over each bin interval Δt. Using

FIG. 2. Model contribution to li → ljϕ0, where the interaction
with the background classical field (ϕc) is denoted in red.
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Asimov datasets [94] we construct a χ2 test statistic, which
depends on the quadratic sum of statistical and systematic
errors in each bin, which, respectively, satisfy

σstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nbg=nbin

q
; σsys ¼ αNbg=nbin; ð13Þ

where α is the relative systematic uncertainty. The χ2 test
statistic can then be translated to the expected bounds on
f=

ffiffiffiffiffiffiffi
Cij

p
from Eq. (8) using time-dependent li → ljϕ0

searches. As shown in Supplemental Material [58], in the
“fine-binned” (fb) limit where mϕΔt ≪ 1, mϕT ≫ 1, the
time-dependent test statistic χ2fb can be written

χ2fb ¼
3

2

"
1þ nbin

3

#
σsys
σstat

$
2
%
χ2const; ð14Þ

where χ2const is the usual time-independent test statistic. Thus,
in the fine-binned limit, the sensitivity to a time-dependent
signal is significantly enhanced if systematic uncertainties
dominate over statistical ones. The time dependence of the
signal allows the background rate to be measured in situ, in
the low signal rate bins, thus removing the associated
uncertainty. In fact, in the systematics-dominated regime,
Eq. (14) reduces to [58]

χ2fb ¼
ðBsigfsigNtotÞ2

2nbinσ2stat
; ð15Þ

which shows complete independence from systematic uncer-
tainties. Thus, with an appropriate analysis, it is possible to
measure a time-dependent signal even in the presence of
large systematic uncertainties, as long as all the systematics
are time independent.
The expected sensitivity generally depends on the choice

of time-bin width Δt (equivalently, the number of bins

nbin), as shown in Fig. 3. The time-independent limit
corresponds to nbin ¼ 1 (horizontal dashed line in
Fig. 3). Sensitivity gradually decreases as Δt increases:
small Δt corresponds to a regime fully resolving oscil-
lations, whereas large Δt approaches a less sensitive, time-
integrated analysis dominated by systematics.
The χ2 approach requires at least ∼10 events per time

bin, which places a lower bound on the bin size Δt. To
resolve shorter period oscillations, but above the exper-
imental time resolution, we utilize the unbinned approach
of the Rayleigh periodogram [23]. Further details on the
procedure can be found in Supplemental Material [58]. In
Fig. 1, we summarize the expected sensitivity to Bðli →
ljϕ0Þ as a function of mϕ for representative numerical
examples detailed below.
Numerical examples—As representative examples we

consider a possible search for time-dependent μ → eϕ0

decays at Mu3e, and for τ → lϕ0 decays at Belle II and at
FCC-ee. More details regarding the chosen numerical values
for each example can be found inSupplementalMaterial [58].
For Mu3e, we assume T ¼ 300 days of continuous

data collection, yielding Ntot ∼ 3 × 1015 muon decays.
The endpoint region for mϕ ≃ 0 includes Nbg ∼ 1013

background events from μ → eνν̄, corresponding to a
background fraction fbg ∼ 3 × 10−3 [32,33]. For these
large data samples, the μ → eϕ0 search will be dominated
by systematics, which we conservatively assume are set by
theoretical uncertainties, implying a 90% CL upper bound
of Bðμ → eϕ0Þ < 6 × 10−7 (Fig. 12 of Ref. [59]), and thus a
relative systematic uncertainty of α ∼ 10−4. Given the
dataset above, the time-dependent search for μ → eϕ0

can result in a sensitivity to the μ → eϕ0 branching ratio
well below the systematic uncertainty for mϕ ≲ 10−10 eV
(solid purple line in Fig. 1 left).

FIG. 3. The 90% confidence upper limit on the signal branching Bsig obtained from a time-dependent analysis, as a function of bin size
Δt (solid, dashed-dotted lines) for different ϕ masses at Mu3e (left) and Belle II using the full projected integrated luminosity (right),
using the same assumptions as in Fig. 1. The dotted vertical lines denote approximately when the oscillatory signal for each mass is
resolved, Δt ∼m−1

ϕ . The horizontal dashed black line denotes the upper limit for a time-independent, single-bin, analysis.
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Time-variation allows measurement of backgrounds in situ, 
removes systematics uncertainties

Asimov datasets [94] we construct a χ2 test statistic, which
depends on the quadratic sum of statistical and systematic
errors in each bin, which, respectively, satisfy

σstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nbg=nbin

q
; σsys ¼ αNbg=nbin; ð13Þ

where α is the relative systematic uncertainty. The χ2 test
statistic can then be translated to the expected bounds on
f=

ffiffiffiffiffiffiffi
Cij

p
from Eq. (8) using time-dependent li → ljϕ0

searches. As shown in Supplemental Material [58], in the
“fine-binned” (fb) limit where mϕΔt ≪ 1, mϕT ≫ 1, the
time-dependent test statistic χ2fb can be written

χ2fb ¼
3

2

"
1þ nbin

3

#
σsys
σstat

$
2
%
χ2const; ð14Þ

where χ2const is the usual time-independent test statistic. Thus,
in the fine-binned limit, the sensitivity to a time-dependent
signal is significantly enhanced if systematic uncertainties
dominate over statistical ones. The time dependence of the
signal allows the background rate to be measured in situ, in
the low signal rate bins, thus removing the associated
uncertainty. In fact, in the systematics-dominated regime,
Eq. (14) reduces to [58]

χ2fb ¼
ðBsigfsigNtotÞ2

2nbinσ2stat
; ð15Þ

which shows complete independence from systematic uncer-
tainties. Thus, with an appropriate analysis, it is possible to
measure a time-dependent signal even in the presence of
large systematic uncertainties, as long as all the systematics
are time independent.
The expected sensitivity generally depends on the choice

of time-bin width Δt (equivalently, the number of bins

nbin), as shown in Fig. 3. The time-independent limit
corresponds to nbin ¼ 1 (horizontal dashed line in
Fig. 3). Sensitivity gradually decreases as Δt increases:
small Δt corresponds to a regime fully resolving oscil-
lations, whereas large Δt approaches a less sensitive, time-
integrated analysis dominated by systematics.
The χ2 approach requires at least ∼10 events per time

bin, which places a lower bound on the bin size Δt. To
resolve shorter period oscillations, but above the exper-
imental time resolution, we utilize the unbinned approach
of the Rayleigh periodogram [23]. Further details on the
procedure can be found in Supplemental Material [58]. In
Fig. 1, we summarize the expected sensitivity to Bðli →
ljϕ0Þ as a function of mϕ for representative numerical
examples detailed below.
Numerical examples—As representative examples we

consider a possible search for time-dependent μ → eϕ0

decays at Mu3e, and for τ → lϕ0 decays at Belle II and at
FCC-ee. More details regarding the chosen numerical values
for each example can be found inSupplementalMaterial [58].
For Mu3e, we assume T ¼ 300 days of continuous

data collection, yielding Ntot ∼ 3 × 1015 muon decays.
The endpoint region for mϕ ≃ 0 includes Nbg ∼ 1013

background events from μ → eνν̄, corresponding to a
background fraction fbg ∼ 3 × 10−3 [32,33]. For these
large data samples, the μ → eϕ0 search will be dominated
by systematics, which we conservatively assume are set by
theoretical uncertainties, implying a 90% CL upper bound
of Bðμ → eϕ0Þ < 6 × 10−7 (Fig. 12 of Ref. [59]), and thus a
relative systematic uncertainty of α ∼ 10−4. Given the
dataset above, the time-dependent search for μ → eϕ0

can result in a sensitivity to the μ → eϕ0 branching ratio
well below the systematic uncertainty for mϕ ≲ 10−10 eV
(solid purple line in Fig. 1 left).

FIG. 3. The 90% confidence upper limit on the signal branching Bsig obtained from a time-dependent analysis, as a function of bin size
Δt (solid, dashed-dotted lines) for different ϕ masses at Mu3e (left) and Belle II using the full projected integrated luminosity (right),
using the same assumptions as in Fig. 1. The dotted vertical lines denote approximately when the oscillatory signal for each mass is
resolved, Δt ∼m−1

ϕ . The horizontal dashed black line denotes the upper limit for a time-independent, single-bin, analysis.
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Asimov datasets [94] we construct a χ2 test statistic, which
depends on the quadratic sum of statistical and systematic
errors in each bin, which, respectively, satisfy

σstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nbg=nbin

q
; σsys ¼ αNbg=nbin; ð13Þ

where α is the relative systematic uncertainty. The χ2 test
statistic can then be translated to the expected bounds on
f=

ffiffiffiffiffiffiffi
Cij

p
from Eq. (8) using time-dependent li → ljϕ0

searches. As shown in Supplemental Material [58], in the
“fine-binned” (fb) limit where mϕΔt ≪ 1, mϕT ≫ 1, the
time-dependent test statistic χ2fb can be written

χ2fb ¼
3

2

"
1þ nbin

3

#
σsys
σstat

$
2
%
χ2const; ð14Þ

where χ2const is the usual time-independent test statistic. Thus,
in the fine-binned limit, the sensitivity to a time-dependent
signal is significantly enhanced if systematic uncertainties
dominate over statistical ones. The time dependence of the
signal allows the background rate to be measured in situ, in
the low signal rate bins, thus removing the associated
uncertainty. In fact, in the systematics-dominated regime,
Eq. (14) reduces to [58]

χ2fb ¼
ðBsigfsigNtotÞ2

2nbinσ2stat
; ð15Þ

which shows complete independence from systematic uncer-
tainties. Thus, with an appropriate analysis, it is possible to
measure a time-dependent signal even in the presence of
large systematic uncertainties, as long as all the systematics
are time independent.
The expected sensitivity generally depends on the choice

of time-bin width Δt (equivalently, the number of bins

nbin), as shown in Fig. 3. The time-independent limit
corresponds to nbin ¼ 1 (horizontal dashed line in
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FIG. 3. The 90% confidence upper limit on the signal branching Bsig obtained from a time-dependent analysis, as a function of bin size
Δt (solid, dashed-dotted lines) for different ϕ masses at Mu3e (left) and Belle II using the full projected integrated luminosity (right),
using the same assumptions as in Fig. 1. The dotted vertical lines denote approximately when the oscillatory signal for each mass is
resolved, Δt ∼m−1

ϕ . The horizontal dashed black line denotes the upper limit for a time-independent, single-bin, analysis.
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transitions induced by the presence of a misaligned field.
We focus on charged lepton flavor violating (CLFV)
decays, and find that certain classes of dark-visible inter-
actions can viably induce timemodulation at levels that can
be probed at existing and future experiments.
As numerical examples, we show projections for a

possible reanalysis of existing Belle-II data [29,30], as
well as the estimates for future Mu3e [31–33] and FCC-ee
[34–36] sensitivities—these results are presented in Fig. 1.
Similar analyses could be performed at other current and
future CLFV experiments, including MEG-II [37–39],
Mu2e [40–44], COMET [43,45,46], BES-III [47,48],
Super Tau Charm Factory [49–51], and CEPC [52].
Time-dependent CLFV interactions—Arguably the sim-

plest interactions of ϕ to the SM fermions arises from the
dimension-5 Higgs interaction ϕHL̄ilj. Once the Higgs
acquires its vacuum expectation value this operator
becomes yijϕlilj and leads to decays of the charged
lepton to dark matter. However, this interaction does not
lead to observable time-dependent CLFV transitions, due to
several challenges that we outline below. (1) Time-inde-
pendent limits: the off-diagonal interactions in the dimen-
sion-5 operators ϕHL̄ilj predict flavor changing processes,
including the decays: τ → μϕ; τ → eϕ, and μ → eϕ, where
the final state ϕ is invisible to experiments. For such linear
ϕ couplings the decay rates are independent of the ϕc
background at leading order and, therefore, do not inherit
time modulation. Furthermore, conventional time-averaged
searches for li → ljþ invisible decays yield stringent
limits on the couplings [30,38,53,56]

jyτej; jyτμj≲ 2 × 10−7; jyμej≲ 10−10; ð4Þ

which severely limit any CLFV time-dependent effects that
could arise at higher orders, via additional yij insertions.
(2) Mass-shift effects: in the case of the Higgs operator,
ϕHL̄ilj, setting ϕ to its background value ϕc yields
corrections to the lepton mass matrix,

mijðtÞ ¼ diagðme;mμ; mτÞ þ yijϕcðtÞ; ð5Þ

where the additional mass terms induce time dependence in
SM decays. For example, the branching ratio Bðμ → eνν̄Þ
acquires time modulation with an amplitude ∝ Oðyμμ; y2μeÞ,
due to the modified muon mass. Furthermore, these terms
can also induce time-dependent exotic FCNC decays, such
as μ → eγ or τ → eγ. However, the branching fractions for
these processes are suppressed by both y2ij and by ϕ̇c.[57]
Thus, after taking into account the constraints from Eq. (4),
all time-varying CLFV signals are unobservably
small.Similarly, a dimension-5 axion portal operator of
the form ∂μϕliγμγ5lj leads to time-independent dark
matter decays of charged leptons.
For the charged lepton decays to be time dependent the

operator must involve two insertions of dark sector fields,
with at least one of these insertions being the ultralight dark
matter. If both of the insertions are the dark matter,
operators of the form ϕ2lilj then the decays can become
time dependent as the decay amplitude is proportional to
ϕc. However, this raises the problem that loop corrections

FIG. 1. Present and projected constraints on LFV couplings f=
ffiffiffiffiffiffiffi
Cμe

p
(left) and f=

ffiffiffiffiffiffiffi
Cτl

p
(right) for time-binned and single-bin

analyses, as a function of the scalar mass, mϕ—see Eqs. (6) and (8). Left: Present constraint from TWIST [53,54] is shaded in yellow.
The projected single-bin (dashed line) and time-binned (solid line) analysis reach from Mu3e [32,33] is shown in purple. The
astrophysical bound on f=

ffiffiffiffiffiffiffi
Cμe

p
from SN1987A [38,55] is shown here as a dot-dashed green line—see main text for details. Right: The

constraints on f=
ffiffiffiffiffiffiffi
Cτl

p
from present and projected Belle-II analyses [30] are shown here in blue: current 62.8 fb−1 time-integrated

constraint is shaded, single-bin constraint is a dashed line and projected time-binned constraint is a solid line; the 50 ab−1 projected
time-binned constraint is a dot-dashed line. The projected constraints from FCC-ee Tera-Z run [35] are shown in red: dotted line for
single-bin analysis, and red solid line for time-binned analysis. The constraints on Cτμ and on Cτe (denoted collectively here as Cτl)
almost completely overlap on this logarithmic scale.
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Conclusions
• ALPs — “standard” BSM, coupling to taus somewhat overlooked

• Broad array of possible couplings to leptons (anarchy, hierarchy, 

FV, FC)

• Beam dumps are rich source of taus and provide strong constraints 

for long-lived ALPs

• Old data at CHARM, BEBC provide new constraints

• New parameter space can be probed by NOvA, Icarus, 

MicroBooNE

• DUNE and SHiP will have greatest reach 


• Prompt exotic tau decays can be searched for at LHCb, Belle-II, 
FCC-ee.  


• With reach to 103-109 TeV scale.

• Many possible final states, high charge multiplicity


• Quadratic couplings can be leading effect in some models

• Time variation, allows digging below systematics
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dark matter, see, e.g., Refs. [79–83], and for strongly-interacting dark sectors with dark pions as npNGBs, see, e.g.,
Refs. [84–87]. The dark sector currents of the form ⇡�µ⇡ coupling to SM fermion currents through light dark vectors
were also considered in [88].

a. An example realization: SU(3)L ⇥ SU(3)R ! SU(3)V

The form of the interactions in Eq. (S1) may seem exotic. However, as noted above, there is a familiar example in
the SM: the pion sector of QCD interacting through QED with leptons. In the limit of vanishing up and down quark
masses the QCD Lagrangian is invariant under a chiral flavor symmetry, SU(2)L ⇥ SU(2)R. This is spontaneously
broken to its diagonal subgroup, SU(2)L ⇥ SU(2)R ! SU(2)V , resulting in three light npNGBs, @

± and @
0. In the

QCD Lagrangian the SU(2)L ⇥SU(2)R global symmetry is explicitly broken by the mu,d quark masses, giving rise to
nonzero pion masses. The @

+
i�µ@

� current couples to the electromagnetic current of the SM leptons through a tree
level photon exchange, giving rise to a non-local interaction of the form

�
@

+
i�µ@

��
�

�2
�
¯̀�µ

`
�
, where the nonlocal

structure �
�2 is due to the photon propagator, 6igµ`/q

2, but in the position-space representation.
If all three light SM quark masses, mu, md and ms can be neglected, then the QCD Lagrangian has a larger global

symmetry SU(3)L⇥SU(3)R. This can still be viewed as being spontaneously broken to its diagonal subgroup SU(3)V ,
though, in this case the explicit breaking due to strange quark mass ms is much larger. In this case there are eight
npNGBs: the pions, kaons and eta.

Let us now assume that a similar SU(3)hid
L ⇥ SU(3)hid

R ! SU(3)hid
V symmetry breaking pattern also occurs in the

hidden sector.
Let us also charge the dark sector under a gauged U(1)0. As in the introductory discussion surrounding eq. (S1),

let us assume that U(1)0 is a subgroup of SU(3)hid
R .

The only explicit breaking of SU(3)hid
L are thus the masses of hidden sector quarks, which guarantees that the @

a
D

can be very light if the hidden quark masses are small. – that may, but need not, be a subgroup of SU(3)hid
V , and

assume that @
±
D are the dark matter. That is, the low energy chiral Lagrangian for the hidden sector is given by

L =
f

2
UV

8
Tr

�
DµUD

µ
U

†� +
f

2
UV

8
Tr

�
↵

†
U + U

†
↵
�

+ · · · , (S4)

where ↵ is an explicit SU(3)hid
L ⇥ SU(3)hid

R global symmetry breaking spurion due to hidden quark masses m
hid
q (we

use the notation similar to QCD, thus ↵ � (mhid
u , m

hid
d , m

hid
s )). The ellipses in eq. (S4) denote terms of higher order

in chiral expansion. Working in the basis where ↵ is diagonal,
the exponentiated npNGB matrix U = exp

�
i
�

2↵D/fUV

�
is given by

↵d =

⇣

⌘⌘✓

↵0
Dp
2

+ ⌫D8p
6

@
+
D K

+
D

@
�
D 6

↵0
Dp
2

+ ⌫D8p
6

K
0
D

K
�
D K̄

0
D 6

◆
2
3�D8

0

BB@ , (S5)

where again we follow the SM notation for the npNGB mass eigenstates. (Note that the charges in this notation need
not correspond to A

0 charges.) The covariant derivative is given by

DµU = �µU + ig
0
A

0
µQU, (S6)

where g
0 is the U(1)0 gauge coupling, and Q is a 3 ⌦ 3 spurion matrix. For instance, taking Q = qU⌘3, where ⌘3 is

the third Gell-Mann matrix, and qU the appropriately normalized U(1)0 charge, the kinetic term contains

f
2
UV

8
Tr

�
DµUD

µ
U

†�
/

f
2
UV

8
g

0
A

0
µ Tr

q
QUi�µU

†
6 i�µUU

†
Q

1
+ · · ·

=
fUVg

0
qu

2
�

2
A

0
µ�µ@

0
D +

g
0
qU

4
A

0
µ

�
K̄

0
Di�

µ
K

0
D 6 K

0
Di�

µ
K̄

0
D

�
+ · · · ,

(S7)

where ellipses denote terms with no gauge fields or with two gauge fields, and the terms where A
0 couples to currents

with three or more mesons, or to two mesons, but not involving K
0
D, K̄

0
D.

Dark meson masses are proportional to dark quark masses, m
2
↵0
D

� (mu + md), m
2
K0

D
= m

2
K̄0

D
� (ms + md), and so

on, completely analogous to QCD. For mu p md,s the K
0
D and K̄

0
D are much lighter than all the npNGBs, and can

be the DM candidates. We are interested in the regime, where K
0
D and K̄

0
D are extremely light and are the DM, with
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where ellipses denote terms with no gauge fields or with two gauge fields, and the terms where A
0 couples to currents

with three or more mesons, or to two mesons, but not involving K
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dark matter, see, e.g., Refs. [79–83], and for strongly-interacting dark sectors with dark pions as npNGBs, see, e.g.,
Refs. [84–87]. The dark sector currents of the form ⇡�µ⇡ coupling to SM fermion currents through light dark vectors
were also considered in [88].

a. An example realization: SU(3)L ⇥ SU(3)R ! SU(3)V

The form of the interactions in Eq. (S1) may seem exotic. However, as noted above, there is a familiar example in
the SM: the pion sector of QCD interacting through QED with leptons. In the limit of vanishing up and down quark
masses the QCD Lagrangian is invariant under a chiral flavor symmetry, SU(2)L ⇥ SU(2)R. This is spontaneously
broken to its diagonal subgroup, SU(2)L ⇥ SU(2)R ! SU(2)V , resulting in three light npNGBs, @

± and @
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QCD Lagrangian the SU(2)L ⇥SU(2)R global symmetry is explicitly broken by the mu,d quark masses, giving rise to
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symmetry SU(3)L⇥SU(3)R. This can still be viewed as being spontaneously broken to its diagonal subgroup SU(3)V ,
though, in this case the explicit breaking due to strange quark mass ms is much larger. In this case there are eight
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where again we follow the SM notation for the npNGB mass eigenstates. (Note that the charges in this notation need
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where ellipses denote terms with no gauge fields or with two gauge fields, and the terms where A
0 couples to currents
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dark matter, see, e.g., Refs. [79–83], and for strongly-interacting dark sectors with dark pions as npNGBs, see, e.g.,
Refs. [84–87]. The dark sector currents of the form ⇡�µ⇡ coupling to SM fermion currents through light dark vectors
were also considered in [88].
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The form of the interactions in Eq. (S1) may seem exotic. However, as noted above, there is a familiar example in
the SM: the pion sector of QCD interacting through QED with leptons. In the limit of vanishing up and down quark
masses the QCD Lagrangian is invariant under a chiral flavor symmetry, SU(2)L ⇥ SU(2)R. This is spontaneously
broken to its diagonal subgroup, SU(2)L ⇥ SU(2)R ! SU(2)V , resulting in three light npNGBs, @
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symmetry SU(3)L⇥SU(3)R. This can still be viewed as being spontaneously broken to its diagonal subgroup SU(3)V ,
though, in this case the explicit breaking due to strange quark mass ms is much larger. In this case there are eight
npNGBs: the pions, kaons and eta.
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let us assume that U(1)0 is a subgroup of SU(3)hid
R .

The only explicit breaking of SU(3)hid
L are thus the masses of hidden sector quarks, which guarantees that the @

a
D

can be very light if the hidden quark masses are small. – that may, but need not, be a subgroup of SU(3)hid
V , and

assume that @
±
D are the dark matter. That is, the low energy chiral Lagrangian for the hidden sector is given by

L =
f

2
UV

8
Tr

�
DµUD

µ
U

†� +
f

2
UV

8
Tr

�
↵

†
U + U

†
↵
�

+ · · · , (S4)

where ↵ is an explicit SU(3)hid
L ⇥ SU(3)hid

R global symmetry breaking spurion due to hidden quark masses m
hid
q (we

use the notation similar to QCD, thus ↵ � (mhid
u , m

hid
d , m

hid
s )). The ellipses in eq. (S4) denote terms of higher order

in chiral expansion. Working in the basis where ↵ is diagonal,
the exponentiated npNGB matrix U = exp

�
i
�

2↵D/fUV

�
is given by

↵d =

⇣

⌘⌘✓

↵0
Dp
2

+ ⌫D8p
6

@
+
D K

+
D

@
�
D 6

↵0
Dp
2

+ ⌫D8p
6

K
0
D

K
�
D K̄

0
D 6

◆
2
3�D8

0

BB@ , (S5)

where again we follow the SM notation for the npNGB mass eigenstates. (Note that the charges in this notation need
not correspond to A

0 charges.) The covariant derivative is given by
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0 is the U(1)0 gauge coupling, and Q is a 3 ⌦ 3 spurion matrix. For instance, taking Q = qU⌘3, where ⌘3 is

the third Gell-Mann matrix, and qU the appropriately normalized U(1)0 charge, the kinetic term contains
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where ellipses denote terms with no gauge fields or with two gauge fields, and the terms where A
0 couples to currents

with three or more mesons, or to two mesons, but not involving K
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dark matter, see, e.g., Refs. [79–83], and for strongly-interacting dark sectors with dark pions as npNGBs, see, e.g.,
Refs. [84–87]. The dark sector currents of the form ⇡�µ⇡ coupling to SM fermion currents through light dark vectors
were also considered in [88].
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The form of the interactions in Eq. (S1) may seem exotic. However, as noted above, there is a familiar example in
the SM: the pion sector of QCD interacting through QED with leptons. In the limit of vanishing up and down quark
masses the QCD Lagrangian is invariant under a chiral flavor symmetry, SU(2)L ⇥ SU(2)R. This is spontaneously
broken to its diagonal subgroup, SU(2)L ⇥ SU(2)R ! SU(2)V , resulting in three light npNGBs, @

± and @
0. In the

QCD Lagrangian the SU(2)L ⇥SU(2)R global symmetry is explicitly broken by the mu,d quark masses, giving rise to
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symmetry SU(3)L⇥SU(3)R. This can still be viewed as being spontaneously broken to its diagonal subgroup SU(3)V ,
though, in this case the explicit breaking due to strange quark mass ms is much larger. In this case there are eight
npNGBs: the pions, kaons and eta.
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where again we follow the SM notation for the npNGB mass eigenstates. (Note that the charges in this notation need
not correspond to A

0 charges.) The covariant derivative is given by

DµU = �µU + ig
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µQU, (S6)
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0 is the U(1)0 gauge coupling, and Q is a 3 ⌦ 3 spurion matrix. For instance, taking Q = qU⌘3, where ⌘3 is
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where ellipses denote terms with no gauge fields or with two gauge fields, and the terms where A
0 couples to currents

with three or more mesons, or to two mesons, but not involving K
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dark matter, see, e.g., Refs. [79–83], and for strongly-interacting dark sectors with dark pions as npNGBs, see, e.g.,
Refs. [84–87]. The dark sector currents of the form ⇡�µ⇡ coupling to SM fermion currents through light dark vectors
were also considered in [88].

a. An example realization: SU(3)L ⇥ SU(3)R ! SU(3)V

The form of the interactions in Eq. (S1) may seem exotic. However, as noted above, there is a familiar example in
the SM: the pion sector of QCD interacting through QED with leptons. In the limit of vanishing up and down quark
masses the QCD Lagrangian is invariant under a chiral flavor symmetry, SU(2)L ⇥ SU(2)R. This is spontaneously
broken to its diagonal subgroup, SU(2)L ⇥ SU(2)R ! SU(2)V , resulting in three light npNGBs, @

± and @
0. In the

QCD Lagrangian the SU(2)L ⇥SU(2)R global symmetry is explicitly broken by the mu,d quark masses, giving rise to
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symmetry SU(3)L⇥SU(3)R. This can still be viewed as being spontaneously broken to its diagonal subgroup SU(3)V ,
though, in this case the explicit breaking due to strange quark mass ms is much larger. In this case there are eight
npNGBs: the pions, kaons and eta.
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where again we follow the SM notation for the npNGB mass eigenstates. (Note that the charges in this notation need
not correspond to A

0 charges.) The covariant derivative is given by
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where ellipses denote terms with no gauge fields or with two gauge fields, and the terms where A
0 couples to currents
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dark matter, see, e.g., Refs. [79–83], and for strongly-interacting dark sectors with dark pions as npNGBs, see, e.g.,
Refs. [84–87]. The dark sector currents of the form ⇡�µ⇡ coupling to SM fermion currents through light dark vectors
were also considered in [88].

a. An example realization: SU(3)L ⇥ SU(3)R ! SU(3)V

The form of the interactions in Eq. (S1) may seem exotic. However, as noted above, there is a familiar example in
the SM: the pion sector of QCD interacting through QED with leptons. In the limit of vanishing up and down quark
masses the QCD Lagrangian is invariant under a chiral flavor symmetry, SU(2)L ⇥ SU(2)R. This is spontaneously
broken to its diagonal subgroup, SU(2)L ⇥ SU(2)R ! SU(2)V , resulting in three light npNGBs, @

± and @
0. In the
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symmetry SU(3)L⇥SU(3)R. This can still be viewed as being spontaneously broken to its diagonal subgroup SU(3)V ,
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where again we follow the SM notation for the npNGB mass eigenstates. (Note that the charges in this notation need
not correspond to A

0 charges.) The covariant derivative is given by
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where g
0 is the U(1)0 gauge coupling, and Q is a 3 ⌦ 3 spurion matrix. For instance, taking Q = qU⌘3, where ⌘3 is

the third Gell-Mann matrix, and qU the appropriately normalized U(1)0 charge, the kinetic term contains
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where ellipses denote terms with no gauge fields or with two gauge fields, and the terms where A
0 couples to currents

with three or more mesons, or to two mesons, but not involving K
0
D, K̄

0
D.

Dark meson masses are proportional to dark quark masses, m
2
↵0
D

� (mu + md), m
2
K0

D
= m

2
K̄0

D
� (ms + md), and so

on, completely analogous to QCD. For mu p md,s the K
0
D and K̄

0
D are much lighter than all the npNGBs, and can

be the DM candidates. We are interested in the regime, where K
0
D and K̄

0
D are extremely light and are the DM, with
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dark matter, see, e.g., Refs. [79–83], and for strongly-interacting dark sectors with dark pions as npNGBs, see, e.g.,
Refs. [84–87]. The dark sector currents of the form ⇡�µ⇡ coupling to SM fermion currents through light dark vectors
were also considered in [88].

a. An example realization: SU(3)L ⇥ SU(3)R ! SU(3)V

The form of the interactions in Eq. (S1) may seem exotic. However, as noted above, there is a familiar example in
the SM: the pion sector of QCD interacting through QED with leptons. In the limit of vanishing up and down quark
masses the QCD Lagrangian is invariant under a chiral flavor symmetry, SU(2)L ⇥ SU(2)R. This is spontaneously
broken to its diagonal subgroup, SU(2)L ⇥ SU(2)R ! SU(2)V , resulting in three light npNGBs, @

± and @
0. In the

QCD Lagrangian the SU(2)L ⇥SU(2)R global symmetry is explicitly broken by the mu,d quark masses, giving rise to
nonzero pion masses. The @

+
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� current couples to the electromagnetic current of the SM leptons through a tree
level photon exchange, giving rise to a non-local interaction of the form
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�2 is due to the photon propagator, 6igµ`/q
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If all three light SM quark masses, mu, md and ms can be neglected, then the QCD Lagrangian has a larger global

symmetry SU(3)L⇥SU(3)R. This can still be viewed as being spontaneously broken to its diagonal subgroup SU(3)V ,
though, in this case the explicit breaking due to strange quark mass ms is much larger. In this case there are eight
npNGBs: the pions, kaons and eta.
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L are thus the masses of hidden sector quarks, which guarantees that the @
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where again we follow the SM notation for the npNGB mass eigenstates. (Note that the charges in this notation need
not correspond to A
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where g
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where ellipses denote terms with no gauge fields or with two gauge fields, and the terms where A
0 couples to currents
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where again we follow the SM notation for the npNGB mass eigenstates. (Note that the charges in this notation need
not correspond to A

0 charges.) The covariant derivative is given by
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0 is the U(1)0 gauge coupling, and Q is a 3 ⌦ 3 spurion matrix. For instance, taking Q = qU⌘3, where ⌘3 is
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where ellipses denote terms with no gauge fields or with two gauge fields, and the terms where A
0 couples to currents

with three or more mesons, or to two mesons, but not involving K
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Dark meson masses are proportional to dark quark masses, m
2
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� (ms + md), and so

on, completely analogous to QCD. For mu p md,s the K
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D and K̄
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be the DM candidates. We are interested in the regime, where K
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D and K̄
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where again we follow the SM notation for the npNGB mass eigenstates. (Note that the charges in this notation need
not correspond to A

0 charges.) The covariant derivative is given by
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where ellipses denote terms with no gauge fields or with two gauge fields, and the terms where A
0 couples to currents

with three or more mesons, or to two mesons, but not involving K
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Dark meson masses are proportional to dark quark masses, m
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on, completely analogous to QCD. For mu p md,s the K
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D are much lighter than all the npNGBs, and can

be the DM candidates. We are interested in the regime, where K
0
D and K̄

0
D are extremely light and are the DM, with
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the relic abundance set by the misalignment mechanism, while all the other npNGBs are heavier than the muon and
thus irrelevant for muon decay phenomenology.

We can also charge the SM fermions under this dark U(1)�, in principle with flavor violating couplings, see, e.g.,
[89]. In this example we do not aim to explain the structure of SM Yukawas, and so interactions will have a general
flavor structure

Lint = ig
�
cij⇡̄i /A

�
⇡j + h.c.. (S8)

We set Q = qU�3 as in eq. (S7), and take the mass of the dark photon to be generated via a dark-Higgs mechanism,
with vacuum expectation value v

�, such that mA0 = g
�
v

�. The tree-level exchange of A
� between dark sector and SM

fermions generates an interaction of the form
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Note that the fUV scale disappears from the e↵ective interaction. The strength of the interaction with the SM is
instead controlled by mA0/g

� = v
�, i.e., by the U(1)� spontaneous symmetry breaking scale.

Matching onto the notation in Eq. (S2) gives[101]
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b. Other examples

Beyond npNGBs there are other possibilities for quadratic interactions between dark sector and the SM. We are
interested in the case where there are two di↵erent species of dark sector particles involved in the couplings to the SM
currents (for the case where a single light DM field couples quadratically to the SM with flavor diagonal interactions,
see, e.g., [90–95]). We are also specifically interested in the CLFV SM currents. The simplest such interaction is, for
instance,

B
� �

�

⇧2
ij

@
HLi↵j . (S11)

Linear interaction of � and �
� may be forbidden, if these are odd under a Z2 symmetry. The main di↵erence with

respect with the npNGBs e is that the masses of � and �
�
s are no longer protected using just the symmetries still

present in the IR. Such interactions may thus face a large hierarchy problem, though, this may not be a problem in
concrete UV models, e.g,. if the dark sector possesses a softly broken supersymmetry.

Another example where multiple dark sector particles may interact with the SM current is if the dark matter is
composed of light non-Abelian gauge bosons, G

a
Dµ, where the gauge symmetry is spontaneously completely broken.

These dark gauge bosons can interact with the SM through a higher dimension operator such as

1

⇧4
ij

�
G

a
Dµ`G

aµ`
D

⌘�
HLi↵j

⌘
, (S12)

with G
a
Dµ` the field strength associated with the vector field G

a
Dµ. These interactions contain terms that are of the

schematic form `GD`GDµ̄e, `GDG
2
Dµ̄e, and G

4
µ̄e. The `GD`GDµ̄e operator is not interesting for our purposes

since it leads to e↵ects that are suppressed by the small GD mass. The other two operators, on the other hand, can
lead to µ � eGD decays with either two or three GD fields set to their classical background values. The µ � eGD

decay rates will thus oscillate as a combination of higher harmonics ⇤(µ � eGD) �
�
cos2 mGD t + . . . cos3 mGD t

⌘2
.

The operator in eq. (S12) can also induce time dependent µ � eGDGD decays, which can also be searched for.

2. Time-dependent �2
analysis

Here we present the details necessary to estimate the time-dependent sensitivity projection for the sinusoidal
↵i � ↵j�

� signal from Eq. (8). To simplify the analysis we consider an idealized case: an experiment that can collect
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↵i � ↵j�

� signal from Eq. (8). To simplify the analysis we consider an idealized case: an experiment that can collect
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the relic abundance set by the misalignment mechanism, while all the other npNGBs are heavier than the muon and
thus irrelevant for muon decay phenomenology.

We can also charge the SM fermions under this dark U(1)�, in principle with flavor violating couplings, see, e.g.,
[89]. In this example we do not aim to explain the structure of SM Yukawas, and so interactions will have a general
flavor structure

Lint = ig
�
cij⇡̄i /A

�
⇡j + h.c.. (S8)

We set Q = qU�3 as in eq. (S7), and take the mass of the dark photon to be generated via a dark-Higgs mechanism,
with vacuum expectation value v

�, such that mA0 = g
�
v

�. The tree-level exchange of A
� between dark sector and SM

fermions generates an interaction of the form

cij
g

�2
f

2
UV

8m
2
A0

�
⇡̄i@

µ
⇡j) Tr

�
QUi`µU

†
⇥ i`µUU

†
Q

⇣
=

cijqUg
�2

4m
2
A0

�
⇡̄i@

µ
⇡j

⌘�
K̄

0
Di`µK

0
D + h.c.

⌘
+ · · · . (S9)

Note that the fUV scale disappears from the e↵ective interaction. The strength of the interaction with the SM is
instead controlled by mA0/g

� = v
�, i.e., by the U(1)� spontaneous symmetry breaking scale.

Matching onto the notation in Eq. (S2) gives[101]

f✓
Cij

!
2mA0

g�6cijqU
=

2 · 109 GeV
6

cijqU

◆
mA0

106 GeV

0◆
1003

g�

0
. (S10)

b. Other examples

Beyond npNGBs there are other possibilities for quadratic interactions between dark sector and the SM. We are
interested in the case where there are two di↵erent species of dark sector particles involved in the couplings to the SM
currents (for the case where a single light DM field couples quadratically to the SM with flavor diagonal interactions,
see, e.g., [90–95]). We are also specifically interested in the CLFV SM currents. The simplest such interaction is, for
instance,

B
� �

�

⇧2
ij

@
HLi↵j . (S11)

Linear interaction of � and �
� may be forbidden, if these are odd under a Z2 symmetry. The main di↵erence with

respect with the npNGBs e is that the masses of � and �
�
s are no longer protected using just the symmetries still

present in the IR. Such interactions may thus face a large hierarchy problem, though, this may not be a problem in
concrete UV models, e.g,. if the dark sector possesses a softly broken supersymmetry.

Another example where multiple dark sector particles may interact with the SM current is if the dark matter is
composed of light non-Abelian gauge bosons, G

a
Dµ, where the gauge symmetry is spontaneously completely broken.

These dark gauge bosons can interact with the SM through a higher dimension operator such as

1

⇧4
ij

�
G

a
Dµ`G

aµ`
D

⌘�
HLi↵j

⌘
, (S12)

with G
a
Dµ` the field strength associated with the vector field G

a
Dµ. These interactions contain terms that are of the

schematic form `GD`GDµ̄e, `GDG
2
Dµ̄e, and G

4
µ̄e. The `GD`GDµ̄e operator is not interesting for our purposes

since it leads to e↵ects that are suppressed by the small GD mass. The other two operators, on the other hand, can
lead to µ � eGD decays with either two or three GD fields set to their classical background values. The µ � eGD

decay rates will thus oscillate as a combination of higher harmonics ⇤(µ � eGD) �
�
cos2 mGD t + . . . cos3 mGD t

⌘2
.

The operator in eq. (S12) can also induce time dependent µ � eGDGD decays, which can also be searched for.

2. Time-dependent �2
analysis

Here we present the details necessary to estimate the time-dependent sensitivity projection for the sinusoidal
↵i � ↵j�

� signal from Eq. (8). To simplify the analysis we consider an idealized case: an experiment that can collect
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DM and time-variation in TAU decays

to mϕ depend explicitly on the local DM density, ϕc,
leading to position dependent fine-tuning. This problem
does not exist if there are two separate fields only one of
which has a classical field value.
As a concrete example we will consider interactions of

the form

Lint ⊃
iϕð∂μϕ0Þ

2f2
liγμðCV

ij þ CA
ijγ5Þlj þ H:c:; ð6Þ

where ϕ is DM and ϕ0 is another ultralight dark sector field,
CV;A
ij are Hermitian matrices in flavor space and the i, j

indices run over all charged fermion species, and f is the
effective energy scale associated with the generation of this
operator. In Supplemental Material we show that the
interaction in Eq. (6) can be the leading DM-SM interaction
if ϕ and ϕ0 are pseudo-Nambu-Goldstone bosons of a
spontaneously broken non-Abelian global symmetry, and
how f relates to the physics that generates this operator. In
Supplemental Material [58] we also give further examples
of such quadratic interactions with the dark sector.
Since the interaction in Eq. (6) contains two light field

insertions, expanding ϕ around its background value, ϕc,
results in time-dependent FCNC decays at leading order. To
make this time modulation manifest, we integrate by parts
and replace the ϕ field with ϕc to obtain

Lint⊃
ϕc

2f2
ϕ0li

h
CV
ijðmli

−mljÞþCA
ijðmli

þmljÞγ5
i
lj; ð7Þ

where mli is the mass of li. The branching fraction for
li → ljϕ0 decays is now explicitly calculated from the
diagram in Fig. 2 and is time dependent,

Bðli → ljϕ0Þ ¼
C2
ijϕ

2
0

64πf4
m3

li

Γli
cos2ðmϕtþ δÞ; ð8Þ

where C2
ij ≡ jCV

ijj2 þ jCA
ijj2, Γli is the total width of lepton

li, ϕ0 is the field amplitude from Eq. (2), and we have
approximated all final state particles as massless except for
the appearance of mϕ in the cosine. Note that, as part of the
dark sector, ϕ0 will be invisible on accelerator length scales.

Observing periodic signals—New physics transitions
li → ljϕ0 have an irreducible SM background from the
tree-level W-boson mediated decays, li → ljνiν̄j. Because
of three-body kinematics, this background mimics the signal
li → ljϕ0 onlywhen the invariant mass of the two neutrinos
is close to zero, within experimental resolution (the ϕ0 mass
is assumed to be far below the invisible mass resolution in
these experiments). Time-dependent signals offer a valuable
handle to distinguish signal from background, particularly
because the background events do not exhibit periodic
modulation. Observing a time modulation in li → ljϕ0

decays would constitute compelling evidence for DM or
another misaligned field with nontrivial cosmological abun-
dance. [92]. There is a non-time-dependent decay of li →
ljϕϕ0 which is hard to separate from background since the
energy of the final state lepton closely mimics the SM decay.
There are many possible analysis techniques to determine

the statistical sensitivity to the sinusoidal signals in Eq. (8) in
the presence of substantial SM backgrounds. We follow a
simplified approach, using the binned χ2 when possible and
the unbinned Rayleigh periodogram elsewhere [93].
Furthermore, we assume continuous data collection over
total observation time T. For the χ2 analysis, the data are
divided into nbin ¼ T=Δt equal-sized bins, each of duration
Δt, which are longer than or equal to the experimental
resolution. Using Eq. (8), the predicted event rate is

ṄpredðtÞ ¼
Ntot

T
½Bbgfbg þ 2Bsigfsigcos2ðmϕtþ δÞ&; ð9Þ

where Ntot is the total number of li decays, BbgðsigÞ and
fbgðsigÞ are the background (signal) branching fractions and
experimental efficiencies, respectively. Local DM with
velocity v ∼ 10−3 sets a characteristic coherence time

τcoh ∼
1

mϕv2
≃ 7 × 105 s

!
10−15 eV

mϕ

"!
10−3

v

"
2

; ð10Þ

during which the classical DM field maintains the same
phase δ. For T > τcoh, an experiment can experience two or
more coherent “patches” with different phases. Further
details about decoherence in our analysis may be found
in Supplemental Material [58]. In Eq. (9), the time-averaged
branching ratio for the signal channel satisfies

Bsig ≡ hBðli → ljϕ0Þi ¼
C2
ij

128π
ϕ2
0

f4
m3

li

Γli

; ð11Þ

where we have used Eq. (8). The number of background
events, assumed to be nonmodulating and dominant over the
signal, is given by

Nbg ¼ NtotBbgfbg; Bbgfbg ≫ Bsigfsig: ð12Þ

The number of events per time bin is obtained from
integrating ṄpredðtÞ over each bin interval Δt. Using

FIG. 2. Model contribution to li → ljϕ0, where the interaction
with the background classical field (ϕc) is denoted in red.
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Belle II collected ~60M tau pairs, systematics limited 

The reconstruction efficiency of τ− → e−α decays depends
on the α mass and varies between 9.4% and 13.9%.
Likewise, the efficiency for τ− → μ−α decays varies
between 9.1% and 17.4%.
The parameter space defined by the selection criteria is

referred to as the signal region. We perform the analysis in a
closed-box approach; before examining the xl distribution
of experimental data in the signal region, we validate
the simulation using variables that are insensitive to the

presence of τ− → l−α decay and study control regions
defined by accepting events containing neutral pions or
photons rather than rejecting them. The distributions of xl
for events belonging to the signal region are shown in
Fig. 1.
We model each xl spectrum as a sum of contributions

from the signal decay, the standard-model leptonic decay,
and all other sources of background:

NðxlÞ ¼ Nlν̄ν
ϵlα
ϵlνν

Blα

Blν̄ν
flαðxlÞ

þ Nlν̄νflν̄νðxlÞ þ NbfbðxlÞ; ð2Þ

where the probability density functions flα, flν̄ν, and fb
are binned distributions taken from simulations, Nlν̄ν and
Nb are the observed yields, and ϵlα=ϵlνν is the efficiency of
observing τ− → l−α decays relative to that for observing
τ− → l−ν̄lντ.
We use ROOSTATS [31] and HISTFACTORY [32] to fit our

model to binned data using extended maximum likelihoods
that are functions of the branching-fraction ratio Blα=Blν̄ν
and of Nlν̄ν and Nb.
The leading systematic uncertainties originate from the

corrections to the lepton-identification efficiency and
particle misidentification rate, based on comparison of
calibration samples in data and simulated events. These
corrections depend on the momentum and polar angle; their
typical ranges are summarized in Table II. The resulting
uncertainties are asymmetric and strongly depend on xl;
their ranges and averaged values over the standard-model
yields are also reported in the same table. The contribution
from lepton-identification efficiency partially cancels in the
ratio between signal and normalization channels; while the
contribution from particle misidentification rates does not,
as it affects only other background sources.
Uncertainties from the trigger and π0 reconstruction

efficiency corrections are also taken into account.
Trigger uncertainties range in 0.1%–4% for the electron
channel and in 0.2%–1.5% for the muon channel, depend-
ing on xl. Neutral pion reconstruction efficiency is
evaluated from studies on independent samples to be
0.914% 0.020. Each of these systematic uncertainties is
included in the likelihood as an additional shape-correlated

FIG. 1. Spectra of xl for electrons (top) and muons (bottom) in
simulation and experimental data. Simulated spectra for standard-
model processes are shown stacked, with the gray band indicating
the total uncertainty, which is dominated by the lepton-
identification efficiency uncertainty. Remaining background
processes other than τ− → l−ν̄lντ contributing to the spectrum
are combined together and collectively referred to as “other.” The
distributions for τ− → l−α are shown for three α masses
assuming branching-fraction ratios of 5%.

TABLE I. Requirements on event thrust, missing momentum
polar angle, and tag hemisphere particles’ total center-of-mass
energy and mass.

τ− → e−α τ− → μ−α

Thrust [0.90, 0.99] [0.90, 1.00]
θmiss [20°, 160°] [20°, 160°]
Ec:m:
3h [1.2,5.3] GeV [1.1,5.3] GeV

M3h ½0.5; 1.7' GeV=c2 ½0.4; 1.7' GeV=c2

TABLE II. Typical ranges for corrections to the lepton-iden-
tification efficiencies and misidentification rates, together with
ranges for their respective uncertainties and their average values.

Correction
range

Uncertainty
range(%)

Average
uncert.(%)

Electron identification 0.84–1.06 0.9–12.6 þ5.3;−2.9
Muon identification 0.63–1.02 1.3–32.8 þ11.7;−1.6
Electron misidentification 0.6–6.0 4.3–34.6 þ17.6;−14.7
Muon misidentification 0.3–1.5 1.4–37.0 þ18.0;−18.2
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Asimov datasets [94] we construct a χ2 test statistic, which
depends on the quadratic sum of statistical and systematic
errors in each bin, which, respectively, satisfy

σstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nbg=nbin

q
; σsys ¼ αNbg=nbin; ð13Þ

where α is the relative systematic uncertainty. The χ2 test
statistic can then be translated to the expected bounds on
f=

ffiffiffiffiffiffiffi
Cij

p
from Eq. (8) using time-dependent li → ljϕ0

searches. As shown in Supplemental Material [58], in the
“fine-binned” (fb) limit where mϕΔt ≪ 1, mϕT ≫ 1, the
time-dependent test statistic χ2fb can be written

χ2fb ¼
3

2

"
1þ nbin

3

#
σsys
σstat

$
2
%
χ2const; ð14Þ

where χ2const is the usual time-independent test statistic. Thus,
in the fine-binned limit, the sensitivity to a time-dependent
signal is significantly enhanced if systematic uncertainties
dominate over statistical ones. The time dependence of the
signal allows the background rate to be measured in situ, in
the low signal rate bins, thus removing the associated
uncertainty. In fact, in the systematics-dominated regime,
Eq. (14) reduces to [58]

χ2fb ¼
ðBsigfsigNtotÞ2

2nbinσ2stat
; ð15Þ

which shows complete independence from systematic uncer-
tainties. Thus, with an appropriate analysis, it is possible to
measure a time-dependent signal even in the presence of
large systematic uncertainties, as long as all the systematics
are time independent.
The expected sensitivity generally depends on the choice

of time-bin width Δt (equivalently, the number of bins

nbin), as shown in Fig. 3. The time-independent limit
corresponds to nbin ¼ 1 (horizontal dashed line in
Fig. 3). Sensitivity gradually decreases as Δt increases:
small Δt corresponds to a regime fully resolving oscil-
lations, whereas large Δt approaches a less sensitive, time-
integrated analysis dominated by systematics.
The χ2 approach requires at least ∼10 events per time

bin, which places a lower bound on the bin size Δt. To
resolve shorter period oscillations, but above the exper-
imental time resolution, we utilize the unbinned approach
of the Rayleigh periodogram [23]. Further details on the
procedure can be found in Supplemental Material [58]. In
Fig. 1, we summarize the expected sensitivity to Bðli →
ljϕ0Þ as a function of mϕ for representative numerical
examples detailed below.
Numerical examples—As representative examples we

consider a possible search for time-dependent μ → eϕ0

decays at Mu3e, and for τ → lϕ0 decays at Belle II and at
FCC-ee. More details regarding the chosen numerical values
for each example can be found inSupplementalMaterial [58].
For Mu3e, we assume T ¼ 300 days of continuous

data collection, yielding Ntot ∼ 3 × 1015 muon decays.
The endpoint region for mϕ ≃ 0 includes Nbg ∼ 1013

background events from μ → eνν̄, corresponding to a
background fraction fbg ∼ 3 × 10−3 [32,33]. For these
large data samples, the μ → eϕ0 search will be dominated
by systematics, which we conservatively assume are set by
theoretical uncertainties, implying a 90% CL upper bound
of Bðμ → eϕ0Þ < 6 × 10−7 (Fig. 12 of Ref. [59]), and thus a
relative systematic uncertainty of α ∼ 10−4. Given the
dataset above, the time-dependent search for μ → eϕ0

can result in a sensitivity to the μ → eϕ0 branching ratio
well below the systematic uncertainty for mϕ ≲ 10−10 eV
(solid purple line in Fig. 1 left).

FIG. 3. The 90% confidence upper limit on the signal branching Bsig obtained from a time-dependent analysis, as a function of bin size
Δt (solid, dashed-dotted lines) for different ϕ masses at Mu3e (left) and Belle II using the full projected integrated luminosity (right),
using the same assumptions as in Fig. 1. The dotted vertical lines denote approximately when the oscillatory signal for each mass is
resolved, Δt ∼m−1

ϕ . The horizontal dashed black line denotes the upper limit for a time-independent, single-bin, analysis.
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removes systematics uncertainties



DM and time-variation in TAU decays

to mϕ depend explicitly on the local DM density, ϕc,
leading to position dependent fine-tuning. This problem
does not exist if there are two separate fields only one of
which has a classical field value.
As a concrete example we will consider interactions of

the form

Lint ⊃
iϕð∂μϕ0Þ

2f2
liγμðCV

ij þ CA
ijγ5Þlj þ H:c:; ð6Þ

where ϕ is DM and ϕ0 is another ultralight dark sector field,
CV;A
ij are Hermitian matrices in flavor space and the i, j

indices run over all charged fermion species, and f is the
effective energy scale associated with the generation of this
operator. In Supplemental Material we show that the
interaction in Eq. (6) can be the leading DM-SM interaction
if ϕ and ϕ0 are pseudo-Nambu-Goldstone bosons of a
spontaneously broken non-Abelian global symmetry, and
how f relates to the physics that generates this operator. In
Supplemental Material [58] we also give further examples
of such quadratic interactions with the dark sector.
Since the interaction in Eq. (6) contains two light field

insertions, expanding ϕ around its background value, ϕc,
results in time-dependent FCNC decays at leading order. To
make this time modulation manifest, we integrate by parts
and replace the ϕ field with ϕc to obtain

Lint⊃
ϕc

2f2
ϕ0li

h
CV
ijðmli

−mljÞþCA
ijðmli

þmljÞγ5
i
lj; ð7Þ

where mli is the mass of li. The branching fraction for
li → ljϕ0 decays is now explicitly calculated from the
diagram in Fig. 2 and is time dependent,

Bðli → ljϕ0Þ ¼
C2
ijϕ

2
0

64πf4
m3

li

Γli
cos2ðmϕtþ δÞ; ð8Þ

where C2
ij ≡ jCV

ijj2 þ jCA
ijj2, Γli is the total width of lepton

li, ϕ0 is the field amplitude from Eq. (2), and we have
approximated all final state particles as massless except for
the appearance of mϕ in the cosine. Note that, as part of the
dark sector, ϕ0 will be invisible on accelerator length scales.

Observing periodic signals—New physics transitions
li → ljϕ0 have an irreducible SM background from the
tree-level W-boson mediated decays, li → ljνiν̄j. Because
of three-body kinematics, this background mimics the signal
li → ljϕ0 onlywhen the invariant mass of the two neutrinos
is close to zero, within experimental resolution (the ϕ0 mass
is assumed to be far below the invisible mass resolution in
these experiments). Time-dependent signals offer a valuable
handle to distinguish signal from background, particularly
because the background events do not exhibit periodic
modulation. Observing a time modulation in li → ljϕ0

decays would constitute compelling evidence for DM or
another misaligned field with nontrivial cosmological abun-
dance. [92]. There is a non-time-dependent decay of li →
ljϕϕ0 which is hard to separate from background since the
energy of the final state lepton closely mimics the SM decay.
There are many possible analysis techniques to determine

the statistical sensitivity to the sinusoidal signals in Eq. (8) in
the presence of substantial SM backgrounds. We follow a
simplified approach, using the binned χ2 when possible and
the unbinned Rayleigh periodogram elsewhere [93].
Furthermore, we assume continuous data collection over
total observation time T. For the χ2 analysis, the data are
divided into nbin ¼ T=Δt equal-sized bins, each of duration
Δt, which are longer than or equal to the experimental
resolution. Using Eq. (8), the predicted event rate is

ṄpredðtÞ ¼
Ntot

T
½Bbgfbg þ 2Bsigfsigcos2ðmϕtþ δÞ&; ð9Þ

where Ntot is the total number of li decays, BbgðsigÞ and
fbgðsigÞ are the background (signal) branching fractions and
experimental efficiencies, respectively. Local DM with
velocity v ∼ 10−3 sets a characteristic coherence time

τcoh ∼
1

mϕv2
≃ 7 × 105 s

!
10−15 eV

mϕ

"!
10−3

v

"
2

; ð10Þ

during which the classical DM field maintains the same
phase δ. For T > τcoh, an experiment can experience two or
more coherent “patches” with different phases. Further
details about decoherence in our analysis may be found
in Supplemental Material [58]. In Eq. (9), the time-averaged
branching ratio for the signal channel satisfies

Bsig ≡ hBðli → ljϕ0Þi ¼
C2
ij

128π
ϕ2
0

f4
m3

li

Γli

; ð11Þ

where we have used Eq. (8). The number of background
events, assumed to be nonmodulating and dominant over the
signal, is given by

Nbg ¼ NtotBbgfbg; Bbgfbg ≫ Bsigfsig: ð12Þ

The number of events per time bin is obtained from
integrating ṄpredðtÞ over each bin interval Δt. Using

FIG. 2. Model contribution to li → ljϕ0, where the interaction
with the background classical field (ϕc) is denoted in red.
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Belle II collected ~60M tau pairs, systematics limited 

The reconstruction efficiency of τ− → e−α decays depends
on the α mass and varies between 9.4% and 13.9%.
Likewise, the efficiency for τ− → μ−α decays varies
between 9.1% and 17.4%.
The parameter space defined by the selection criteria is

referred to as the signal region. We perform the analysis in a
closed-box approach; before examining the xl distribution
of experimental data in the signal region, we validate
the simulation using variables that are insensitive to the

presence of τ− → l−α decay and study control regions
defined by accepting events containing neutral pions or
photons rather than rejecting them. The distributions of xl
for events belonging to the signal region are shown in
Fig. 1.
We model each xl spectrum as a sum of contributions

from the signal decay, the standard-model leptonic decay,
and all other sources of background:

NðxlÞ ¼ Nlν̄ν
ϵlα
ϵlνν

Blα

Blν̄ν
flαðxlÞ

þ Nlν̄νflν̄νðxlÞ þ NbfbðxlÞ; ð2Þ

where the probability density functions flα, flν̄ν, and fb
are binned distributions taken from simulations, Nlν̄ν and
Nb are the observed yields, and ϵlα=ϵlνν is the efficiency of
observing τ− → l−α decays relative to that for observing
τ− → l−ν̄lντ.
We use ROOSTATS [31] and HISTFACTORY [32] to fit our

model to binned data using extended maximum likelihoods
that are functions of the branching-fraction ratio Blα=Blν̄ν
and of Nlν̄ν and Nb.
The leading systematic uncertainties originate from the

corrections to the lepton-identification efficiency and
particle misidentification rate, based on comparison of
calibration samples in data and simulated events. These
corrections depend on the momentum and polar angle; their
typical ranges are summarized in Table II. The resulting
uncertainties are asymmetric and strongly depend on xl;
their ranges and averaged values over the standard-model
yields are also reported in the same table. The contribution
from lepton-identification efficiency partially cancels in the
ratio between signal and normalization channels; while the
contribution from particle misidentification rates does not,
as it affects only other background sources.
Uncertainties from the trigger and π0 reconstruction

efficiency corrections are also taken into account.
Trigger uncertainties range in 0.1%–4% for the electron
channel and in 0.2%–1.5% for the muon channel, depend-
ing on xl. Neutral pion reconstruction efficiency is
evaluated from studies on independent samples to be
0.914% 0.020. Each of these systematic uncertainties is
included in the likelihood as an additional shape-correlated

FIG. 1. Spectra of xl for electrons (top) and muons (bottom) in
simulation and experimental data. Simulated spectra for standard-
model processes are shown stacked, with the gray band indicating
the total uncertainty, which is dominated by the lepton-
identification efficiency uncertainty. Remaining background
processes other than τ− → l−ν̄lντ contributing to the spectrum
are combined together and collectively referred to as “other.” The
distributions for τ− → l−α are shown for three α masses
assuming branching-fraction ratios of 5%.

TABLE I. Requirements on event thrust, missing momentum
polar angle, and tag hemisphere particles’ total center-of-mass
energy and mass.

τ− → e−α τ− → μ−α

Thrust [0.90, 0.99] [0.90, 1.00]
θmiss [20°, 160°] [20°, 160°]
Ec:m:
3h [1.2,5.3] GeV [1.1,5.3] GeV

M3h ½0.5; 1.7' GeV=c2 ½0.4; 1.7' GeV=c2

TABLE II. Typical ranges for corrections to the lepton-iden-
tification efficiencies and misidentification rates, together with
ranges for their respective uncertainties and their average values.

Correction
range

Uncertainty
range(%)

Average
uncert.(%)

Electron identification 0.84–1.06 0.9–12.6 þ5.3;−2.9
Muon identification 0.63–1.02 1.3–32.8 þ11.7;−1.6
Electron misidentification 0.6–6.0 4.3–34.6 þ17.6;−14.7
Muon misidentification 0.3–1.5 1.4–37.0 þ18.0;−18.2
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Asimov datasets [94] we construct a χ2 test statistic, which
depends on the quadratic sum of statistical and systematic
errors in each bin, which, respectively, satisfy

σstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nbg=nbin

q
; σsys ¼ αNbg=nbin; ð13Þ

where α is the relative systematic uncertainty. The χ2 test
statistic can then be translated to the expected bounds on
f=

ffiffiffiffiffiffiffi
Cij

p
from Eq. (8) using time-dependent li → ljϕ0

searches. As shown in Supplemental Material [58], in the
“fine-binned” (fb) limit where mϕΔt ≪ 1, mϕT ≫ 1, the
time-dependent test statistic χ2fb can be written

χ2fb ¼
3

2

"
1þ nbin

3

#
σsys
σstat

$
2
%
χ2const; ð14Þ

where χ2const is the usual time-independent test statistic. Thus,
in the fine-binned limit, the sensitivity to a time-dependent
signal is significantly enhanced if systematic uncertainties
dominate over statistical ones. The time dependence of the
signal allows the background rate to be measured in situ, in
the low signal rate bins, thus removing the associated
uncertainty. In fact, in the systematics-dominated regime,
Eq. (14) reduces to [58]

χ2fb ¼
ðBsigfsigNtotÞ2

2nbinσ2stat
; ð15Þ

which shows complete independence from systematic uncer-
tainties. Thus, with an appropriate analysis, it is possible to
measure a time-dependent signal even in the presence of
large systematic uncertainties, as long as all the systematics
are time independent.
The expected sensitivity generally depends on the choice

of time-bin width Δt (equivalently, the number of bins

nbin), as shown in Fig. 3. The time-independent limit
corresponds to nbin ¼ 1 (horizontal dashed line in
Fig. 3). Sensitivity gradually decreases as Δt increases:
small Δt corresponds to a regime fully resolving oscil-
lations, whereas large Δt approaches a less sensitive, time-
integrated analysis dominated by systematics.
The χ2 approach requires at least ∼10 events per time

bin, which places a lower bound on the bin size Δt. To
resolve shorter period oscillations, but above the exper-
imental time resolution, we utilize the unbinned approach
of the Rayleigh periodogram [23]. Further details on the
procedure can be found in Supplemental Material [58]. In
Fig. 1, we summarize the expected sensitivity to Bðli →
ljϕ0Þ as a function of mϕ for representative numerical
examples detailed below.
Numerical examples—As representative examples we

consider a possible search for time-dependent μ → eϕ0

decays at Mu3e, and for τ → lϕ0 decays at Belle II and at
FCC-ee. More details regarding the chosen numerical values
for each example can be found inSupplementalMaterial [58].
For Mu3e, we assume T ¼ 300 days of continuous

data collection, yielding Ntot ∼ 3 × 1015 muon decays.
The endpoint region for mϕ ≃ 0 includes Nbg ∼ 1013

background events from μ → eνν̄, corresponding to a
background fraction fbg ∼ 3 × 10−3 [32,33]. For these
large data samples, the μ → eϕ0 search will be dominated
by systematics, which we conservatively assume are set by
theoretical uncertainties, implying a 90% CL upper bound
of Bðμ → eϕ0Þ < 6 × 10−7 (Fig. 12 of Ref. [59]), and thus a
relative systematic uncertainty of α ∼ 10−4. Given the
dataset above, the time-dependent search for μ → eϕ0

can result in a sensitivity to the μ → eϕ0 branching ratio
well below the systematic uncertainty for mϕ ≲ 10−10 eV
(solid purple line in Fig. 1 left).

FIG. 3. The 90% confidence upper limit on the signal branching Bsig obtained from a time-dependent analysis, as a function of bin size
Δt (solid, dashed-dotted lines) for different ϕ masses at Mu3e (left) and Belle II using the full projected integrated luminosity (right),
using the same assumptions as in Fig. 1. The dotted vertical lines denote approximately when the oscillatory signal for each mass is
resolved, Δt ∼m−1

ϕ . The horizontal dashed black line denotes the upper limit for a time-independent, single-bin, analysis.
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~2-3%

Time-variation allows measurement of backgrounds in situ, 
removes systematics uncertainties


