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Motivation

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

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

This is why people increasingly focus also on other paradigms,        

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

Example: axion-like-particles (ALPs) (often flavour-violating) from 
a broad class of models with spontaneously broken global U(1)

Lorenzo Calibbi (Nankai)Probing light NP with flavour violation



Pseudo Nambu-Goldstone bosons: naturally light  & feebly interacting


Many scenarios motivated by outstanding problems of the SM:

Key example: axion-like particles

Puzzle Broken global U(1) 
symmetry PNGB

• Neutrino masses → Lepton Number Majoron

• Strong CP problem → Peccei-Quinn Axion

• Flavour problem → Flavour symmetry

(Froggatt-Nielsen) Familon
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K ! ⇡a, D ! ⇡a, B ! Ka, µ ! ea, ⌧ ! µa, . . .

Signature at flavour experiments: lepton/meson decays into ALPs

In general, the couplings to the SM fermions are of the form:

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

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

given by

Laff =
@µa

2fa
f̄i�

µ(CV
fifj + CA

fifj�5)fj , (1.1)

where CV,A
fifj

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

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

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

for a QCD axion with mass ma ⌧ eV.

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

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

couplings we introduce the short-hand

F V,A
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=
2fa

CV,A
`i`j

, F`i`j =
2faq

|CV
`i`j

|2 + |CA
`i`j

|2
. (1.2)

2 Bounds from Particle Decays

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

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

in the limit where the mass of the final state lepton is neglected, m`j = 0)
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while the di↵erential decay rate reads (in the same limit)
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where P is the polarization of the decaying leptons, and ✓ is the angle between the polar-

ization vector and the momentum of the final state lepton.

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

eralise it to heavier a?]

2.1 Muon decays: FA,V
µe

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

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

BR(µ ! e a) '
�(µ ! e a)

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

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

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

always equivalent?]
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Pseudo Nambu-Goldstone bosons: naturally light  & feebly interacting


Many scenarios motivated by outstanding problems of the SM:
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La�� =
@µa

2fa
CA

�� �̄�µ�5�
dark fermion

• ALPs can be DM candidates or serve as portals to a light dark sector:

Puzzle Broken global U(1) 
symmetry PNGB

• Neutrino masses → Lepton Number Majoron

• Strong CP problem → Peccei-Quinn Axion

• Flavour problem → Flavour symmetry

(Froggatt-Nielsen) Familon

Interesting interplay with cosmology/astrophysics:

• Bounds from star cooling/supernovae (if light and feeble enough)
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Lepton-flavour-violating ALPs

In general, these coupling are lepton flavour violating (LFV)
• That’s natural if lepton U(1) charges are flavour non-universal

• Alternatively, flavour-violating couplings can be loop-induced

La`` =
@µa

2fa

�
CV

ij `i�µ`j + CA
ij `i�µ�5`j

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

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

U(1)-breaking scale → coupling suppression

This generic Lagrangian induces 2-body LFV decays such as: 

Feng et al. ‘97

(for several explicit models see LC Redigolo Ziegler Zupan '20)

Lorenzo Calibbi (Nankai)Probing light NP with flavour violation

<latexit sha1_base64="nff1pcJR/qvfQUoGcE8el3ScwUc="></latexit>

�(`i ! `j a) =
1

64⇡

m3
`i

f2
a

⇣
|CV

`i`j |
2 + |CA

`i`j |
2
⌘ 

1� m2
a

m2
`i

!2

https://arxiv.org/abs/hep-ph/9709411
https://arxiv.org/abs/2006.04795


Light NP coupling with hadrons



Flavour-violating axions/ALPs couplings to quarks

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

(pseudo-) Nambu-Goldstone boson (PNGB) couplings to SM leptons. The Lagrangian is
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where P is the polarization of the decaying leptons, and ✓ is the angle between the polar-

ization vector and the momentum of the final state lepton.
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(because of parity conservation of strong interactions)

The axion couplings to the SM fermions in the mass
basis, cVfifj and cAfifj , are related to the PQ charge matrices
in the flavor basis, Xf, through

cV;Afifj
¼ 1

2N
ðV†

fR
XfRVfR # V†

fL
XqLVfLÞij; ð4Þ

where N is the QCD anomaly coefficient of the PQ sym-
metry. The unitary rotations VfL;fR diagonalize the appro-
priate SM fermion Yukawa matrices, V†

fL
yfVfR ¼ ydiagf , for

the “up” and “down” quark flavors, f ¼ u, d. We focus on
axion couplings to quarks and refer the reader to Ref. [86]
for present and future prospects for testing lepton flavor–
violating axion couplings. Off-diagonal couplings arise
whenever PQ charges, XqL and XfR , are not diagonal in the
same basis as the Yukawa matrices, yf. Their sizes depend
on the misalignment between the two bases, parametrized
by the unitary rotations VfL and VfR (taking XqL and XfR to
be diagonal).
Very different flavor textures of cV;Afifj

are possible.
Provided a suitable set of PQ charges and appropriate flavor
structures of the SMYukawa matrices, it is possible for just a
single off-diagonal coupling to be large cV;Afifj

∼Oð1Þ, i ≠ j,
with all the other off-diagonal couplings zero or very small.
For example, one can realize a situation where cVbs ¼ cAbs ∼ 1

and all the other cV;Afi≠fj ¼ 0, by taking XqL ¼ XuR ¼ 1,
ðXdRÞ2 ≠ ðXdRÞ3, with down Yukawa matrix yd such that the
only nonvanishing rotation is in the 2-3 right-handed sector,
sRd23 ∼ 1. Moreover, while one would generically expect axial
couplings cAfifj and vector couplings cVfifj to be of the same
order, the latter can be suppressed in a situation whereXfR ¼
−XqL and VfR ¼ VfL , which can arise in models where PQ
charges are compatible with a grand unified structure [see
Ref. [87] for a recent example in SO(10)], and Yukawas are
Hermitian, positive-definite matrices [see, e.g., Ref. [88] for
a realization of this scenario in SO(10)].
In the absence of a theory of flavor, we will be agnostic

about the origin of the possible flavor misalignment and

simply take cV;Afifj
to be unknown parameters in an effective

Lagrangian, which will be constrained solely from data.

III. BOUNDS FROM HADRON DECAYS

Bounds on the vector and axial-vector parts of the flavor-
violating axion couplings, Eqs. (1) and (2), can be derived
from searches for hadron decays with missing energy.
In this section, we consider the bounds from two-body
decays of pseudoscalar mesons to pseudoscalar and vector
mesons, respectively, from three-body meson decays and
from decays of baryons. In each case, we first review the
available and planned experimental measurements and then
interpret them in terms of the bounds on flavor-violating
axion couplings.

A. Bounds from two-body meson decays

Because of parity conservation of strong interactions,
the P1 → P2a decays of a pseudoscalar meson P1 to a
pseudoscalar meson P2 are only sensitive to the vector
couplings of the axion, while the P1 → V2a decays, where
V2 is the vector meson, are only sensitive to the axial-vector
couplings (see Appendix C). Searches targeting specifically
the massless axion were performed in Kþ → πþa [89],
Bþ → Kþa [90], and Bþ → πþa [90] decays. In addition,
searches for SM decays where the invisible final state is
a νν̄ pair can be recast to derive limits on the axion
couplings. This requires that the two-body kinematics of an
(essentially) massless axion is included in the search
region, as was the case in the BABAR and CLEO searches
for B → Kð&Þνν̄ [91], B → πνν̄ [92], and D → ðτ → πν̄Þν
[93]. Note that the corresponding Belle datasets analyzed in
Refs. [94,95] cannot be readily used to set bounds on axion
couplings, because the analyses either cut out two-body
decays with a massless axion [95] or used multivariate
methods [94] that are difficult to reinterpret for different
purposes [96] (see also Ref. [97]).
The available experimental information is summarized in

Table I, where we give the 90% C.L. upper limits on the
branching ratios for decays involving neutrinos or invisible
massless axions. We include the limits on the decays

TABLE I. Experimental inputs for meson decays; see text for details. We show the 90% C.L. upper bounds on the
branching ratios of a pseudoscalar meson P1 to another pseudoscalar (P2) or vector (V2) meson (for sd transitions
V2 ¼ ππ instead). The bounds shown are for decays to neutrinos or massless invisible axions. In the latter case, we
also show our bounds obtained by recasting related searches for invisible decays (subscript “recast”).

Decay sd cu bd bs

BRðP1 → P2 þ aÞ 7.3 × 10−11 [89] No analysis 4.9 × 10−5 [90] 4.9 × 10−5 [90]
BRðP1 → P2 þ aÞrecast No need 8.0 × 10−6 [93] 2.3 × 10−5 [92] 7.1 × 10−6 [91]
BRðP1 → P2 þ νν̄Þ 1.47þ1.30

−0.89 × 10−10 [89] No analysis 0.8 × 10−5 [94] 1.6 × 10−5 [94]

BRðP1 → V2 þ aÞ 3.8 × 10−5 [98] No analysis No analysis No analysis
BRðP1 → V2 þ aÞrecast No need No data No data 5.3 × 10−5 [91]
BRðP1 → V2 þ νν̄Þ 4.3 × 10−5 [98] No analysis 2.8 × 10−5 [94] 2.7 × 10−5 [94]

QUARK FLAVOR PHENOMENOLOGY OF THE QCD AXION PHYS. REV. D 102, 015023 (2020)

015023-3

vector coupling axial coupling
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The axion couplings to the SM fermions in the mass
basis, cVfifj and cAfifj , are related to the PQ charge matrices
in the flavor basis, Xf, through
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where N is the QCD anomaly coefficient of the PQ sym-
metry. The unitary rotations VfL;fR diagonalize the appro-
priate SM fermion Yukawa matrices, V†
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the “up” and “down” quark flavors, f ¼ u, d. We focus on
axion couplings to quarks and refer the reader to Ref. [86]
for present and future prospects for testing lepton flavor–
violating axion couplings. Off-diagonal couplings arise
whenever PQ charges, XqL and XfR , are not diagonal in the
same basis as the Yukawa matrices, yf. Their sizes depend
on the misalignment between the two bases, parametrized
by the unitary rotations VfL and VfR (taking XqL and XfR to
be diagonal).
Very different flavor textures of cV;Afifj

are possible.
Provided a suitable set of PQ charges and appropriate flavor
structures of the SMYukawa matrices, it is possible for just a
single off-diagonal coupling to be large cV;Afifj

∼Oð1Þ, i ≠ j,
with all the other off-diagonal couplings zero or very small.
For example, one can realize a situation where cVbs ¼ cAbs ∼ 1

and all the other cV;Afi≠fj ¼ 0, by taking XqL ¼ XuR ¼ 1,
ðXdRÞ2 ≠ ðXdRÞ3, with down Yukawa matrix yd such that the
only nonvanishing rotation is in the 2-3 right-handed sector,
sRd23 ∼ 1. Moreover, while one would generically expect axial
couplings cAfifj and vector couplings cVfifj to be of the same
order, the latter can be suppressed in a situation whereXfR ¼
−XqL and VfR ¼ VfL , which can arise in models where PQ
charges are compatible with a grand unified structure [see
Ref. [87] for a recent example in SO(10)], and Yukawas are
Hermitian, positive-definite matrices [see, e.g., Ref. [88] for
a realization of this scenario in SO(10)].
In the absence of a theory of flavor, we will be agnostic

about the origin of the possible flavor misalignment and

simply take cV;Afifj
to be unknown parameters in an effective

Lagrangian, which will be constrained solely from data.

III. BOUNDS FROM HADRON DECAYS

Bounds on the vector and axial-vector parts of the flavor-
violating axion couplings, Eqs. (1) and (2), can be derived
from searches for hadron decays with missing energy.
In this section, we consider the bounds from two-body
decays of pseudoscalar mesons to pseudoscalar and vector
mesons, respectively, from three-body meson decays and
from decays of baryons. In each case, we first review the
available and planned experimental measurements and then
interpret them in terms of the bounds on flavor-violating
axion couplings.

A. Bounds from two-body meson decays

Because of parity conservation of strong interactions,
the P1 → P2a decays of a pseudoscalar meson P1 to a
pseudoscalar meson P2 are only sensitive to the vector
couplings of the axion, while the P1 → V2a decays, where
V2 is the vector meson, are only sensitive to the axial-vector
couplings (see Appendix C). Searches targeting specifically
the massless axion were performed in Kþ → πþa [89],
Bþ → Kþa [90], and Bþ → πþa [90] decays. In addition,
searches for SM decays where the invisible final state is
a νν̄ pair can be recast to derive limits on the axion
couplings. This requires that the two-body kinematics of an
(essentially) massless axion is included in the search
region, as was the case in the BABAR and CLEO searches
for B → Kð&Þνν̄ [91], B → πνν̄ [92], and D → ðτ → πν̄Þν
[93]. Note that the corresponding Belle datasets analyzed in
Refs. [94,95] cannot be readily used to set bounds on axion
couplings, because the analyses either cut out two-body
decays with a massless axion [95] or used multivariate
methods [94] that are difficult to reinterpret for different
purposes [96] (see also Ref. [97]).
The available experimental information is summarized in

Table I, where we give the 90% C.L. upper limits on the
branching ratios for decays involving neutrinos or invisible
massless axions. We include the limits on the decays

TABLE I. Experimental inputs for meson decays; see text for details. We show the 90% C.L. upper bounds on the
branching ratios of a pseudoscalar meson P1 to another pseudoscalar (P2) or vector (V2) meson (for sd transitions
V2 ¼ ππ instead). The bounds shown are for decays to neutrinos or massless invisible axions. In the latter case, we
also show our bounds obtained by recasting related searches for invisible decays (subscript “recast”).

Decay sd cu bd bs

BRðP1 → P2 þ aÞ 7.3 × 10−11 [89] No analysis 4.9 × 10−5 [90] 4.9 × 10−5 [90]
BRðP1 → P2 þ aÞrecast No need 8.0 × 10−6 [93] 2.3 × 10−5 [92] 7.1 × 10−6 [91]
BRðP1 → P2 þ νν̄Þ 1.47þ1.30

−0.89 × 10−10 [89] No analysis 0.8 × 10−5 [94] 1.6 × 10−5 [94]

BRðP1 → V2 þ aÞ 3.8 × 10−5 [98] No analysis No analysis No analysis
BRðP1 → V2 þ aÞrecast No need No data No data 5.3 × 10−5 [91]
BRðP1 → V2 þ νν̄Þ 4.3 × 10−5 [98] No analysis 2.8 × 10−5 [94] 2.7 × 10−5 [94]
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vector coupling axial coupling

Example: No dedicated searches for D to axion decays

Recasting data from                               (CLEO 2008):
<latexit sha1_base64="hwMZuGNjOV+o0itQufvfzRS/wG0=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBEqlTIjii4LunBZwT6gMy2ZNNOGZjJDkhFK6Qe48VfcuFDErR/gzr8xnc5CWw9ccjj3XG7u8WPOlLbtb2tpeWV1bT23kd/c2t7ZLeztN1SUSELrJOKRbPlYUc4ErWumOW3FkuLQ57TpD6+n/eYDlYpF4l6PYuqFuC9YwAjWRuoWijedMnJ1ZAonnXIppTHrlF2RnLinyDzIuOyKnQItEicjRchQ6xa+3F5EkpAKTThWqu3YsfbGWGpGOJ3k3UTRGJMh7tO2oQKHVHnj9JgJOjZKDwWRNCU0StXfE2McKjUKfeMMsR6o+d5U/K/XTnRw5Y2ZiBNNBZktChKOzMXTZFCPSUo0HxmCiWTmr4gMsMREm/zyJgRn/uRF0jirOBcV++68WK1mceTgEI6gBA5cQhVuoQZ1IPAIz/AKb9aT9WK9Wx8z65KVzRzAH1ifP0jkmTo=</latexit>

D+ ! ⌧+(! ⇡+⌫) ⌫
<latexit sha1_base64="XQ+k0gqMvNcm1PdBsIeZ6mlPBr0=">AAACFnicbVC7SgNBFJ31GeMramkzGISIJOyKjxQWQS0so5gHZDdhdjJJhsw+mLkrhiVfYeOv2FgoYit2/o2TZAtNPDBwOOde7pzjhoIrMM1vY25+YXFpObWSXl1b39jMbG1XVRBJyio0EIGsu0QxwX1WAQ6C1UPJiOcKVnP7lyO/ds+k4oF/B4OQOR7p+rzDKQEttTJ5G9gDxBe3w9xV8xDbEGA75JqRA3yOi1rgHlPYMptx/nTYymTNgjkGniVWQrIoQbmV+bLbAY085gMVRKmGZYbgxEQCp4IN03akWEhon3RZQ1Of6GNOPI41xPtaaeNOIPXzAY/V3xsx8ZQaeK6e9Aj01LQ3Ev/zGhF0ik7M/TAC5tPJoU4ksA4/6gi3uWQUxEATQiXXf8W0RyShoJtM6xKs6cizpHpUsE4K5s1xtlRK6kihXbSHcshCZ6iErlEZVRBFj+gZvaI348l4Md6Nj8nonJHs7KA/MD5/AKg6nIQ=</latexit>

BR(D+ ! ⇡+a) < 8⇥ 10�6

Lorenzo Calibbi (Nankai)Probing light NP with flavour violation

(because of parity conservation of strong interactions)

<latexit sha1_base64="JtQfKjyCDi1Q5Ix81nBfbBbxssk=">AAACC3icbVDLSsNAFJ34rPEVdelmaBEqQkmKosuCLlxWsA9oQphMJ+3QSSbMTIQS2rUbf8WNC0Xc+gPu/BunaRbaemDg3HPu5c49QcKoVLb9baysrq1vbJa2zO2d3b196+CwLXkqMGlhzrjoBkgSRmPSUlQx0k0EQVHASCcYXc/8zgMRkvL4Xo0T4kVoENOQYqS05Fvlpu9AV3HY9uvwDKLptHqT164Ycl2fmtC3KnbNzgGXiVOQCijQ9K0vt89xGpFYYYak7Dl2orwMCUUxIxPTTSVJEB6hAelpGqOISC/Lb5nAE630YciFfrGCufp7IkORlOMo0J0RUkO56M3E/7xeqsIrL6NxkioS4/miMGVQ3zoLBvapIFixsSYIC6r/CvEQCYSVjs/UITiLJy+Tdr3mXNTsu/NKo1HEUQLHoAyqwAGXoAFuQRO0AAaP4Bm8gjfjyXgx3o2PeeuKUcwcgT8wPn8AqBiXng==</latexit>

P1 ! V2 + a (D ! ⇢+ a)
<latexit sha1_base64="aspAMedpGF9qdJ6DUgaIdgRCg8g=">AAACCnicbVDLSsNAFJ3UV42vqEs3o0WoCCUpii4LunAZwT6gCWEynbZDJ5MwMxFKaLdu/BU3LhRx6xe482+cpllo9cDAuefcy517woRRqWz7yygtLa+srpXXzY3Nre0da3evJeNUYNLEMYtFJ0SSMMpJU1HFSCcRBEUhI+1wdDXz2/dESBrzOzVOiB+hAad9ipHSUmAduoEDPRVDN6jDU4im0+p1XnsJ1eWJCQOrYtfsHPAvcQpSAQXcwPr0ejFOI8IVZkjKrmMnys+QUBQzMjG9VJIE4REakK6mHEVE+ll+ygQea6UH+7HQjyuYqz8nMhRJOY5C3RkhNZSL3kz8z+umqn/pZ5QnqSIczxf1Uwb1qbNcYI8KghUba4KwoPqvEA+RQFjp9EwdgrN48l/Sqtec85p9e1ZpNIo4yuAAHIEqcMAFaIAb4IImwOABPIEX8Go8Gs/Gm/E+by0Zxcw++AXj4xvEjZce</latexit>

P1 ! P2 + a (D ! ⇡ + a)
<latexit sha1_base64="3iiRHvBj8CBL539I0I7NGGQV22Q=">AAAB/3icbVDJSgNBEO2JW4zbqODFy2AQBGGYEYkeg14ELxHMApkh9HQqSZOehe4aMYwR/BUvHhTx6m9482/sLAdNfFDweK+KqnpBIrhCx/k2cguLS8sr+dXC2vrG5pa5vVNTcSoZVFksYtkIqALBI6giRwGNRAINAwH1oH858ut3IBWPo1scJOCHtBvxDmcUtdQy95oewj1mYHft4eOFh7F1fUz9lll0bGcMa564U1IkU1Ra5pfXjlkaQoRMUKWarpOgn1GJnAkYFrxUQUJZn3ahqWlEQ1B+Nr5/aB1qpW11YqkrQmus/p7IaKjUIAx0Z0ixp2a9kfif10yxc+5nPEpShIhNFnVSYekvR2FYbS6BoRhoQpnk+laL9aikDHVkBR2CO/vyPKmd2G7JLt2cFsvlaRx5sk8OyBFxyRkpkytSIVXCyAN5Jq/kzXgyXox342PSmjOmM7vkD4zPHxO2lX8=</latexit>

[e.g. B ! K + a]
<latexit sha1_base64="fp+hsk2o0JzskdpR/cuPhvwARjc=">AAACAXicbVDJSgNBFOyJW4zbqBfBy2AQRGGYEYkeg14ELxHMAskYejovSZOehe43YhiSi7/ixYMiXv0Lb/6NneWgiQUNRdV7vK7yY8EVOs63kVlYXFpeya7m1tY3NrfM7Z2KihLJoMwiEcmaTxUIHkIZOQqoxRJo4Auo+r2rkV99AKl4FN5hPwYvoJ2QtzmjqKWmuVdvIDxiCnbHHgwvGxhZN/fHJ9RrmnnHdsaw5ok7JXkyRalpfjVaEUsCCJEJqlTddWL0UiqRMwGDXCNREFPWox2oaxrSAJSXjhMMrEOttKx2JPUL0RqrvzdSGijVD3w9GVDsqllvJP7n1RNsX3gpD+MEIWSTQ+1EWDrnqA6rxSUwFH1NKJNc/9ViXSopQ11aTpfgzkaeJ5VT2y3YhduzfLE4rSNL9skBOSIuOSdFck1KpEwYGZJn8krejCfjxXg3PiajGWO6s0v+wPj8ATxDlhs=</latexit>

[e.g. B ! K⇤ + a]
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NA62 NEW!
<latexit sha1_base64="mzW2C+moKLfjeTXjfQqhurs0fVU=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBi2WjUj0WvHisYD+gXUs2zbah2eySzBbK0n/ixYMiXv0n3vw3pu0etPXBwOO9GWbmBYkUBjzv2ymsrW9sbhW3Szu7e/sH7uFR08SpZrzBYhnrdkANl0LxBgiQvJ1oTqNA8lYwupv5rTHXRsTqESYJ9yM6UCIUjIKVeq571QURcYOJ95RdEDLtuWWv4s2BVwnJSRnlqPfcr24/ZmnEFTBJjekQLwE/oxoEk3xa6qaGJ5SN6IB3LFXUbvOz+eVTfGaVPg5jbUsBnqu/JzIaGTOJAtsZURiaZW8m/ud1Ughv/UyoJAWu2GJRmEoMMZ7FgPtCcwZyYgllWthbMRtSTRnYsEo2BLL88ippXlZItVJ9uC7XankcRXSCTtE5IugG1dA9qqMGYmiMntErenMy58V5dz4WrQUnnzlGf+B8/gC0mZJr</latexit>

3⇥ 10�11

→ BESIII ? Belle II ?

https://arxiv.org/abs/2002.04623
https://arxiv.org/abs/2507.17286


Flavour-violating axions/ALPs couplings to quarks

All the limits on heavy-quark transitions from two-body
meson decays reported in this paper are obtained recasting
the analyses of “νν̄” decays at BABAR and CLEO. These
bounds will certainly be improved by dedicated searches in
the future. Belle II expects to gather 50 ab−1 of data in the
next five years, roughly a factor 100 larger than the final
integrated luminosity at BABAR. The gain in the bounds
on the branching ratios depends on the scaling behaviors of
the backgrounds. In the absence of dedicated experimental
projections, we simply assume an “optimistic” scaling
inversely proportional to the increase in luminosity with
respect to the integrated luminosities on which the respec-
tive BABAR analyses were performed. The “conservative”
scaling inversely proportional to the square root of the
number of total events would result in slightly weaker
bounds. Assuming similar reconstruction efficiencies at
Belle II as those achieved at BABAR, one can expect an
improvement in the sensitivity to FV;A

bs and FV
bd by at least

an order of magnitude; see Table III for the optimistic
projections. For the conservative scaling, the expected
bounds are about a factor 5 weaker.
In case of B → ρa, the future projection can be estimated

by using the current Belle bound for the “νν̄” mode in
Table I and rescaling with the luminosities. This gives us

BRðBþ → ρþaÞprosp < 4 × 10−7; ð60Þ

which would give the sensitivity to fa ≳ 109 GeV from the
axial bd − a couplings, about 3 orders of magnitude
stronger than the current bound on this coupling from

B − B̄ mixing. The expected bound in case of conservative
scaling is about a factor of 3 smaller.
Finally, the searches for axions in charm-meson and

charm-baryon decays could be undertaken at BESIII and
Belle II. For mesons, one can rescale the CLEO bound on
D → πa by the expected gain in luminosity, which is about
a factor 20, assuming that BESIII will collect 20 fb−1,
which leads to bound on FV

cu that is stronger by a factor 5 (2)
for the “optimistic” and conservative scalings, respectively.
For baryon decays, approximately 104 Λþ

c Λ̄−
c pairs have

been produced with 567 pb−1 at BESIII [129], while
approximately 107 ΣþΣ̄− pairs are expected with 5 fb−1

[127]. BESIII could therefore reach the limit

BRprojðΛc → paÞ < 4 × 10−5; ð61Þ

obtained by naively rescaling with the relative sizes of the
samples the projection for the branching fraction of the
Σþ → pa decay shown in Eq. (59). This should lead to
bounds on the axial cu − a coupling that are comparable
with the current bounds from D − D̄ mixing, but with the
benefit of no UV model dependence.

VIII. SUMMARY AND CONCLUSIONS

In conclusion, in this paper, we explored the phenom-
enological implications of the possibility that the QCD
axion has flavor-violating couplings to the SM quarks.
Although the presence of flavor violation in axion models
is very model dependent, this scenario generically arises
whenever the Uð1ÞPQ charges are not family universal. The

FIG. 4. Summary of the most important bounds for the different flavor sectors and for vectorial (red) and axial-vectorial (blue)
couplings. On the lower axis, we indicate the corresponding values for the effective axion mass defined by mi:eff ≡ 4.69 eV×
106 GeV=Fi. Also shown as vertical gray lines are the bounds on axion couplings to electrons Fe (95% C.L.), nucleons FN , and photons
Fγ (95% C.L.); see Sec. V for details.
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In this article we update and discuss future prospects to the most general couplings of a

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

given by

Laff =
@µa

2fa
f̄i�

µ(CV
fifj + CA

fifj�5)fj , (1.1)

where CV,A
fifj

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

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

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

for a QCD axion with mass ma ⌧ eV.

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

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

couplings we introduce the short-hand

F V,A
`i`j

=
2fa

CV,A
`i`j

, F`i`j =
2faq

|CV
`i`j

|2 + |CA
`i`j

|2
. (1.2)

2 Bounds from Particle Decays

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

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

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

�(`i ! `j a) =
1

16⇡

m3
`i

F 2
`i`j

 
1�

m2
a

m2
`i

!2

, (2.1)

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

d�(`i ! `j a)

d cos ✓
=

m3
`i

32⇡F 2
`i`j

 
1�

m2
a

m2
`i

!2 "
1 + 2P cos ✓

CV
`i`j

CA
`i`j

(CV
`i`j

)2 + (CA
`i`j

)2

#
, (2.2)

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

ization vector and the momentum of the final state lepton.

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

eralise it to heavier a?]

2.1 Muon decays: FA,V
µe

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

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

BR(µ ! e a) '
�(µ ! e a)

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

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

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

always equivalent?]
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<latexit sha1_base64="Jry/79KaV+ac+JVU49iFXHxXLIA=">AAACIXicbVDLSgMxFM3UV62vUZdugkVwIWWmSO2yUhCXFewDOuOQSTNtbOZhkimUML/ixl9x40KR7sSfMX0stPVA4HDOudzc4yeMCmlZX0ZubX1jcyu/XdjZ3ds/MA+PWiJOOSZNHLOYd3wkCKMRaUoqGekknKDQZ6TtD+tTvz0iXNA4upfjhLgh6kc0oBhJLXlm9eZBtS6uM08FHoWB95hBhzyldASdgCOsylpDmaovpzLPLFolawa4SuwFKYIFGp45cXoxTkMSScyQEF3bSqSrEJcUM5IVnFSQBOEh6pOuphEKiXDV7MIMnmmlB4OY6xdJOFN/TygUCjEOfZ0MkRyIZW8q/ud1UxlUXUWjJJUkwvNFQcqgjOG0LtijnGDJxpogzKn+K8QDpJuRutSCLsFePnmVtMolu1Kq3F0Wa7VFHXlwAk7BObDBFaiBW9AATYDBM3gF7+DDeDHejE9jMo/mjMXMMfgD4/sH9iWjbQ==</latexit>

FV,A
fifj

⌘ 2fa

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

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

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

flavon is then given by

�' = �(' ! Z 0Z 0)+
X

↵,�

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

⇤
+

X

↵,�

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

⇤
. (2.32)

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

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

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

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

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

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

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

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

the theory will include a Z 0 gauge boson with mass

mZ0 =
p
2 gF h�i = gF v� , (3.1)

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

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

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

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

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

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

L = gF Z 0
µ

⇥
ui�

µ(QQi
PL +Qui

PR)ui + di�
µ(QQi

PL +QdiPR)di+

`i�
µ(QLi

PL +QeiPR)`i + ⌫̄i�
µ
QLi

PL⌫i
⇤
. (3.2)

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

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

L = gF Z 0
µ

h
u↵�

µ(Cu
L↵� PL + Cu

R↵� PR)u� + d↵�
µ(Cd

L↵� PL + Cd
R↵� PR)d� +

`↵�
µ(C`

L↵� PL + C`
R↵� PR)`� + ⌫̄↵�

µC⌫
L↵� PL⌫�

i
, (3.3)

where the (hermitian) coupling matrices read:

Cf
L↵� ⌘ V f

↵iQfLi
V f ⇤
�i , Cf

R↵� ⌘ W f
↵iQfRi

W f ⇤
�i . (3.4)

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

it is suppressed by a t-c rotation in the mass eigenstate basis.
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Neglecting loop-induced couplings to SM gauge bosons, which also stem from the scale-

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

flavon is then given by

�' = �(' ! Z 0Z 0)+
X

↵,�

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

⇤
+

X

↵,�

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

⇤
. (2.32)

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

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

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

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

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

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

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

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

the theory will include a Z 0 gauge boson with mass

mZ0 =
p
2 gF h�i = gF v� , (3.1)

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

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

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

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

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

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

µ(QQi
PL +Qui

PR)ui + di�
µ(QQi

PL +QdiPR)di+

`i�
µ(QLi

PL +QeiPR)`i + ⌫̄i�
µ
QLi

PL⌫i
⇤
. (3.2)

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

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

L = gF Z 0
µ

h
u↵�

µ(Cu
L↵� PL + Cu
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µ(Cd

L↵� PL + Cd
R↵� PR)d� +

`↵�
µ(C`

L↵� PL + C`
R↵� PR)`� + ⌫̄↵�

µC⌫
L↵� PL⌫�

i
, (3.3)

where the (hermitian) coupling matrices read:

Cf
L↵� ⌘ V f

↵iQfLi
V f ⇤
�i , Cf

R↵� ⌘ W f
↵iQfRi

W f ⇤
�i . (3.4)

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

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

In terms of couplings to vector and axial currents, we can then write:

L = gF Z 0
µ

h
f↵�

µ(Cf
V ↵� + Cf

A↵� �5)f�
i
, Cf

V,A =
Cf
R ± Cf

L

2
. (3.5)

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

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

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

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

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

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

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

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

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

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

�(Z 0
! f↵f�) =

Nf
c g2F mZ0

12⇡

s

1� 2
m2

f↵

m2
Z0

� 2
m2

f�

m2
Z0

⇥ (3.6)

" 
1�

m2
f↵

+m2
f�

2m2
Z0

!⇣
|Cf

V ↵� |
2 + |Cf

A↵� |
2
⌘
+ 3

mf↵mf�

m2
Z0

⇣
|Cf

V ↵� |
2
� |Cf

A↵� |
2
⌘#

,

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

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

widths take the form:

�(Z 0
! f↵f↵) =

Nf
c g2F mZ0

12⇡

s

1� 4
m2

f↵

m2
Z0

✓
1 + 2

m2
f↵

m2
Z0

◆
|Cf

V ↵↵|
2 +

✓
1� 4

m2
f↵

m2
Z0

!
|Cf

A↵↵|
2

�
.

(3.7)

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

�Z0 =
X

↵,�

⇥
�(Z 0

! u↵u�) + �(Z 0
! d↵d�) + �(Z 0

! `↵`�) + �(Z 0
! ⌫↵⌫�)

⇤
. (3.8)

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

perturbative processes, neglecting hadronization and just eliminating the contributions

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

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

4 Flavour constraints

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

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

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

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

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

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

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

neutrinos, that is, QLi = 0.
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Another example: a flavour-violating Z’

Z’ mediates flavour-violating processes and, 

if light, mesons and leptons can decay into it, e.g.:

`+

a

⌧�

Z

⌧+

b s

u u

`+

`�

⇡̂

B+ K+

Figure 40: Illustrative Feynman diagrams of light BSM states produced via their couplings

with the flavor sector, including the light dark pion ⇡̂ and the ALP a. LEFT: Illustrative

Feynman diagrams for the ALP production in Z ! ⌧�⌧+ events via lepton flavor violating

couplings. RIGHT: B+ ! K+⇡̂(! µ+µ�). The flavor-changing interaction between the

SM quarks and ⇡̂ can arise either at the tree level or through an EW loop.

as the dark pion ⇡̂ [343], etc. As a paradigmatic example, let us consider an ALP a that

couples with the SM fermions via the dimension-5 operators

L � @µa

2fa

�
cA
ff 0 f̄�µ�5f 0 + cV

ff 0 f̄�µf 0
�
, (11.1)

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

ff 0 are dimensionless couplings, (with the vector ones

cV
ff

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

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

in flavor-physics experiments if they are radiated from initial or final state particles, or

they are produced in lepton/quark decays. Interestingly, the production in the latter case

does not conserve lepton flavor and the sensitivity to UV scales is parametrically enhanced

by the narrow width of the SM fermions. Owing to their feebly-interacting nature, (so

as for them to remain undetected so far), the produced BSM particles tend to be long-

lived. They are often subject to displaced decays or they contribute to missing energy

directly. Both kinematic features being used as collider signatures of light BSM particles

have been widely studied. Note that the heavy-flavored particles in the SM are also long-

lived; to enable their identification, detectors have often been designed for reconstructing

the tracking/vertexing information with high quality. Even if the light BSM particle in

question is invisible, the techniques for reconstructing the missing energy at the Z pole

can facilitate the reconstruction of its invariant mass. Therefore, the exploration of light

BSM states in this context is naturally expected. Below, let us consider the detection of

light BSM states which are produced via the decays of heavy-flavored leptons and quarks,

using the ALP and dark pion as respective examples.

11.1 Lepton Sector

As discussed in Sections 3, 4, and 7, the CEPC has a strong potential for carrying out ⌧ -

related searches, due to the excellent performance of its tracker. A prominent example is the

LFV decay ⌧ ! `a (see the left panel of Figure 40) with the ALP a being invisible [344]. The
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by the narrow width of the SM fermions. Owing to their feebly-interacting nature, (so
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the tracking/vertexing information with high quality. Even if the light BSM particle in

question is invisible, the techniques for reconstructing the missing energy at the Z pole
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BSM states in this context is naturally expected. Below, let us consider the detection of

light BSM states which are produced via the decays of heavy-flavored leptons and quarks,

using the ALP and dark pion as respective examples.

11.1 Lepton Sector

As discussed in Sections 3, 4, and 7, the CEPC has a strong potential for carrying out ⌧ -

related searches, due to the excellent performance of its tracker. A prominent example is the
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where f and f 0 are SM fermions, cA,V

ff 0 are dimensionless couplings, (with the vector ones
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being unphysical if f = f 0), and fa is the ALP decay constant that can be regarded

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

in flavor-physics experiments if they are radiated from initial or final state particles, or

they are produced in lepton/quark decays. Interestingly, the production in the latter case

does not conserve lepton flavor and the sensitivity to UV scales is parametrically enhanced

by the narrow width of the SM fermions. Owing to their feebly-interacting nature, (so

as for them to remain undetected so far), the produced BSM particles tend to be long-

lived. They are often subject to displaced decays or they contribute to missing energy

directly. Both kinematic features being used as collider signatures of light BSM particles

have been widely studied. Note that the heavy-flavored particles in the SM are also long-

lived; to enable their identification, detectors have often been designed for reconstructing

the tracking/vertexing information with high quality. Even if the light BSM particle in

question is invisible, the techniques for reconstructing the missing energy at the Z pole

can facilitate the reconstruction of its invariant mass. Therefore, the exploration of light

BSM states in this context is naturally expected. Below, let us consider the detection of

light BSM states which are produced via the decays of heavy-flavored leptons and quarks,

using the ALP and dark pion as respective examples.

11.1 Lepton Sector

As discussed in Sections 3, 4, and 7, the CEPC has a strong potential for carrying out ⌧ -

related searches, due to the excellent performance of its tracker. A prominent example is the
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How light can the flavour dynamics be?

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

Low-energy flavour models

• Local flavour symmetry       flavour gauge bosons, e.g. abelian Z' : 

• FV couplings to fermions (different generations have different charges) 

• FCNC also arise at tree-level, e.g.: 

• Additional contributions arise from the messenger sector 
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Flavour-violating Z’ : flavour bounds
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Figure 1. Regions of the mZ0 � gF plane excluded by searches for various rare meson (left) and
lepton (right) decays into a light Z 0 (including the o↵-shell Z 0 case). See the main text for details.

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

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

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

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

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

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

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

K+
! ⇡+Z 0 : v� & 8.3⇥ 1010 GeV , B+

! K+Z 0 : v� & 3.0⇥ 107 GeV , (4.12)

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

5 Cosmic strings and the gravitational-wave background

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

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

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

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

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

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

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

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

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

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

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

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

5.1 The FN phase transition and the formation of cosmic strings

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

the FN breaking scale v�, and hence the FN U(1)F symmetry is restored at the highest
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the U(1)F breaking scale in the relevant mZ0 ranges:

K+
! ⇡+Z 0 : v� & 8.3⇥ 1010 GeV , B+

! K+Z 0 : v� & 3.0⇥ 107 GeV , (4.12)

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

5 Cosmic strings and the gravitational-wave background

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

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

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

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

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

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

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

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

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

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

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

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

5.1 The FN phase transition and the formation of cosmic strings

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

the FN breaking scale v�, and hence the FN U(1)F symmetry is restored at the highest
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Neglecting loop-induced couplings to SM gauge bosons, which also stem from the scale-

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

flavon is then given by

�' = �(' ! Z 0Z 0)+
X

↵,�

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

⇤
+

X

↵,�

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

⇤
. (2.32)

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

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

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

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

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

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

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

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

the theory will include a Z 0 gauge boson with mass

mZ0 =
p
2 gF h�i = gF v� , (3.1)

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

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

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

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

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

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

L = gF Z 0
µ

⇥
ui�

µ(QQi
PL +Qui

PR)ui + di�
µ(QQi

PL +QdiPR)di+

`i�
µ(QLi

PL +QeiPR)`i + ⌫̄i�
µ
QLi

PL⌫i
⇤
. (3.2)

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

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

L = gF Z 0
µ

h
u↵�

µ(Cu
L↵� PL + Cu

R↵� PR)u� + d↵�
µ(Cd

L↵� PL + Cd
R↵� PR)d� +

`↵�
µ(C`

L↵� PL + C`
R↵� PR)`� + ⌫̄↵�

µC⌫
L↵� PL⌫�

i
, (3.3)

where the (hermitian) coupling matrices read:

Cf
L↵� ⌘ V f

↵iQfLi
V f ⇤
�i , Cf

R↵� ⌘ W f
↵iQfRi

W f ⇤
�i . (3.4)

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

it is suppressed by a t-c rotation in the mass eigenstate basis.
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Flavour processes set stringent lower bounds on the U(1) breaking scale
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Figure 1: Cartoon summarizing the relevant kinematical variables describing the decay

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

circles good!]

a monocromatic positron line with momentum

pe =

s✓
m2

µ �m2
a +m2

e

2mµ

◆2

�m2
e (3.1)

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

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

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

CV
µe = 0 or CA

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

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

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

µe for the left-

handed and CV
µe = +CV

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

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

For µ+ ! e+ + invisible the SM background comes from the three-body muon decay

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

d2�(µ+ ! e+ ⌫e ⌫̄µ)

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

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

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

of the muon is �µ ' m5
µG

2
F

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

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

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

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

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

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

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

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

are 100% polarized in the direction opposite to the muon momentum (i.e Pµ = �1 in the
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µ+
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Figure 1: Cartoon summarizing the relevant kinematical variables describing the decay

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

circles good!]

a monocromatic positron line with momentum

pe =

s✓
m2

µ �m2
a +m2

e

2mµ

◆2

�m2
e (3.1)

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

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

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

CV
µe = 0 or CA

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

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

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

µe for the left-

handed and CV
µe = +CV

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

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

For µ+ ! e+ + invisible the SM background comes from the three-body muon decay

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

d2�(µ+ ! e+ ⌫e ⌫̄µ)

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

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

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

of the muon is �µ ' m5
µG

2
F

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

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

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

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

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

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

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

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

are 100% polarized in the direction opposite to the muon momentum (i.e Pµ = �1 in the
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from star cooling and SN1987a, comparing these with the reach of LFV decays. In Sec. 7

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

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

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

our MEGII-forward.

2 Setting up the Notation

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

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

given by

Leff =
X

i

@µa

2fa
¯̀
iC

A
`i�5`i +

X

i 6=j

@µa

2fa
f̄i�

µ(CV
`i`j + CA

`i`j�5)`j , (2.1)

where CA
`i
is a vector and CV,A

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

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

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

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

F V,A
`i`j

=
2fa

CV,A
`i`j

, F`i`j =
2faq

|CV
`i`j

|2 + |CA
`i`j

|2
. (2.2)

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

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

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

�(`i ! `j a) =
1

16⇡

m3
`i

F 2
`i`j

 
1� m2

a

m2
`i

!2

, (2.3)

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

d�(`i ! `j a)

d cos ✓
=

m3
`i

32⇡F 2
`i`j

 
1� m2

a

m2
`i

!2 "
1 + 2P`i cos ✓

CV
`i`j

CA
`i`j

(CV
`i`j

)2 + (CA
`i`j

)2

#
, (2.4)

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

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

momentum of the final state lepton.

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

the di↵erent contributions

�tot(ma) ' �(a ! ��) +
X

j=1,2

�(a ! `i`j) , (2.5)

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

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

gauge bosons.
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Signal: monochromatic positron with

Differential decay rate:

Michel spectrum:
xe =

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

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

circles good!]

a monocromatic positron line with momentum

pe =

s✓
m2

µ �m2
a +m2

e

2mµ

◆2

�m2
e (3.1)

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

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

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

CV
µe = 0 or CA

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

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

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

µe for the left-

handed and CV
µe = +CV

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

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

For µ+ ! e+ + invisible the SM background comes from the three-body muon decay

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

d2�(µ+ ! e+ ⌫e ⌫̄µ)

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

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

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

of the muon is �µ ' m5
µG

2
F

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

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

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

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

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

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

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

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

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

– 6 –

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

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

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

How do we measure !"?

!4

Our particles then interact with external magnetic fields such that

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

Measuring the precession frequency allows to determine g

From now on, let’s focus on muons:

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

π+
Storage

Ring

Protons
from AGS

Target

Pions
p=3.1 GeV

π+ → µ+νµ

Inflector

Polarized Muons
Injection Point

Kicker
Modules

Injection Orbit

Storage Ring Orbit

νµ µ+

⇒ ⇐ spin
momentum

In Pion Rest Frame

“Forward” Decay Muons
are highly polarized

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

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

ωc =
eB

mµ γ
, ωs =

eB

mµ γ
+ aµ

eB

mµ
, ωa = aµ

eB

mµ
, (23)

where γ = 1/
√

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

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

!ωa =
e

mµ

(

aµ
!B −

[

aµ − 1

γ2 − 1

]

!v × !E

)

. (24)

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

√

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

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

highly polarised 

muon beam

mass lifetime decay
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~N = ~µ⇥ ~Btorque
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SEARCH FOR RIGHT-HANDED CURRENTS IN MUON DECAY 

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

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

- 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

(2.5) 

and 

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

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

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

111. EXPERIMENTAL METHOD 

A. Overview 

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

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

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

A horizontally focusing spectrometer was chosen in or- 

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

I _ - _ _ - _ _ _ _ 

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

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

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

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

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

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

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

Match to Eq.(1.1) - RZ

3 Bounds from Particle Decays

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

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

�(`i ! `ja) =
1

16⇡

m3
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!3

, (3.1)

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

ma = 0 for simplicity)
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(CV
µe)

2 + (CA
µe)

2

#
, (3.2)

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

tion vector and the electron momentum.

3.1 Muon decays: FA,V
µe

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

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

BR(µ ! ea) ⇡
�(µ ! ea)

�(µ ! e ⌫ ⌫̄)
. 2.6 · 10�6

) f & 6 · 109 GeV . (3.3)

) f & 2.8 · 107 GeV (3.4)

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

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

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

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

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

d2�

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

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

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

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

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

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

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

– 5 –

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

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

Match to Eq.(1.1) - RZ

3 Bounds from Particle Decays

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

(invisible) PGB in the final state. The corresponding decay width is given by
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where P is the polarization fraction of the muons, and ✓ is the angle between the polariza-

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

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

experiment is to look for the presence of a positron with energy Eline
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such a line at the end of the background distribution of µ ! e ⌫ ⌫̄ is challenging because
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where x = 2Ee/mµ and the total width of the muon is �µ = 3 · 10�9 eV. See [13] for a

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

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

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

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

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

Currently strongest limit on 𝜇 → e a

Lorenzo Calibbi (Nankai)Probing light NP with flavour violation

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


SEARCH FOR RIGHT-HANDED CURRENTS IN MUON DECAY 

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

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

- 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Search for RH currents with 1.8×107 polarised 𝜇+


interpreted in terms of 𝜇 → ea too 

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

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

Match to Eq.(1.1) - RZ

3 Bounds from Particle Decays

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

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

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

tion vector and the electron momentum.

3.1 Muon decays: FA,V
µe

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

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

BR(µ ! ea) ⇡
�(µ ! ea)

�(µ ! e ⌫ ⌫̄)
. 2.6 · 10�6

) f & 6 · 109 GeV . (3.3)

) f & 2.8 · 107 GeV (3.4)

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

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

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

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

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

d2�

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

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

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

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

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

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

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

– 5 –

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

dangerous phenomena such as Higgs to Majoron decays can occur, see e.g. [9]).
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3 Bounds from Particle Decays
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where P is the polarization fraction of the muons, and ✓ is the angle between the polariza-

tion vector and the electron momentum.

3.1 Muon decays: FA,V
µe

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

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

BR(µ ! ea) ⇡
�(µ ! ea)

�(µ ! e ⌫ ⌫̄)
. 2.6 · 10�6

) f & 6 · 109 GeV . (3.3)

) f & 2.8 · 107 GeV (3.4)

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

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

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

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

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

d2�

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

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

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

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

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

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

(3.5) goes to zero for Eline
e = mµ/2. The distribution of the signal for a polarized beam
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µ ! e⌫̄⌫
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𝜇 → e a  signal for ma ≈ 0: 
monochromatic e+ at m𝜇/2

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

) BR(µ+ ! e+a) < 2.6⇥ 10�6
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for the isotropic case, they set the limit

thus one gets

• Jodidio et al. (TRIUMF) 1986

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

) fa/C
V,A
eµ > 2.4⇥ 109 GeV

Currently strongest limit on 𝜇 → e a

Lorenzo Calibbi (Nankai)Probing light NP with flavour violation

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.1967
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FIG. 4. (color online) Confidence intervals set on branching
ratios for µ+ ! e+X0 decays determined from the muon de-
cay spectrum for signals well separated from the endpoint.
Statistical and energy calibration uncertainties are included.
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FIG. 5. (color online) FC confidence intervals determined
at the endpoint as a function of the momentum calibration
o↵set. The black dotted line shows the best a priori estimate
of the momentum calibration as determined from Table I.

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

VII. CONCLUSIONS

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

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

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

Endpoint 21 0.81
A = �1 Average 10

p = 37.28 MeV/c 26 0.60
Endpoint 58 0.80

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

Endpoint 10 0.90

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

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

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

understanding of the decay positron spectrum endpoint,
our limits on µ+ ! e+X0 processes with mX < 13
MeV/c2 are much less restrictive. For this range we have
reported the first inclusive limit on decays having the
same anisotropy as ordinary muon decay, while for other
anisotropies the Jodidio et al. measurement is more sen-
sitive.
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For V-A coupl. and ma ≈ 0:

Past searches: 𝜇 → e a

Lorenzo Calibbi (Nankai)Probing light NP with flavour violation
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) fa/C
V,A
eµ > 109 GeV

https://arxiv.org/abs/1409.0638


𝜇 → e a :  future prospects

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

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

 next generation experiments must do better!

Lorenzo Calibbi (Nankai)Probing light NP with flavour violation
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𝜇 → e a :  future prospects

Many ideas and proposals at running and upcoming experiments:

MEG II 

• Add a forward calorimeter to perform a Jodidio-like search

• Run with a dedicated trigger to search for 


Mu3e

• Search performed on  momentum histograms filled with online 

reconstructed short tracks

• Search for  from the internal conversion of virtual photon into 


COMET/Mu2e

• search for excess over the Michel spectrum, using data from calibration 

runs employing positive muon beams

• enlarge the  conversion signal window coping with a large (~100kHz?) 

Michel background rate

μ → eaγ

e+

μ → 3ea e+e−

μ → e
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Sensitivities up to , 

 seem to be feasible!

BR(μ → ea) ≈ 10−8

fa ≈ 1010 GeV

2

cally important channel is the ⇡+
! e+N decay, where

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

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

! e+X to which Mu2e will be sensitive.
We translate bounds on branching ratios to constraints
on new physics model parameters, emphasizing the com-
petitive reach of a µ+

! e+X search relative to astro-
physical constraints. In Section III we briefly describe
the inputs and procedures underlying our sensitivity es-
timates for µ+

! e+X and ⇡+
! e+X searches. Finally,

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

II. MODELS OF NEW PHYSICS

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

! e+X and ⇡+
! e+X.

These are experimentally convenient because the pre-
dicted signature involves a monoenergetic e+. Models
with three body decays are also of interest but their ex-
perimental projections require further study; we briefly
discuss this case in Section IV.

In what follows we consider several benchmark new
physics models for which a µ+ run at Mu2e could lead
to a discovery or interesting limits. Axion like particles
(ALPs) can be discovered through two body µ+

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

! (e+ + invisible)
decays. The rare ⇡+

! e+X decay mode can probe
heavy neutral leptons (HNLs), but must overcome a siz-
able muon decay in flight background.

A. Axion-like models

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

To understand whether or not a µ+ validation run
could be sensitive to an interesting region of parame-
ter space we explore three ALP benchmarks: i) a general
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FIG. 1. The 95% C.L. limits on a general ALP with anar-
chic couplings to all three generations of leptons. The present
laboratory exclusions are denoted with solid lines, and fu-
ture projections with dashed lines, assuming isotropic ALP
production with axial couplings, see text for further details.
Astrophysical constraints are shown as gray region, while the
parameter space that could lead to displaced decays inside
detector volume, c⌧a < 1m is shown as blue region. Adapted
and updated from Ref. [60].

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

! e+X.
The effective Lagrangian describing the ALP couplings

to the SM leptons (`i) gluons (Gµ⌫) and photons (Fµ⌫)
is given by1

La = NUV
↵s

8⇡

a

fa
Gµ⌫G̃

µ⌫ + EUV
↵em

4⇡

a

fa
Fµ⌫ F̃

µ⌫

+
X

i,j

@µa

2fa
`i�

µ
⇥
CV

ij + CA
ij�5

⇤
`j ,

(1)

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

1
Note that CV

ii
couplings do not contribute, as can be seen from

equations of motion.
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assuming no contribution from the decay m + ec~ 
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in order to ensure good momentum resolution and trigger 
conditions. 

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

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

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

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

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

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

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

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

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

Electrons were required to have momenta greater than 
400 MeV/c. In this region the detection efficiency is about 
90% and the pion fake rate is 0.5% [4]. The polar angle 0~i~ 
of the missing momentum was restricted by the requirement 
%- cos(0~is)  _> - 0 . 9 ,  where qe is the charge of the detected 
electron (positron). We have allowed no more than one pho- 
ton on the one prong side. The photon energy was limited 
to 300 MeV. The electron sample consisted of 5055 events 
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Fig. 4. The upper limits at 95% confidence 
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with 25 and 17 events resulting from qq contamination and 
pion misidentification, respectively. 

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

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

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

In summary, a detailed study of the lepton momen- 
tum spectra for r decays into a lepton and an unobserv- 
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Figure 3. Distributions of p⌧` for events satisfying all selection criteria are shown. The left figure
shows the distributions for the ⌧� ! e�↵ search and the right figure shows the distributions for
the ⌧� ! µ�↵ search. The background MC samples are normalized to the SM expectation. The
signal MC distributions are shown for an arbitrary branching fraction B(⌧� ! `�↵) = 1.0⇥ 10�3.
The bottom figure shows the ratio of the data and the sum of backgrounds.

no significant excess of signal events in data over background. For instance, the number of
observed events with m↵ = 0.0 GeV/c2 are nsig = 2260.3± 852.2 for the ⌧� ! e�↵ search
and nsig = �764.3 ± 723.3 for the ⌧� ! µ�↵ search. We provide an appendix containing
the fitted signal yields.

Since no significant excess of signal events is observed in data, we determine 95% CL
upper limits on the branching fractions of ⌧� ! `�↵ using a frequentist method [24]. In
this method, we generate 10,000 pseudoexperiments with signal and background events
based on their PDFs for different signal yields. We then define the upper limit of the signal
yield at 95% CL (n95

sig
) as the generated signal yield for which 5% of the experiments have

fitted signal yields less than nsig in data. The procedure is performed for each ↵ mass point
and final state. The upper limits on the branching fractions at 95% CL are given by

B(⌧ ! `�↵) =
n95

sig

2✏N⌧⌧
, (3.1)

where ✏ is the signal detection efficiency for a given ↵ mass.
We estimate systematic uncertainties in the measured branching fractions of ⌧ ! `↵

decays arising from various sources. The uncertainties in track reconstruction efficiencies are
estimated with partially reconstructed D⇤+ ! D0⇡+, D0 ! K0

S⇡
+⇡� events. A systematic

uncertainty of 0.35% is assigned per track. Considering both two-track and four-track
candidates, a total uncertainty of 1.1% is estimated for this analysis. The uncertainties
in the lepton identification efficiencies are estimated with J/ ! `+`� (` = e, µ) events
and rates to misidentify a pion as a lepton are estimated with ⌧� ! ⇡�⇡+⇡�⌫⌧ events.
The difference of the identification and misidentification efficiencies between data and MC
simulation is considered and they are estimated to be 2.3–2.6% for the ⌧� ! e�↵ search and
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(b) ⌧� ! µ�↵

Figure 4. Upper limit at the 95% CL on the branching fraction of B(⌧� ! e�↵) (a) and
B(⌧� ! µ�↵) (b) as a function of the ↵ mass. The dashed (solid) lines are expected (observed)
upper limits. The blue line shows the observed upper limits at Belle II [9].
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If the ALP is not that light nor long-lived, it can decay on-shell 
(or off-shell) back to leptons:                        .
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⌧ ! µa(⇤) ! µ``
(or mediate radiative processes)

adapted from LC Li Mukherjee Yang '24

(see also Cornella Paradisi Sumensari '19)
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If the ALP is not that light nor long-lived, it can decay on-shell 
(or off-shell) back to leptons:                        .
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⌧ ! µa(⇤) ! µ``
(or mediate radiative processes)

Lorenzo Calibbi (Nankai)Probing light NP with flavour violation

Figure 1: Constraints on the ma � fa plane from different searches for a LFV ALP. Solid lines display current
limits, dashed the dotted lines show the prospects of possible Belle II searches (see the text for details). The left

plot shows a “flavour democratic scenario” where all the flavour-conserving and flavour-violating ALP couplings to
leptons are equal, so is the coupling to photons. The right plot corresponds to a “minimal scenario” where only the
LFV couplings to ⌧ -µ and the coupling to photons are non-vanishing (and equal).

�(a ! ��) =
↵2

64⇡3
m3

a
|C� |

2

f2
a

. (5)

Depending on the ALP lifetime ⌧a = 1/�a (hence on its mass and couplings strength), these decays
might occur outside the detector (leading to a missing energy signature) or inside it. Since we are interested
in LFV ⌧ decays, we consider the regime ma < m⌧ . Consequently, the ALP total decay width is given by:

�a ⌘ �(a ! µµ̄) + �(a ! eē) + �(a ! µē) + �(a ! ��) , (6)

where, for a given ma, only the kinematically allowed processes have to be taken into account.
Figure 1 displays the present constraints (solid lines) and Belle II prospects (dashed and dotted lines)

of testing LFV ALPs for two different setups of the ALP couplings. For comparison, present limits from µ

decays into both an on-shell and off-shell ALP are shown for the case CV,A
eµ 6= 0 (left plot), see [12, 19] for

details. Interestingly, even in presence of µ-e transitions with CV,A
eµ ⇡ CV,A

µ⌧ , searches for LFV ⌧ decays
have a better sensitivity as long as ma & mµ, that is, a muon decay into an on-shell ALP is kinematically
forbidden. In the following, we summarise the impact of several searches for ⌧ LFV processes that can be
performed at Belle II. We focus on ⌧ -µ transitions, being the ⌧ -e ones equivalent.

⌧ ! µ + invisible. As shown in Eqs. (3)-(5), the ALP tends to be long-lived for small values of ma and
large values of fa, that is, if light and weakly coupled. As a consequence, searches for the two-body decay
⌧ ! µa with an invisible a are particularly sensitive to this regime. In Figure 1, the solid brown lines show
the present bound set by the Belle II search published in [20]. The difference between the two panels stem
from the lifetime of the ALP, which is more long-lived for the scenario depicted in the right plot, where it
can only decay into photons. The brown dashed lines depict the future Belle II prospect obtained by naively
extrapolating the expected exclusion of [20] from 62.8 fb�1 to 50 ab�1. As we can see, this search can
achieve a sensitivity to a NP scale fa exceeding 107 GeV. A higher sensitivity could be obtained employing
optimised kinematic variables as proposed in [21]. In addition, it would be desirable to investigate whether
information on the ⌧ polarisation could be used to reduce the SM background in a way similar to what has
been done in the past in the context of searches for µ ! e a, cf. the discussion in [12].

2

Interplay between visible, invisible, and displaced searches!

Belle II prospects for long-lived/displaced ALPs

LC to appear

ALP-mediated tau LFV



What about Dark Matter?



ALP dark matter

depends on UV completion,

e.g. anomaly coefficient (QCD axion:                     ) 

• Obvious requirement, cosmological lifetime


• More stringent bound: extragalactic background light (from a→𝛾𝛾)


Figure 3. Graphical representation of the current bounds and future projections for di↵erent LFV
couplings of an e↵ectively massless ALP, also reported in Table 1.

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

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

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

Lagrangian 4

Le↵ = EUV
↵em

4⇡

a

fa
FF̃ , (2.9)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

4Our conventions are ✏0123 = 1 and F̃µ⌫ = 1/2 ✏µ⌫⇢�F
⇢�.
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Figure 3. Graphical representation of the current bounds and future projections for di↵erent LFV
couplings of an e↵ectively massless ALP, also reported in Table 1.

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

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

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

Lagrangian 4

Le↵ = EUV
↵em

4⇡

a

fa
FF̃ , (2.9)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

4Our conventions are ✏0123 = 1 and F̃µ⌫ = 1/2 ✏µ⌫⇢�F
⇢�.
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The minimal requirement for ALP to be the DM is that it is stable on timescales longer

than the lifetime of the Universe. Assuming the a ! �� decay dominates, this translates

into the following constraint,

H0

�tot
= H0⌧a > 1, where H0⌧a ' 5.4

✓
1

E2
e↵

◆2✓10 keV

ma

◆3✓ fa
1010 GeV

◆2

. (6.15)

Taking fa = 1010 GeV as a reference value, this means that the ALP DM probed in LFV

experiments must have a mass below 10 keV. If other decay channels, such as a ! ⌫i⌫̄j ,

are appreciable, then the above bound on the ALP mass is correspondingly lowered (this

is for instance the case for the majoron, see Sec. 7.4). For the rest of this section we will

assume that the ALP decay channels apart from a ! �� can be neglected.

The a ! �� decays contribute to the extragalactic background light (EBL) and may

be bounded by EBL measurements. The ALP decay results in a line at frequency ⌫a =

1.2⇥ 1014ma/eV Hz with intensity

⌫aI⌫a =
5⇥ 10�3 Wm�2sr�1

⌧��H0
' 6⇥ 10�13 Wm�2sr�1

⇣ ma

1 eV

⌘3
✓
1010Ee↵ GeV

fa

◆2

. (6.16)

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

intensity in Eq. (6.16) is less than what is observed at that frequency [96]. An updated

map of the EBL observations at di↵erent frequencies can be found in Ref. [103]. For

instance, the observed EBL intensity in the optical band is 10�8 Wm�2sr�1, constraining

the axion width well belowH0. Converting the EBL constraints to a bound on fa (assuming

EUV = 1) gives the light blue exclusion region in Fig. 6.2. The conservative constraint

from EBL flux can be improved by looking at specific astrophysical targets or by future

line-intensity mapping campaigns [96]. Particularly relevant for the ALP parameter space

is the SPHEREx project [104], a funded two-year mission by NASA with a planned launch

in 2023, that will probe optical and near infrared frequencies corresponding to ma ⇠ eV.

The SPHEREx reach is denoted as green region in Fig. 6.2.

The ALP that satisfies the stability and EBL bounds could be a viable DM candidate.

The main production mechanism in the allowed region of parameter space in Fig. 6.2 is the

misalignment mechanism, first discussed in the context of the QCD axion in Refs. [14–16]

and then generalized to a generic ALP in Ref. [105].11 If inflation occurred below the scale

of ALP global symmetry breaking, the initial misallignment of the ALP, a0, is frozen by the

inflationary dynamics and acts as the initial condition. Conventionally, it is parametrized

in terms of an angular variable, a0 = fa✓0, where ✓0 2 [0,⇡). As long as the Hubble

expansion rate is large, H > ma, the field is frozen at its initial value a0. At temperature

Tosc, when H(Tosc) ' ma, the field starts to oscillate and produces the ALP number density

11The production of hot ALPs through freeze-in via lepton annihilation, `+`� ! a�, or lepton-photon

collisions, `±� ! e±a, could lead to a too large contribution to �Ne↵. It is easy to check that this

contribution is in fact negligible in the parameter space in Fig. 8, once the present bounds on the axion-

electron couplings from stellar cooling are taken into account. (A systematic study of hot ALPs production

through muon or tau couplings in the case where couplings to electrons are switched o↵ has been performed

in Ref. [106].)
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na(Tosc) =
1
2m

2
aa

2
0, which then expands adiabatically until the present time. For the case

when ALP oscillations occur during the radiation dominated epoch the resulting ALP relic

abundance is (see also [107])

⌦T -indep.
a h2 = 0.12⇥ 10�2

r
ma

eV

✓
fa

1010GeV

◆2✓✓0
⇡

◆2✓ 90

g⇤(Tosc)

◆1/4

. (6.17)

Since the ALP mass is bounded from above by EBL constraints, the future reach of LFV

searches (i.e. fa ⇡ 1010 GeV) will probe a region of parameter space where the production

from misalignment does not su�ce to obtain the total observed DM abundance (⌦DMh2 '
0.12 [108]) with an ALP mass independent on temperature. The relation between ma and

fa that leads to the observed DM abundance for ✓0 ⇠ 1 for a temperature independent

ALP mass is corresponds to the upper gray dashed line in Fig. 8. Below this line the ALP

DM produced through the misalignment mechanism is under-abundant, while above this

line a smaller value of ✓0 is needed in order to obtain ⌦DMh2 = 0.12.

An interesting alternative possibility that leads to enhanced misalignment production

is if the ALP mass comes from a dynamical mechanism like the one of the QCD axion.

At zero temperature the ALP mass is given by ma = ⇤2/fa, while at finite temperature

the mass is suppressed, and is given by ma(T ) = ma(⇤/T )b, where b = 4 in QCD (an

expression for b in a general gauge theory can be found in Ref. [109]). The relic density from

misalignment for this case has been studied in Ref. [105], and more recently in Ref. [107],

and is given by

⌦T -dep
a = ⌦T -indep.

a

✓
2 + b

2

◆ 3+b

2+b

 
5

8⇡

MPl

fa

s
90

g⇤(Tosc)

! b

4+2b

. (6.18)

The two additional factors on the r.h.s. enhance the relic abundance with respect to the

result in Eq. (6.17). In Fig 8 we show that for b = 4 this enhancement is large enough

that the correct DM relic abundance is obtained in a large region of parameter space that

will be tested by future LFV searches. The ALP abundance even further enhanced at

small decay constant by tuning the ALP initial condition very close to ✓0 = ⇡ such that

non-linearities dominate the production [19] or by mixing of the ALP with a dark photon

in a presence of a magnetic field in the early Universe [18]. In summary, these di↵erent

production mechanisms can make the ALP abundance match the current DM abundance

in the whole parameter space shown in Fig. 8 which is not excluded by present constraints.

Parts of the LFV ALP parameter space will be probed by other means. In Fig. 8 we

show two types of such probes, based either on axion couplings to electrons or to photon.

All of these probes require the ALP to be the DM, and assume that the ALP is responsible

for the full DM relic abundance. Note that in this case, for the range of masses shown in

Fig. 8, the description of ALP in terms of classical background field is justified, since there

are many ALPs inside a single de Broglie volume. The ALP couplings to electrons can

then lead to e�cient axion-magnon conversion in an experiment such as QUAX [93, 94],

which could probe a portion of the ALP parameter space in the ma ⇠ 10�50µeV window.

The light purple region in Fig. 8 shows the future reach of QUAX derived in Ref. [95] (the
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• Production: misalignment mechanism

misalign. angle
it can be enhanced if ALP mass suppressed at 


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

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

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

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

the observed EBL intensity in the optical band is 10�8 Wm�2sr�1, constraining the axion
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DM searches

✓0 = 1 (T � dependent)
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LFV dark matter production?

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

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

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

3.3 Freeze-in

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

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

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

– 10 –
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mDM/T
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Freeze-In from flavor-violating Decays

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

overall coupling strength relative coupling strength ALP mass

!-decay rate

ALP lifetime
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LFV dark matter production?

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

What if                            also produce DM ALPs in the early universe, 
via the freeze-in mechanism? 
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Lorenzo Calibbi (Nankai)Probing light NP with flavour violation

ALP portal to DM for the Belle II excess

Belle II observed a ~2.7𝜎 excess over the SM prediction for

2

I. INTRODUCTION

Recently, the Belle II collaboration obtained the first evidence for B+
! K

+
⌫⌫̄ [1], one of the

rare B meson decays, measuring

BR(B+
! K

+
⌫⌫̄)Belle II =

�
2.3± 0.5 (stat)+0.5

�0.4 (syst)
�
⇥ 10�5

. (1)

In the Standard Model (SM), the decay is mediated by a W boson exchange at the loop level
and thus is suppressed. In addition, there is a tree-level long-distance contribution from B

+
!

⌫⌧⌧
+(! K

+
⌫̄⌧ ), which accounts for about 10% of the SM prediction and has been treated as a

background in the experimental analysis. Together they result in [2]1

BR(B+
! K

+
⌫⌫̄)SM = (5.58± 0.37)⇥ 10�6

, (2)

where the tree-level contribution accounts for (0.61± 0.06)⇥ 10�6, which implies a 2.7� tension
between the Belle II measurement and the SM prediction. Combining the latest Belle II result
with earlier measurements results in a weighted average of BR(B+

! K
+
⌫⌫̄)exp = (1.3± 0.4)⇥

10�5 [1]. An attractive explanation of the excess is an additional decay channel with undetected
final states2, such as sterile neutrinos [20, 26–34], light dark matter (DM) particles [4, 12, 35–
41], an axion-like particle (ALP) [42–48] or more generally long-lived particles, which escape the
detector undetected [49–55].

Refs. [46, 50] pointed out that the excess is well described by a two-body decay B
+
! K

+
X ,

where the new bosonic particle X has mass mX ' 2 GeV and either escapes the detector unde-
tected or decays into invisible final states. This scenario has been studied in the context of several
explicit models [40, 41, 47, 48, 51, 52, 54, 55].

In this work, we focus on the connection of the excess in B
+
! K

+ + inv to light sub-GeV
dark matter. An important requirement for all DM models is the explanation of the observed
cosmic DM relic abundance of ⌦DMh

2 = 0.12 [56], which has been previously discussed within
three models [38–40]. In Ref. [38] a scalar DM candidate produced via the freeze-out mechanism
is introduced, with the observed relic density achieved through pair annihilation of dark matter to
light mesons. The excess in B

+
! K

+ + inv is explained via heavy vector-like quark mediators
which couple the scalar DM to the bottom and strange quark. The scenario is already being probed
by direct detection experiments through the Migdal effect and requires mild tuning.

Ref. [39] also considers scalar DM produced via the freeze-out mechanism, but it relies on a
light scalar mediator to address the excess in B

+
! K

+ + inv. The authors explain it by a two-
body decay into the scalar mediator and a three-body decay for a slightly heavier scalar mediator
with a mass larger than mB+ �mK+ . In both cases the scalar mediator dominantly decays to light
sub-GeV DM. DM direct detection has not been discussed in detail for this scenario. We expect
that the Migdal effect will further constrain the model and possibly rule out the explanation of the
excess in B

+
! K

+ + inv.
Finally, Ref. [40] considers a scalar mediator ' together with the fermionic DM field �. The

explanation of the observed DM relic abundance requires resonant DM annihilation, and thus

1 See also Ref. [3] that predicts a slightly smaller central value and Refs. [4–6] for other recent calculations of the

branching ratio within the SM.
2 Explanations in terms of heavy new physics have been discussed in Refs. [7–25].
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Despite some tension with previous limits from BaBar, 

the contribution of a two-body decay into an invisible ~ 2 GeV boson 

is somewhat preferred to the SM alone
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ALP portal to DM for the Belle II excess
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Figure 40: Illustrative Feynman diagrams of light BSM states produced via their couplings

with the flavor sector, including the light dark pion ⇡̂ and the ALP a. LEFT: Illustrative

Feynman diagrams for the ALP production in Z ! ⌧�⌧+ events via lepton flavor violating

couplings. RIGHT: B+ ! K+⇡̂(! µ+µ�). The flavor-changing interaction between the

SM quarks and ⇡̂ can arise either at the tree level or through an EW loop.

as the dark pion ⇡̂ [343], etc. As a paradigmatic example, let us consider an ALP a that

couples with the SM fermions via the dimension-5 operators

L � @µa

2fa

�
cA
ff 0 f̄�µ�5f 0 + cV

ff 0 f̄�µf 0
�
, (11.1)

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

ff 0 are dimensionless couplings, (with the vector ones

cV
ff

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

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

in flavor-physics experiments if they are radiated from initial or final state particles, or

they are produced in lepton/quark decays. Interestingly, the production in the latter case

does not conserve lepton flavor and the sensitivity to UV scales is parametrically enhanced

by the narrow width of the SM fermions. Owing to their feebly-interacting nature, (so

as for them to remain undetected so far), the produced BSM particles tend to be long-

lived. They are often subject to displaced decays or they contribute to missing energy

directly. Both kinematic features being used as collider signatures of light BSM particles

have been widely studied. Note that the heavy-flavored particles in the SM are also long-

lived; to enable their identification, detectors have often been designed for reconstructing

the tracking/vertexing information with high quality. Even if the light BSM particle in

question is invisible, the techniques for reconstructing the missing energy at the Z pole

can facilitate the reconstruction of its invariant mass. Therefore, the exploration of light

BSM states in this context is naturally expected. Below, let us consider the detection of

light BSM states which are produced via the decays of heavy-flavored leptons and quarks,

using the ALP and dark pion as respective examples.

11.1 Lepton Sector

As discussed in Sections 3, 4, and 7, the CEPC has a strong potential for carrying out ⌧ -

related searches, due to the excellent performance of its tracker. A prominent example is the

LFV decay ⌧ ! `a (see the left panel of Figure 40) with the ALP a being invisible [344]. The
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FIG. 1. Left: The shaded area shows the region where b decays (purple) or scattering processes (orange)
keep a 2 GeV ALP in equilibrium with the thermal bath. The gray region shows the region where the
number density of b-quarks is too suppressed to keep the ALP in thermal equilibrium. The dashed blue line
indicates the central value of the axion coupling Cq/fa required to explain the excess observed by Belle II
in B+

! K+ + inv. Right: Evolution of different particle yields as a function of x = mb/T for universal
ALP couplings Cq/fa = CA

��/fa = 6 ⇥ 10�9 GeV�1, and ALP mass of ma = 2 GeV and DM mass of
m� = 3 MeV and a vanishing UV coupling to gluons CUV

G = 0. The dot-dashed cyan curve represents the
ALP yield while the solid purple curve shows the dark matter yield. The dashed orange curve shows the
equilibrium yield of the b quark.

where s is the squared centre-of-mass energy of the collision and, for massless initial state parti-
cles, we use the mi ! 0 limit value m

2
iK2(mi/T ) = 2T 2. These quantities are to be compared

with the Hubble parameter,

H(T ) =
⇡

3MPl

r
g?⇢(T )

10
T

2
, (26)

where MPl = 2.4⇥1018 GeV, is the reduced Planck mass and g?⇢ is the total number of relativistic
degrees of freedom present in the thermal bath at temperature T .

The left panel of Fig. 1 shows that the above processes (and the corresponding inverse ones)
quickly bring the ALP in thermal equilibrium with the SM bath. For a given value of the ALP
coupling to quarks, the orange and purple regions, respectively, denote the temperature range
for which the thermally averaged decay width and (normalised) scattering cross sections become
larger than the Hubble parameter, thus corresponding to rates fast enough to overcome the expan-
sion of the universe. In particular, for values of the coupling compatible with the Belle II excess,
fa/Cq ⇡ 108 GeV, the scattering processes thermalise the ALP for T ⇡ 10⇥mb.7

The above conclusion is confirmed by the right panel of Fig. 1. Here, for representative values
of the parameters, we show a numerical solution of the coupled Boltzmann equations for the ALP

7 This estimate neglected flavour-violating scattering processes, such as b s ! a g, that are discussed in Ref. [67]. In

our scenario, their only effect would be to thermalise the ALP (slightly) earlier and this would not affect the final

DM abundance and our following results.

9

FIG. 2. Contours of the DM mass m� corresponding to the observed relic abundance ⌦�h2 = 0.12 on the
(CV,A

bs /fa = CA
qq/fa ⌘ Cq/fa, CA

��/fa) plane. The 1� (2�) range of Cq/fa preferred by B+
! K+ + inv

data is shown as a dark (light) red band. In the upper gray region, a DM abundance not exceeding the
observed amount can only be obtained for values of the DM mass m� . 15 keV, which are in conflict with
structure formation bounds on warm DM (WDM) [71–73]. In the lower region DM production through the
decay a ! ��̄ is kinematically forbidden.

the value ma = 2 GeV that, according to Ref. [50], gives the best fit to B
+
! K

+ + inv. The red
bands denote the range of Cq/fa that can account for the Belle II excess at 1� and 2�. The contours
show the value of m� that fully accounts for the observed relic density, ⌦�h

2 = 0.12. Above each
line, that is, for larger values of the DM-ALP coupling, the m� needs to be reduced to avoid DM
over-abundance. Lyman-↵ observations set a constraint on how light freeze-in produced DM can
be without being in conflict with structure formation, m� . 15 keV [71–73], akin to the limits on
(thermal) warm DM. As shown in the figure, in combination with the relic density constraint, this
sets an upper limit on the DM-ALP coupling, CA

��/fa . 10�5 GeV�1. We can also see that, as
mentioned above, the natural choice CA

��/fa ⇡ Cq/fa ⇡ (6�7)⇥10�9 GeV�1 is compatible with
both the Belle II excess and the observed relic abundance if the DM mass is in the MeV range.

As customary, by means of the equation of motion of the singlet field, the derivative interaction
of Eq. (7) can be rewritten as a pseudoscalar interaction g�a �̄�5� with the dimensionless coupling
g� given by g� =

m�CA
��

fa
. Hence, similar to the other ALP interactions with fermions, the DM-

ALP interactions are suppressed by the DM mass. Fig. 2 shows that the range of values of the
pseudoscalar coupling consistent with the Belle II excess and the DM abundance is g� ⇠ 10�12

�

10�10. This tiny value guarantees that (i) DM is never in thermal equilibrium with the visible
sector throughout the evolution of the universe, consistently with the premise of the freeze-in
mechanism, and (ii) ALP-DM interactions can not (unfortunately) yield any substantial signal at
direct or indirect DM searches, thus trivially evading any existing experimental bound.

LC Li Mukherjee Schmidt ‘25

Belle II observed a ~2.7𝜎 excess over the SM prediction for

2

I. INTRODUCTION

Recently, the Belle II collaboration obtained the first evidence for B+
! K

+
⌫⌫̄ [1], one of the

rare B meson decays, measuring

BR(B+
! K

+
⌫⌫̄)Belle II =

�
2.3± 0.5 (stat)+0.5

�0.4 (syst)
�
⇥ 10�5

. (1)

In the Standard Model (SM), the decay is mediated by a W boson exchange at the loop level
and thus is suppressed. In addition, there is a tree-level long-distance contribution from B

+
!

⌫⌧⌧
+(! K

+
⌫̄⌧ ), which accounts for about 10% of the SM prediction and has been treated as a

background in the experimental analysis. Together they result in [2]1

BR(B+
! K

+
⌫⌫̄)SM = (5.58± 0.37)⇥ 10�6

, (2)

where the tree-level contribution accounts for (0.61± 0.06)⇥ 10�6, which implies a 2.7� tension
between the Belle II measurement and the SM prediction. Combining the latest Belle II result
with earlier measurements results in a weighted average of BR(B+

! K
+
⌫⌫̄)exp = (1.3± 0.4)⇥

10�5 [1]. An attractive explanation of the excess is an additional decay channel with undetected
final states2, such as sterile neutrinos [20, 26–34], light dark matter (DM) particles [4, 12, 35–
41], an axion-like particle (ALP) [42–48] or more generally long-lived particles, which escape the
detector undetected [49–55].

Refs. [46, 50] pointed out that the excess is well described by a two-body decay B
+
! K

+
X ,

where the new bosonic particle X has mass mX ' 2 GeV and either escapes the detector unde-
tected or decays into invisible final states. This scenario has been studied in the context of several
explicit models [40, 41, 47, 48, 51, 52, 54, 55].

In this work, we focus on the connection of the excess in B
+
! K

+ + inv to light sub-GeV
dark matter. An important requirement for all DM models is the explanation of the observed
cosmic DM relic abundance of ⌦DMh

2 = 0.12 [56], which has been previously discussed within
three models [38–40]. In Ref. [38] a scalar DM candidate produced via the freeze-out mechanism
is introduced, with the observed relic density achieved through pair annihilation of dark matter to
light mesons. The excess in B

+
! K

+ + inv is explained via heavy vector-like quark mediators
which couple the scalar DM to the bottom and strange quark. The scenario is already being probed
by direct detection experiments through the Migdal effect and requires mild tuning.

Ref. [39] also considers scalar DM produced via the freeze-out mechanism, but it relies on a
light scalar mediator to address the excess in B

+
! K

+ + inv. The authors explain it by a two-
body decay into the scalar mediator and a three-body decay for a slightly heavier scalar mediator
with a mass larger than mB+ �mK+ . In both cases the scalar mediator dominantly decays to light
sub-GeV DM. DM direct detection has not been discussed in detail for this scenario. We expect
that the Migdal effect will further constrain the model and possibly rule out the explanation of the
excess in B

+
! K

+ + inv.
Finally, Ref. [40] considers a scalar mediator ' together with the fermionic DM field �. The

explanation of the observed DM relic abundance requires resonant DM annihilation, and thus

1 See also Ref. [3] that predicts a slightly smaller central value and Refs. [4–6] for other recent calculations of the

branching ratio within the SM.
2 Explanations in terms of heavy new physics have been discussed in Refs. [7–25].

Belle II '23

A 2 GeV ALP can not be dark matter itself 
but can act as portal to DM:

ALP decays into light fermion DM can explain the excess at the same 
time yielding 100% of the observed DM abundance via freeze-in:

dark fermion
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Summary

Lorenzo Calibbi (Nankai)Probing light NP with flavour violation

Huge room for improvement over old limits: next generation 
flavour experiments may discover light new physics

A wide class of new physics models entails light new 
physics with flavour-violating couplings to SM fermions

Past (upcoming) searches for muon/kaon decays into 
invisible ALPs can test new physics scales up to 1010/1012 GeV

Models of light dark matter (accounting for 100% of the 
measured density) can give rise to observable signals in 

lepton, kaon or bottom decays

Interesting complementary to tau and B decays, as well as 
astrophysical/cosmological bounds



保  持  整  洁


请  勿  投  喂


⼈  类  ⻝  物


谢  谢  ！

Thanks!

Questions?

Cảm ơn!



Additional slides



PHYSICAL REVIEW D VOLUME 38, NUMBER 7 1 OCTOBER 1988 

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

I. INTRODUCTION 

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

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

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

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

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

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

(a)                                                                                   (b)

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

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

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

•   Crystal Box 1988

Past searches: 𝜇 → e 𝛾 a
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apparatus and performed an appropriate action if any 
sensor reading fell outside its predefined normal operat- 
ing range. The rms also monitored and controlled the 
high voltages on the drift chamber. An autodialing 
modem was connected to the rms providing phone 
alarms. 

J. Data collection 

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

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

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

111. MONTE CARL0 SIMULATION 
A. Introduction 

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

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

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

Process Trigger 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

The number of p +  -+e + y f events in the 20 015 events 
with I At,, 1 < 1.5 ns was estimated with the maximum- 
likelihood method as described above. Here n, (n,, is the 
estimate of the number of p+-e  + y  f ( p + - e + v V y )  
events. The vector x has components M : ~  and At,,,. Fig- 
ure 26 shows the M : ~  distributions for p+-e  + y f ,  
p+-e+vOy,  randoms and for the data events, together 
with the distribution corresponding to the maximum- 
likelihood fit. The difference between the fit and data dis- 
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FIG. 26. The distributions for M : ,  the calculated square of 
the effective mass of the unobserved neutral particlek) for 
events from (a) p-eyf; (b) p-evVy; (c) random events; and 
id) the final data set. (a) and (b) were generated with the Monte 
Carlo program. Also shown in (d) is the sum of p-tevvy and 
random events with the relative normalization determined by 
the best likelihood fit. 

Past searches: 𝜇 → e 𝛾 a

CRYSTAL BOX (1988). Another bound which is even less dependent on the nature

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

also [10]):

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

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

BR(µ ! e a �) ⇡
↵em

2⇡
I(xmin, ymin)BR(µ ! e a) (2.5)

where the phase space integral is defined as

I(xmin, ymin) =

Z 1

xmin,ymin

dxdy
(x� 1)(2� xy � y)

y2(1� x� y)
(2.6)

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

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

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

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

BR(µ ! e a �) ⇡ 1.4⇥ 10�5
⇥

I(xmin, ymin)

10�2
⇥ BR(µ ! e a) (2.8)

See also [1] where similar bounds were obtained.

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

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

2.1.2 Future Searches

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

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

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

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

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

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

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

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

works also in view of MEG II

TO DO:

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

detector is not hermetic)

• produce lines of sensitivity for � + e+MET

– 4 –
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Crystal Box energy thresholds:

Hirsch et al. ‘09

weaker but independent 

of V/A nature of the couplings

•   Crystal Box 1988

) Feµ > (5.1� 8.3)⇥ 108 GeV

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

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

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

4.1 Past Searches at Crystal Box

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

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

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

signal would be centered at mmiss = m2
a and spread by the photon and positron energy

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

main components: the four-body µ+ ! e+�⌫⌫̄ decays, and the combinatorics background

due to coincident µ+ ! e+⌫⌫̄ and µ+ ! e+�⌫⌫̄ events. For the latter, a su�ciently hard

positron from the µ+ ! e+⌫⌫̄ decay is detected within a 1.5 ns time window together with

a hard photon from the µ+ ! e+�⌫⌫̄ decay, while the soft positron is left undetected. The

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

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

the limit me ⌧ mµ)

�(µ ! e a �) ⇡ ↵em

32⇡2

m3
µ

F 2
µe
I(xmin, ymin, ⌘a) , (4.1)

with the phase space integral given by

I(xmin, ymin, ⌘a) =

Z 1�⌘a

ymin

dy

Z 1�y�⌘a

1�y

max(xmin,1�y�⌘a)
dx

y(1� x2 � ⌘2a)� 2(1� ⌘a)(1� x� ⌘a)

y2(1� x� y � ⌘a)
, (4.2)

where

x = 2Ee/mµ, y = 2E�/mµ, ⌘a = m2
a/m

2
µ. (4.3)

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

momenta,

cos ✓e� = 1 +
2(1� x� y � ⌘a)

xy
. (4.4)

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

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

BR(µ ! e a �) ⇡ ↵em

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

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

should be neglected.

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

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

imental cuts in the Cristal Box search were [46]

Ee > 38� 43 MeV , E� > 38 MeV ) xmin = 0.72� 0.81 , ymin = 0.72 . (4.6)
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Figure 33. – Comparison between the MEG and MEG II detector. The latter has been improved
on several aspects (acceptance, segmentation, . . . ) in order to cope with an increased muon flux
(see text for details of the numbers).

only about one half have an energy larger than 15 MeV [46](34). A µ+ ! e+e�e+ search
experiment must have an excellent tracker as thin as possible since in order to achieve the
high acceptance the detector must be able to reconstruct tracks with momenta ranging
from a few MeVs up to half of the muon mass. As a consequence, unlike µ+ ! e+� and
µ ! e conversion, to get a limit on the µ ! eee decay one has to make some assumption
on the unknown operator: since the detector is sensitive to particles above a defined
momentum, it is necessary to know which is the probability of having all three particles
above that momentum threshold, and this depends on the matrix element.

Furthermore unlike the case of the µ+ ! e+� search there is no mono-energetic
particle in the final state, but the backgrounds are very similar. There is a prompt
background due to the allowed muon decay µ+ ! e+e�e+⌫̄µ⌫e – whose branching ratio
is (3.4±0.4)⇥10�5 [50] – which becomes serious when the two neutrinos have very little
energy. The total energy of the three particles closely resembles the Michel spectrum
but extends up to mµ with a long tail [275], as visible in Figure 34. The similarity to

(34) In the simplest case of dipole interaction the µ+
! e+e�e+ decay is dominated by the

diagram in which the materialization of the e+e� pair comes from a bremsstrahlung photon
(Dalitz pair), thus exhibiting a sharply decreasing distribution, peaked at low energy.
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MEGII-fwd
• MEGII is designed to search for 

• could be repurposed for  search  MEGII-fwd

• already has polarized muons

• place a Lyso ECAL downstream 
 
 
 
 

• need to reconfigure the magnetic field 

• most conservative no focusing, F=1

• possibly more realistic F=100

• interesting reach already with 2weeks of running* 

μ → eγ
μ+ → e+a ⇒
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     LYSO calorimeter 
    

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

Future prospects: MEG II

• Prospect at MEG II for 𝜇 → e a 

We propose a modified setup of MEG II (“MEGII-fwd”) and ~2 weeks dedicated run
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MEGII-fwd
• MEGII is designed to search for 

• could be repurposed for  search  MEGII-fwd

• already has polarized muons

• place a Lyso ECAL downstream 
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~1.5 m from the target, diameter ~ 10 cm

• Muon beam already polarized

• A suitable magnetic field can 

reduce depolarization effects

• Reconfiguring the field we can 

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


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


idea from discussions with A. Papa and G. Signorelli, thanks! 
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What about a Jodidio-like search at MEG II for ma ≈ 0 with a forward calorimeter?


https://arxiv.org/abs/2006.04795


Future prospects: MEG II

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

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


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

We propose a modified setup of MEG II (“MEGII-fwd”) and ~2 weeks dedicated run
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Figure 6. Left: The orange contours show the 90% C.L. expected sensitivity on BR(µ+ ! e+a)
at MEGII-fwd for a massless isotropic ALP (either CV

µe 6= 0 or CA
µe 6= 0) as a function of the

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

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

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

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

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

For µ+ ! e+a search the Mu3e will be able to reconstruct online all the single positron

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

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

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

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

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

positron event corresponds to a single track.

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

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

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

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

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

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

perpendicularly to the muon beam will instead perform many turns in the central layers
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• Prospect at MEG II for 𝜇 → e a 𝛾

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

7

scheme as S/
q

B + ⌘2sys(B + S)2. The contours of S/B
in Fig. 4 indicate that the parameter ⌘sys should be kept
below 0.1% in order for systematics uncertainties to be
negligible. This assumption can again only be validated
by the MEG collaboration.

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

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

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

The experimental program for rare muon decays has
primarily focused on well motivated but very specific
LFV final states such as µ+ ! e+� and µ+ ! e+e�e�,
with no (or very little) missing energy. These final states
are very interesting tests of heavy new physics generat-
ing LFV operators of dimension six in the SM and can
explore the flavor structure at the multi-TeV scale, for
instance in supersymmetric or composite Higgs models
(see for example Ref. [43]). They are however by design
insensitive to signatures of low energy remnants of high
scale LFV, such as light LFV axions.

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

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

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

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

LFD
e↵ � Ce

@µa

2fa
ē�µ�5e+ h.c. , (12)

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

L��
e↵ =

Ee↵

fa

↵

8⇡
aF F̃ (13)

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

p
⌧ � 1) � 1 with ⌧e =

4m2
e/m

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

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

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

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

tribution to the SU(2)L anomaly.
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Mu3e: The                      search   µ+ ! e+e+e�

• The Mu3e experiment aims to search for μ+ → e+ e+ e- with a sensitivity of ~10-15   (Phase I) 
up to down ~10-16  (Phase II). Previous upper limit BR(μ+ → e+ e+ e- ) ≤ 1 x 10-12 @90 C.L. by 
SINDRUM experiment) 

• Observables (Ee, te, vertex) to characterize μ→ eee events
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Figure 2: Schematic of the phase I Mu3e experiment in lateral projection with a simulated
µ ! eee event.

2.1 Signal and Background

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

2.2 Experimental Concept

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

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

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

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

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

4 Conclusion

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

I. INTRODUCTION

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

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

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

LFV-a =
mµ

2fa

1

|Ceµ|
aµ̄(CV

eµ + CA
eµ�5)e+ h.c. , (1)

with |Ceµ| ⌘
q

(CV
eµ)

2 + (CA
eµ)

2, where one or both CV,A
eµ

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

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

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

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

µ+

e+

a

e+

e+

e�

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

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

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

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

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

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

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

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

II. ANALYSIS STRATEGY

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

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

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

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

II. ANALYSIS STRATEGY

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

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

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

µe = 1, CV
µe = 0), along with existing bounds and other projected sensitivities. The

µ ! 3e+ a channel can still be used to search for axions with ma > 20MeV, but in this region the normal µ ! e+ a
search should always be superior and we therefore terminate the yellow line. The phase I (phase II) limits correspond
to Nµ = 2.5 ⇥ 1015 (5.5 ⇥ 1016) muons on target. We display existing bounds (grey shaded regions) from muon
factories, Jodidio et al. [15] and TWIST [16], the supernova SN1987a bounds (µf ! efa) [27], bounds from the
anomalous cooling of white dwarfs [28], and red giants [29, 30]. Two dashed-black lines represent the projected
sensitivity for µ ! e+ a at Mu3e, reflecting a hypothetical detector calibration independent of the Michel spectrum
endpoint and a second calibration relying purely on the low-energy part of the Michel spectrum [17, 18]. The Mu2e-X
curve shows the estimated sensitivity on µ ! e+a of a calibration sample of 3⇥1013 stopped muons [19].The Mu2e-X
reflects a projection that is slightly updated relative to the result in [19]. These reaches do not take into account
experimental systematics which are likely to limit the reach at low ma (see text for additional details). The MEG

II-ALP curve reflects the estimated sensitivity of a dedicated, low luminosity run (for a duration of 1 month) with the
standard MEG II detector configuration. The MEG II-fwd curve refers to a proposal to install a dedicated forward

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

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

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

2
/E

can be reconstructed as a negative number.

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

|m2
/E
|,

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

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

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

eµ = �CA
eµ)

and V + A (CV
eµ = CA

eµ) couplings, while the vector V
(CV

eµ = 1, CA
eµ = 0) and axial A (CV

eµ = 0, CA
eµ = 1) cases

are symmetric in cos ✓/E . Other kinematical variables,
such as the magnitudes and angles of the various tracks
and missing momenta, were systematically explored, as
well as pairwise invariant masses and angles between each
track and the missing momentum. All of these variables
were found to be strongly correlated with m/E and cos ✓/E ,
and were therefore not included in the analysis for sim-
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FIG. 2. Electron spectrum for majoron emission in orbit for Al (solid line). The second panel is a zoom for Ee > 100 MeV.
The dashed line in the second panel is the electron spectrum for DIO in Al, multiplied by a constant (C = 415) to make it
coincide with the MEIO rate at Ee = 100 MeV.

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

1

Γ0

dΓ

dEe

∣

∣

∣

∣

Al, Ee>100 MeV

=
1

mµ

(

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

.

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

fJ |Ee>x =

ˆ Eµe

x

(

1

Γ0

dΓ

dEe
⊗ F

)

dEe, (37)

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

MEIO spectrum in Ti for Ee > 99 MeV 2

1

Γ0

dΓ

dEe

∣

∣

∣

∣

Ti, Ee>99 MeV

=
1

mµ

(

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

.

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

C. Discussion

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

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

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

given by

fJ |Au, Ee>90 MeV =

ˆ Eµe

90MeV

1

Γ0

dΓ

dEe
dEe = 2.4× 10−8. (32)

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

B(µ → eJ) ∼
NRRµe

fJ

Γcapture

Γ(µ → eνµν̄e)
∼

NRRµe

fJ

2.197µs

88ns
∼

NRRµe

fJ
25, (33)

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

B(µ → eJ) !
NRRµe

fJ
25 ∼

9
2.37× 10−13

2.4× 10−8
25 ∼ 3× 10−3. (34)

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

B. New conversion experiments (Mu2e and COMET)

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

B(µ → eJ) ∼
NRRµe

fJ

Γcapture

Γ(µ → eνµν̄e)
∼

NRRµe

fJ
1.5 ∼

27× 10−16

2.2× 10−10
1.5 ∼ 1.9× 10−5, (35)

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

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

27 (in Al)

2×10-10 (Ee > 100 MeV)

10-17

2×10-6

ma ≈ 0 

Fraction of 𝜇 → ea 

events in the signal region

Phase-space 

correction factor

• Prospect at 𝜇 → e conversion experiments

Muon decay 
in orbit

Possible bound at the level of Jodidio et al.

Limited by the 𝜇 → e conv. signal region (only the tail included): dedicated search?
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for me ⌧ mN . m⇡, is given by

BR(⇡+
! e+N) = |UeN |

2m
2
N (m2

⇡ �m2
N )2

m2
µ(m

2
⇡ �m2

µ)
2
. (3)

The dominant background is due to µ+
! e+⌫⌫ decays,

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

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

C. Dark Z
0 models

Another class of models that may be searched for at
Mu2e-X are the BSM models that contain a light flavor
violating Z 0 [169–178], decaying predominantly to invisi-
ble final states, Z 0

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

L �Z 0
µg

0�̄�µ�+ Z 0
µ

X

f,i,j

h
g0cijfL

�
f̄ (i)
L �µf (j)

L

�

+ g0cijfR
�
f̄ (i)
R �µf (j)

R

�i
,

(4)

where we assumed that � is a Dirac fermion, while the
sum runs over all the SM fermions, f = u, d, `, ⌫, and the
generation indices i, j = 1, . . . , 3,. Assuming � is light
enough that Z 0

! ��̄ decays are kinematically allowed,
these will dominate over the Z 0 decays to SM fermions, as
long as the corresponding effective coefficients are small,
|cijfL,R

| ⌧ 1. A concrete realization of such a scenario
is a Z 0 that is the gauge boson of a dark U(1)X under
which the dark sector is charged, while the interactions of
the SM fermions are induced through mixings with dark
vector-like fermions. In general, this induces both flavor
conserving and flavor violating couplings cijfL , cijfR . The
µ ! eZ 0 decay width is given by [169]

�(µ ! eZ 0) =
h
(c12`L)

2 + (c12`R)
2
i

⇥
g02

32⇡

m3
µ

m2
Z0

�
1� rZ0

�2�
1 + 2rZ0

�
,

(5)

where we neglected the terms suppressed by me/mµ, and
shortened rZ0 = m2

Z0/m2
µ. The mass of the Z 0 gauge

3
The µ ! eZ0

decays could in general also occur through dimen-

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

μ → e X Mu2e-X (μ)

π → e X Mu2e-X (π)

μ → e X COMET-X (μ)

π → e X COMET-X (π)
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(9
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C
L
)

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

boson is given by mZ0 = g0v0, where v0 is the vev that
breaks the U(1) gauge symmetry. We see that �(µ !

eZ 0) /
h
(c12`L)

2 + (c12`R)
2
i
/v02, and is vanishingly small if

either c12`L,R
! 0, or if v0 is large.

Another example of flavor violating light Z 0 is the pos-
sibility that the U(1)X is the horizontal symmetry re-
sponsible for the hierarchy of SM fermion masses, such
as in the Froggatt-Nielsen model of Ref. [169]. In that
case the FCNC bounds from other states in the theory
require v0 & 107 GeV, while Z 0 can be light if g0 ⌧ 1.
Both invisible decays, Z 0

! ⌫⌫̄, and visible decays to SM
fermions Z 0

! ff̄ need to be considered in the final state
since both can have large branching ratios. The values of
cijfL,R

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

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

cijL,R ⇡ UiNU⇤
jN

g2

4⇡

m2
N

m2
W

, (6)

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

2

cally important channel is the ⇡+
! e+N decay, where

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

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

! e+X to which Mu2e will be sensitive.
We translate bounds on branching ratios to constraints
on new physics model parameters, emphasizing the com-
petitive reach of a µ+

! e+X search relative to astro-
physical constraints. In Section III we briefly describe
the inputs and procedures underlying our sensitivity es-
timates for µ+

! e+X and ⇡+
! e+X searches. Finally,

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

II. MODELS OF NEW PHYSICS

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

! e+X and ⇡+
! e+X.

These are experimentally convenient because the pre-
dicted signature involves a monoenergetic e+. Models
with three body decays are also of interest but their ex-
perimental projections require further study; we briefly
discuss this case in Section IV.

In what follows we consider several benchmark new
physics models for which a µ+ run at Mu2e could lead
to a discovery or interesting limits. Axion like particles
(ALPs) can be discovered through two body µ+

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

! (e+ + invisible)
decays. The rare ⇡+

! e+X decay mode can probe
heavy neutral leptons (HNLs), but must overcome a siz-
able muon decay in flight background.

A. Axion-like models

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

To understand whether or not a µ+ validation run
could be sensitive to an interesting region of parame-
ter space we explore three ALP benchmarks: i) a general
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FIG. 1. The 95% C.L. limits on a general ALP with anar-
chic couplings to all three generations of leptons. The present
laboratory exclusions are denoted with solid lines, and fu-
ture projections with dashed lines, assuming isotropic ALP
production with axial couplings, see text for further details.
Astrophysical constraints are shown as gray region, while the
parameter space that could lead to displaced decays inside
detector volume, c⌧a < 1m is shown as blue region. Adapted
and updated from Ref. [60].

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

! e+X.
The effective Lagrangian describing the ALP couplings

to the SM leptons (`i) gluons (Gµ⌫) and photons (Fµ⌫)
is given by1

La = NUV
↵s

8⇡

a

fa
Gµ⌫G̃

µ⌫ + EUV
↵em

4⇡

a

fa
Fµ⌫ F̃

µ⌫

+
X

i,j

@µa

2fa
`i�

µ
⇥
CV

ij + CA
ij�5

⇤
`j ,

(1)

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

1
Note that CV

ii
couplings do not contribute, as can be seen from

equations of motion.

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

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

Lorenzo Calibbi (Nankai)Probing light NP with flavour violation

Future prospects: COMET/Mu2e

https://arxiv.org/abs/2310.00043


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

• Prospect at 𝜇 → e conversion experiments

Significance factor

lower limit of 
signal window

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

Xing et al. '22

Future prospects for ALP searches: a COMET study
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What about heavier ALPs?

Indirect tests through processes they induce: 

e.g. muonium-antimuonium conversion

Direct production in muon beam collisions, 
e.g. 𝜇+e - → a 𝛾 at the proposed 𝜇TRISTAN project

If muons can not decay to on-shell ALPs  (i.e. ma > m𝜇),  
constraints on LFV ALPs are much weaker

We have two possible strategies to test the 𝜇-e interaction:

Hamada et al. '22
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Low-energy test: muonium to antimuonium conversion

Figure 15: The tree-level exchange of a neutral scalar boson (H0, here) to induce the Mu-to-Mu
transition.

needs to care about τ → eγ process. Our estimation of the Mu-to-Mu transition is

|G2|/GF <∼ O(10−6).

8 Neutral scalar exchange

The Mu-to-Mu transition induced by the neutral scalar exchange shown in Fig.15 is consid-

ered [64].

In general two-Higgs-doublets model, so-called type-III, the Yukawa couplings can be written

as

− L = (Y1)ij#iLejRΦ
′
1 + (Y2)ij#iLejRΦ

′
2 + h.c. (8.1)

and the vevs of the neutral components are 〈Φ′0
1 〉 = v cos β′, 〈Φ′0

2 〉 = v sin β′. Redefining the

Higgs fields so that Φ1 does not acquire a vev,
(

Φ2

Φ1

)

=

(

sin β′ cos β′

− cos β′ sin β′

)(

Φ′
2

Φ′
1

)

, (8.2)

we can rewrite the Yukawa interaction as

− L = (Ye)ij#iLejRΦ2 + ρij#iLejRΦ1 + h.c., (8.3)

where

Ye = Y1 sin β
′ + Y2 cos β

′, ρ = −Y1 cos β
′ + Y2 sin β

′. (8.4)

We can redefine sin β = 1. The Yukawa coupling Ye generates the charged lepton masses,

and thus, we work on the flavor basis where Ye is diagonal, Ye = diag(ye, yµ, yτ). The neutral

physical Higgs interaction can be written as

− L =
1√
2
(Yecα + ρsα)ijeiLejRh +

1√
2
(Yesα − ρcα)ijeiLejRH + i

1√
2
ρijeiLejRA+ h.c., (8.5)
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Figure 40: Illustrative Feynman diagrams of light BSM states produced via their couplings

with the flavor sector, including the light dark pion ⇡̂ and the ALP a. LEFT: Illustrative

Feynman diagrams for the ALP production in Z ! ⌧�⌧+ events via lepton flavor violating

couplings. RIGHT: B+ ! K+⇡̂(! µ+µ�). The flavor-changing interaction between the

SM quarks and ⇡̂ can arise either at the tree level or through an EW loop.

as the dark pion ⇡̂ [343], etc. As a paradigmatic example, let us consider an ALP a that

couples with the SM fermions via the dimension-5 operators

L � @µa

2fa

�
cA
ff 0 f̄�µ�5f 0 + cV

ff 0 f̄�µf 0
�
, (11.1)

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

ff 0 are dimensionless couplings, (with the vector ones

cV
ff

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

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

in flavor-physics experiments if they are radiated from initial or final state particles, or

they are produced in lepton/quark decays. Interestingly, the production in the latter case

does not conserve lepton flavor and the sensitivity to UV scales is parametrically enhanced

by the narrow width of the SM fermions. Owing to their feebly-interacting nature, (so

as for them to remain undetected so far), the produced BSM particles tend to be long-

lived. They are often subject to displaced decays or they contribute to missing energy

directly. Both kinematic features being used as collider signatures of light BSM particles

have been widely studied. Note that the heavy-flavored particles in the SM are also long-

lived; to enable their identification, detectors have often been designed for reconstructing

the tracking/vertexing information with high quality. Even if the light BSM particle in

question is invisible, the techniques for reconstructing the missing energy at the Z pole

can facilitate the reconstruction of its invariant mass. Therefore, the exploration of light

BSM states in this context is naturally expected. Below, let us consider the detection of

light BSM states which are produced via the decays of heavy-flavored leptons and quarks,

using the ALP and dark pion as respective examples.

11.1 Lepton Sector

As discussed in Sections 3, 4, and 7, the CEPC has a strong potential for carrying out ⌧ -

related searches, due to the excellent performance of its tracker. A prominent example is the

LFV decay ⌧ ! `a (see the left panel of Figure 40) with the ALP a being invisible [344]. The
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asthedarkpion⇡̂[343],etc.Asaparadigmaticexample,letusconsideranALPathat

coupleswiththeSMfermionsviathedimension-5operators

L�@µa

2fa

�
cA

ff0f̄�µ�5f0+cV
ff0f̄�µf0

�
,(11.1)

wherefandf0areSMfermions,cA,V

ff0aredimensionlesscouplings,(withthevectorones

cV
ff

beingunphysicaliff=f0),andfaistheALPdecayconstantthatcanberegarded

asameasureoftheNPenergyscale.TheselightBSMstatescouldthusbeexplored

inflavor-physicsexperimentsiftheyareradiatedfrominitialorfinalstateparticles,or

theyareproducedinlepton/quarkdecays.Interestingly,theproductioninthelattercase

doesnotconserveleptonflavorandthesensitivitytoUVscalesisparametricallyenhanced

bythenarrowwidthoftheSMfermions.Owingtotheirfeebly-interactingnature,(so

asforthemtoremainundetectedsofar),theproducedBSMparticlestendtobelong-

lived.Theyareoftensubjecttodisplaceddecaysortheycontributetomissingenergy

directly.BothkinematicfeaturesbeingusedascollidersignaturesoflightBSMparticles

havebeenwidelystudied.Notethattheheavy-flavoredparticlesintheSMarealsolong-

lived;toenabletheiridentification,detectorshaveoftenbeendesignedforreconstructing

thetracking/vertexinginformationwithhighquality.EvenifthelightBSMparticlein

questionisinvisible,thetechniquesforreconstructingthemissingenergyattheZpole

canfacilitatethereconstructionofitsinvariantmass.Therefore,theexplorationoflight

BSMstatesinthiscontextisnaturallyexpected.Below,letusconsiderthedetectionof

lightBSMstateswhichareproducedviathedecaysofheavy-flavoredleptonsandquarks,

usingtheALPanddarkpionasrespectiveexamples.

11.1LeptonSector

AsdiscussedinSections3,4,and7,theCEPChasastrongpotentialforcarryingout⌧-

relatedsearches,duetotheexcellentperformanceofitstracker.Aprominentexampleisthe

LFVdecay⌧!à(seetheleftpanelofFigure40)withtheALPabeinginvisible[344].The
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A ALP decay into photons

The a ! �� decay width can be written as [46, 47]

�(a ! ��) =
m3

a↵
2

64⇡3f2
a

"
EUV +

X

i

CA
`i`iB

 
4m2

`i

m2
a

!#2
, (11)

where the loop function B reads

B(x) = 1� xf(x)2, f(x) =

8
<

:
arcsin

⇣
1p
x

⌘
x � 1 ,

⇡
2 + i

2 log
⇣p

1�x+1p
1�x+1

⌘
x < 1 .

(12)

In the above expression, EUV is a model-dependent UV ALP-photon coupling (related to the electromag-
netic anomaly of the global U(1) symmetry) and the second term is due to lepton loops that are unavoidable
if LFC couplings exist. Unless otherwise noted, we only consider the latter model-independent contribu-
tion, that is, we set EUV = 0 throughout the paper.

B Low-energy leptonic processes

B.1 Muonium antimuonium oscillations

The ALP mediated Mu � Mu transition probability is given by [29, 36]

PMu Mu =
m4

µ

2⇡2a6B�
2
µ[(m

2
µ �m2

a)
2 + �2

am
2
a]f

4
a

"
|c0,0|

2

����(C
V
eµ)

2
�

✓
1 +

1
p
1 +X2

◆
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eµ)
2

����
2

+
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2

����(C
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eµ)

2
�

✓
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1
p
1 +X2

◆
(CA

eµ)
2

����
2
#
, (13)

where �µ ' 3.00⇥ 10�19 GeV is the muon decay rate, and aB ' 2.69⇥ 105 GeV�1 is the muonium Bohr
radius, while X is a parameter related to the magnetic field B employed in the experimental apparatus,
defined as X = 6.31 (B/1T). The field also affects the probability of populating the initial state with
angular momentum (J,mJ), which is expressed by the quantity |cJ,mJ

|
2. Compared to [29], we include

here the complete ALP propagator to ensure the validity of the formula for both light and heavy ALPs.
The most precise search for muonium oscillations to date was performed by the MACS experiment,

20

Limits on the conversion probability:

Present: Future:

which used B = 0.1 T, for which |c0,0|2 = 0.32 and |c1,0|2 = 0.18. The 90% CL upper limit on the
oscillation probability obtained by MACS is PMu Mu < 8.3⇥ 10�11 [87]. Concerning the future prospects,
the proposed MACE experiment is expected to reach with 5⇥ 108 µ/s on target and one year of data taking)
a single event sensitivity of 3⇥ 10�14, corresponding to the 90% CL upper limit PMu Mu < 7⇥ 10�14 [88,
89, 105]. MACE plans to employ the same field as MACS, B = 0.1 T, hence the quantities X and cJ,mJ

,
required in Eq. (13) to interpret the experimental results in terms of the ALP parameters, are also the same.

B.2 LFV muon and tau decays

Process Current limit Future limit

µ ! e� 4.2⇥ 10�13 MEG [90] 6⇥ 10�14 MEG II [91]

µ ! eeē 1.0⇥ 10�12 SINDRUM [94] 10�16 Mu3e [95]

⌧ ! µ� 4.2⇥ 10�8 Belle [106] 6.9⇥ 10�9 Belle II [103, 104]

⌧ ! µµµ̄ 1.9⇥ 10�8 Belle II [107] 3.6⇥ 10�10 Belle II [103, 104]

⌧ ! µeē 1.8⇥ 10�8 Belle [108] 2.9⇥ 10�10 Belle II [103, 104]

⌧ ! e� 3.3⇥ 10�8 BaBar [109] 9.0⇥ 10�9 Belle II [103, 104]

⌧ ! eeē 2.7⇥ 10�8 Belle [108] 4.7⇥ 10�10 Belle II [103, 104]

⌧ ! eµµ̄ 2.7⇥ 10�8 Belle [108] 4.5⇥ 10�10 Belle II [103, 104]

Table 8: Present and expected future 90% CL limits on branching ratios of LFV decays. Notice that if
` = `� then ¯̀ = `+ and vice versa. For the modes involving invisible ALPs, we refer to discussions and
references in Section 4.

The LFV decays giving the most stringent constraints on the paramter space that we are interested in
include `i ! `j a, `i ! `j�, `i ! `j`k`k. The present and future experimental limits for these processes
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⌧ ! e� 3.3⇥ 10�8 BaBar [109] 9.0⇥ 10�9 Belle II [103, 104]

⌧ ! eeē 2.7⇥ 10�8 Belle [108] 4.7⇥ 10�10 Belle II [103, 104]

⌧ ! eµµ̄ 2.7⇥ 10�8 Belle [108] 4.5⇥ 10�10 Belle II [103, 104]
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High-energy option: the 𝜇TRISTAN proposal

µTRISTAN proposal : µ+µ+ and µ+e≠ colliders
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ALP production and decay at 𝜇TRISTAN

4 µTRISTAN sensitivity to LFV ALPs

In the following, we assess the µTRISTAN potential to test LFV ALP production through the processes
outlined at the end of the previous section. Signal and background events are generated by means of
MADGRAPH [81, 82], PYTHIA [83], and MADSPIN [84], while the detector response is simulated by
DELPHES [85]. The resulting events are analysed using ROOT [86]. For both signal and background
events, we apply the default basic generator-level cuts on the final-state photons or charged leptons in the
MADGRAPH package, with the exception of their maximum pseudorapidity, for which we consider different
options, as discussed in this section.

We employ the following definition of statistical significance

S =
NS

p
NS +NB

, NS(B) = �S(B) ⇥ "S(B) ⇥ L , (7)

where NS ("S) and NB ("B) are the event numbers (efficiencies) of signal and backgrounds, respectively.
The production cross section �S (�B) is multiplied by the branching fraction of the ALP (SM gauge bosons)
decay processes relevant to the signal selection. For later convenience, we define the signal efficiency as
"S ⌘ "sel ⇥ "cut, that is, the product of the selection efficiency and the signal acceptance after cuts. The
selection efficiency, accounting for the geometric acceptance of the detector and the particle identifica-
tion probabilities, can be estimated counting the number of signal events remaining after the fast detector
simulation performed by DELPHES. As we will discuss, several searches we consider are affected by a
reduced "sel, because the decay products of the ALP have a sizeable probability to be outside the geometric
acceptance of the detector due to the large asymmetry of the electron and muon beams.

In the following, we are showing the expected exclusion potential of µTRISTAN at the 95% confidence
level (CL), corresponding to S = 2 in Eq. (7), assuming that an integrated luminosity of L = 10 ab�1 can
be achieved. However, the most constraining searches being practically free of SM background, one can
easily rescale the limits on the couplings we present as ⇠

�
10 ab�1/L

�1/2.

4.1 ALP production through e�µ+
! a�

We first analyse the process e�µ+
! a� that is sensitive to LFV couplings of the ALP with electrons and

muons. The analytical expression of the differential cross section is

d�

dt
(e�µ+

! a�) '
↵

16⇡

m2
µ

f2
a

|CA
eµ|

2 + |CV
eµ|

2

t(m2
a � t� s)

'
↵

4⇡

|gAeµ|
2 + |gVeµ|

2

t(m2
a � t� s)

, (8)

where ↵ is the fine-structure and constant and t = (pµ � p�)2 in the limit me,mµ ⌧
p
s. After integrating

the above expression, we obtain the total cross section that, for ma ⌧
p
s, reads

�(e�µ+
! a�) ' ↵

m2
µ

f2
a

|CA
eµ|

2 + |CV
eµ|

2

4s
|⌘|max '

↵

s

�
|gAeµ|

2 + |gVeµ|
2
�
|⌘|max , (9)

where |⌘|max is the maximum pseudorapidity within the geometrical acceptance of the detector. For |⌘|max =

2.5, the above formula agrees with the MADGRAPH result reported in Table 2 within 10%. As one can see,
a larger cross section can be achieved by decreasing the energy of the muon beam Eµ and thus

p
s. How-

ever, the µTRISTAN luminosity is expected to decrease for lower values of
p
s [64]. Here, we consider the

beam energy as in the µTRISTAN proposal, i.e. Ee = 30 GeV and Eµ = 1 TeV, while we comment on the
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How light can the flavour dynamics be?

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

Low-energy flavour models

• Local flavour symmetry       flavour gauge bosons, e.g. abelian Z' : 

• FV couplings to fermions (different generations have different charges) 

• FCNC also arise at tree-level, e.g.: 

• Additional contributions arise from the messenger sector 
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mµC
A,V ⇤
eµ /fa

ALP couplings ma (GeV) Signature (BR) SM background Cut �B(fb)⇥ "B "S = "sel ⇥ "cut
2� limit on |gV,Aeµ |

(L = 10 ab�1)

CV
eµ = CA

eµ

0.1 invisible (100%) e�µ+
! �⌫e⌫̄µ p�T > 170 GeV 840⇥ 0.004% 95%⇥ 8.3% 1.2⇥ 10�3

10
a ! e+µ� (50%) negligible – –

14%⇥ 100% 2.2⇥ 10�4

100 14%⇥ 100% 2.1⇥ 10�4

CV,A
eµ = CA

`i`i

0.1 a ! e+e� (100%) † e�µ+
! �e�⌫̄µW+(! e+⌫e) MET < 10 GeV 0.34⇥ 6% 14%⇥ 73% 8.4⇥ 10�4

10
a ! e+µ� (25%) negligible – – 14%⇥ 100% 3.1⇥ 10�4

a ! µ+µ� (50%) e�µ+
! �⌫e⌫̄µZ/�⇤(! µ+µ�) MET < 15 GeV 0.12⇥ 5% 39%⇥ 42% 5.9⇥ 10�4

Table 3: Summary of the possible searches for ALPs produced in e�µ+
! a� for different ALP masses

and couplings. The upper block shows the results for exclusively LFV ALPs, the lower block for ALPs
also with LFC couplings. The third column reports the branching ratio (BR) of the ALP decay under
consideration — the process denoted by † has BR ' 100% but only about 40% of the decays occur in the
inner detector for the chosen value of ma. The applied cuts (if any), the BG cross section �B and efficiency
"B, the signal efficiency "S ⌘ "sel⇥"cut (see the main text for details) are shown in the fifth, sixth and seventh
columns, respectively. In the last column, we report the resulting 2� limit on |gV,Aeµ | ' mµ|C

V,A
eµ |/2fa (with

CV
eµ = CA

eµ) for L = 10 ab�1. For the BG-free searches these limits scale as ⇠ (10 ab�1/L)1/2.

Heavy ALP. If ma > me + mµ, the ALP can decay as a ! e±µ⌥ through the very same interaction
involved in its production. In order to avoid any major SM background, one can select events with negative
muons and positive electrons in the final state: e�µ+

! �a ! �µ�e+. In the presence of LFV couplings
only, one has BR(a ! µ�e+) = 50%. The process e�µ+

! �⌫e⌫̄µW�(! µ�⌫̄µ)W+(! e+⌫e) can
in principle produce a reducible background. However, it can be completely neglected because of its tiny
cross section, �B ' 2⇥ 10�5 fb.3

Additionally, if LFC ALP couplings exist, one can also search for e�µ+
! a � followed by a !

µ+µ�. If CA
µµ = CA

eµ = CV
eµ, the ALP decay branching fractions are BR(a ! µ+µ�) ' 50% and

BR(a ! e+µ�) ' 25% for ma � 2mµ. The main SM background in this case is given by the process
e�µ+

! �⌫e⌫̄µZ/�⇤(! µ+µ�), whose cross section is 0.12 fb. We find that a missing energy cut,
MET<15 GeV, is sufficient to eliminate this SM background.

µTRISTAN sensitivity. In Table 3, we summarise signals and backgrounds for the different ALP masses
and coupling scenarios discussed above. We also show the kinematic cuts that effectively reduce the back-
grounds in case they are present, and then compute the background and signal cut efficiencies. In order to
estimate the signal significance, we additionally include the effect of the particle identification capabaility
and geometric acceptance of the detector, "sel, assuming as a requirement for the pseudorapidity of photons
and leptons |⌘| < 2.5. We finally obtain a 2� lower bound on the flavour violating coupling gV,Aeµ for an
integrated luminosity of 10 ab�1 using Poisson statistics as in Eq. (7). We find that µTRISTAN has the
capability to constrain LFV ALP couplings as low as |gV,Aeµ | ⇠ 10�3

� 10�4.
As mentioned before, because of the planned asymmetric beam configuration of µTRISTAN, the ALP

decay products tend to fly along the muon beam direction, with a very large pseudorapidity |⌘|.4 In order
to study the impact on the sensitivity of this effect, we consider two possible detectors with different values
of |⌘|max: one with a standard geometric acceptance |⌘| < 2.5, and one more suitable for the µTRISTAN
design with |⌘| < 3.5. In Figure 3, we show the probability — that we call “geometric efficiency” "geo —
for muons and electrons from ALP decays to be within the geometric acceptance of the detector, ignoring

3Strictly speaking, box diagrams with neutrino and W propagators could induce e�µ+ ! µ�e+(�) in the SM. However, such
process is suppressed to negligible levels by the tiny neutrino masses, as it is always the case for LFV processes within the SM. In
this case the suppression is of the order (m⌫/mW )8 ⇡ 10�98!

4This partly occurs also for Higgs decays [64], which are the main target of the µTRISTAN proposal.
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Heavy ALP. If ma > me + mµ, the ALP can decay as a ! e±µ⌥ through the very same interaction
involved in its production. In order to avoid any major SM background, one can select events with negative
muons and positive electrons in the final state: e�µ+

! �a ! �µ�e+. In the presence of LFV couplings
only, one has BR(a ! µ�e+) = 50%. The process e�µ+

! �⌫e⌫̄µW�(! µ�⌫̄µ)W+(! e+⌫e) can
in principle produce a reducible background. However, it can be completely neglected because of its tiny
cross section, �B ' 2⇥ 10�5 fb.3

Additionally, if LFC ALP couplings exist, one can also search for e�µ+
! a � followed by a !

µ+µ�. If CA
µµ = CA

eµ = CV
eµ, the ALP decay branching fractions are BR(a ! µ+µ�) ' 50% and

BR(a ! e+µ�) ' 25% for ma � 2mµ. The main SM background in this case is given by the process
e�µ+

! �⌫e⌫̄µZ/�⇤(! µ+µ�), whose cross section is 0.12 fb. We find that a missing energy cut,
MET<15 GeV, is sufficient to eliminate this SM background.

µTRISTAN sensitivity. In Table 3, we summarise signals and backgrounds for the different ALP masses
and coupling scenarios discussed above. We also show the kinematic cuts that effectively reduce the back-
grounds in case they are present, and then compute the background and signal cut efficiencies. In order to
estimate the signal significance, we additionally include the effect of the particle identification capabaility
and geometric acceptance of the detector, "sel, assuming as a requirement for the pseudorapidity of photons
and leptons |⌘| < 2.5. We finally obtain a 2� lower bound on the flavour violating coupling gV,Aeµ for an
integrated luminosity of 10 ab�1 using Poisson statistics as in Eq. (7). We find that µTRISTAN has the
capability to constrain LFV ALP couplings as low as |gV,Aeµ | ⇠ 10�3

� 10�4.
As mentioned before, because of the planned asymmetric beam configuration of µTRISTAN, the ALP

decay products tend to fly along the muon beam direction, with a very large pseudorapidity |⌘|.4 In order
to study the impact on the sensitivity of this effect, we consider two possible detectors with different values
of |⌘|max: one with a standard geometric acceptance |⌘| < 2.5, and one more suitable for the µTRISTAN
design with |⌘| < 3.5. In Figure 3, we show the probability — that we call “geometric efficiency” "geo —
for muons and electrons from ALP decays to be within the geometric acceptance of the detector, ignoring

3Strictly speaking, box diagrams with neutrino and W propagators could induce e�µ+ ! µ�e+(�) in the SM. However, such
process is suppressed to negligible levels by the tiny neutrino masses, as it is always the case for LFV processes within the SM. In
this case the suppression is of the order (m⌫/mW )8 ⇡ 10�98!

4This partly occurs also for Higgs decays [64], which are the main target of the µTRISTAN proposal.
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Table 3: Summary of the possible searches for ALPs produced in e�µ+
! a� for different ALP masses

and couplings. The upper block shows the results for exclusively LFV ALPs, the lower block for ALPs
also with LFC couplings. The third column reports the branching ratio (BR) of the ALP decay under
consideration — the process denoted by † has BR ' 100% but only about 40% of the decays occur in the
inner detector for the chosen value of ma. The applied cuts (if any), the BG cross section �B and efficiency
"B, the signal efficiency "S ⌘ "sel⇥"cut (see the main text for details) are shown in the fifth, sixth and seventh
columns, respectively. In the last column, we report the resulting 2� limit on |gV,Aeµ | ' mµ|C
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Heavy ALP. If ma > me + mµ, the ALP can decay as a ! e±µ⌥ through the very same interaction
involved in its production. In order to avoid any major SM background, one can select events with negative
muons and positive electrons in the final state: e�µ+

! �a ! �µ�e+. In the presence of LFV couplings
only, one has BR(a ! µ�e+) = 50%. The process e�µ+

! �⌫e⌫̄µW�(! µ�⌫̄µ)W+(! e+⌫e) can
in principle produce a reducible background. However, it can be completely neglected because of its tiny
cross section, �B ' 2⇥ 10�5 fb.3

Additionally, if LFC ALP couplings exist, one can also search for e�µ+
! a � followed by a !

µ+µ�. If CA
µµ = CA

eµ = CV
eµ, the ALP decay branching fractions are BR(a ! µ+µ�) ' 50% and

BR(a ! e+µ�) ' 25% for ma � 2mµ. The main SM background in this case is given by the process
e�µ+

! �⌫e⌫̄µZ/�⇤(! µ+µ�), whose cross section is 0.12 fb. We find that a missing energy cut,
MET<15 GeV, is sufficient to eliminate this SM background.

µTRISTAN sensitivity. In Table 3, we summarise signals and backgrounds for the different ALP masses
and coupling scenarios discussed above. We also show the kinematic cuts that effectively reduce the back-
grounds in case they are present, and then compute the background and signal cut efficiencies. In order to
estimate the signal significance, we additionally include the effect of the particle identification capabaility
and geometric acceptance of the detector, "sel, assuming as a requirement for the pseudorapidity of photons
and leptons |⌘| < 2.5. We finally obtain a 2� lower bound on the flavour violating coupling gV,Aeµ for an
integrated luminosity of 10 ab�1 using Poisson statistics as in Eq. (7). We find that µTRISTAN has the
capability to constrain LFV ALP couplings as low as |gV,Aeµ | ⇠ 10�3

� 10�4.
As mentioned before, because of the planned asymmetric beam configuration of µTRISTAN, the ALP

decay products tend to fly along the muon beam direction, with a very large pseudorapidity |⌘|.4 In order
to study the impact on the sensitivity of this effect, we consider two possible detectors with different values
of |⌘|max: one with a standard geometric acceptance |⌘| < 2.5, and one more suitable for the µTRISTAN
design with |⌘| < 3.5. In Figure 3, we show the probability — that we call “geometric efficiency” "geo —
for muons and electrons from ALP decays to be within the geometric acceptance of the detector, ignoring

3Strictly speaking, box diagrams with neutrino and W propagators could induce e�µ+ ! µ�e+(�) in the SM. However, such
process is suppressed to negligible levels by the tiny neutrino masses, as it is always the case for LFV processes within the SM. In
this case the suppression is of the order (m⌫/mW )8 ⇡ 10�98!

4This partly occurs also for Higgs decays [64], which are the main target of the µTRISTAN proposal.
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One can also search for                but low-energy LFV becomes stronger

Future sensitivity to ALP 𝜇-e interactions 
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(a) LFV (e-µ) couplings only (b) LFV (e-µ) and LFC couplings

Figure 5: Overview of the present and future constraints on LFV ALPs in the ma � |gV,Aeµ | plane and
comparison with the µTRISTAN sensitivity as estimated in this work. The model’s parameters and the
colour coding are as in Figure 4. The dot-dashed lines represent the expected sensitivities of running or
future LFV experiments. See main text for details.

ALPs in the mass range 10 MeV . ma . 90 MeV, the dependence on ma is mild in the V + A case
and the average upper bound is 6 ⇥ 10�6 [92], the limit that we employ here. The region excluded by
searches for an invisible ALP in muon decays is shown in brown in Figure 5, while the dot-dashed brown
line is the expected future limit of the Mu3e experiment, BR(µ ! ea) . 10�8 [22]. In the presence of
couplings to electrons, searches for µ ! ea(! e+e�) can be also sensitive to our parameter space. The
limit from µ ! e� is stronger if the ALP is off-shell, while for on-shell short-lived ALPs the current limit
BR(µ ! eee) < 1.0⇥10�12 [94] excludes the pink region of our figures. The Mu3e expected future bound,
BR(µ ! eee) . 10�16 [95, 96], is shown as a dot-dashed pink line. In order to assess the relative impor-
tance of searches for invisible and visible ALPs, we used information on the ALP lifetime — illustrated in
Figure 1 — as explained in Appendix B.

LFV ALP interactions also contribute to both the electron and the muon anomalous magnetic moments
through ALP-lepton loops. In the presence of LFC interactions, there are important additional contributions,
especially due to the induced ALP-photon coupling [27, 97]. However, we find that limits on non-standard
contributions to the electron and muon g � 2 barely affect the region of the parameter space that can be
tested by µTRISTAN beyond the limits from LFV observables, if no LFV coupling involving ⌧ leptons is
present. For this reason and in order to avoid an excess of information in the figures of this section, we do
not show such limits here. More details and a discussion of the currently uncertain SM predictions of both
observables are presented in Appendix B.3.

4.2 ALP production through LFV ⌧ interactions

We now proceed to discuss the other promising search channels, which can target ALP production with an
associated tau lepton in the final state as highlighted in Table 2. The cross sections of these processes as
a function of the ALP mass for beams with energies as in the µTRISTAN proposal, Ee = 30 GeV and
Eµ = 1 TeV, are shown in the left plot of Figure 6. The solid lines correspond to a generator-level cut on
the pseudorapidity of the final-state leptons (including the ⌧ ) of |⌘| < 2.5, the dashed lines to |⌘| < 3.5.

For what concerns ⌧ detection, one can use either the hadronic ⌧ decays or the leptonic ones. In the
former case, the resulting tau jets posses distinctive features. They are very collimated, exhibit a low particle
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ALP couplings ma (GeV) Signature (BR) SM background Cut �B(fb)⇥ "B "S = "sel ⇥ "cut
2� limit on |gV,Aeµ |

(L = 10 ab�1)

CV
eµ = CA

eµ

0.1 invisible (100%) e�µ+
! �⌫e⌫̄µ p�T > 170 GeV 840⇥ 0.004% 95%⇥ 8.3% 1.2⇥ 10�3

10
a ! e+µ� (50%) negligible – –

14%⇥ 100% 2.2⇥ 10�4

100 14%⇥ 100% 2.1⇥ 10�4

CV,A
eµ = CA

`i`i

0.1 a ! e+e� (100%) † e�µ+
! �e�⌫̄µW+(! e+⌫e) MET < 10 GeV 0.34⇥ 6% 14%⇥ 73% 8.4⇥ 10�4

10
a ! e+µ� (25%) negligible – – 14%⇥ 100% 3.1⇥ 10�4

a ! µ+µ� (50%) e�µ+
! �⌫e⌫̄µZ/�⇤(! µ+µ�) MET < 15 GeV 0.12⇥ 5% 39%⇥ 42% 5.9⇥ 10�4

Table 3: Summary of the possible searches for ALPs produced in e�µ+
! a� for different ALP masses

and couplings. The upper block shows the results for exclusively LFV ALPs, the lower block for ALPs
also with LFC couplings. The third column reports the branching ratio (BR) of the ALP decay under
consideration — the process denoted by † has BR ' 100% but only about 40% of the decays occur in the
inner detector for the chosen value of ma. The applied cuts (if any), the BG cross section �B and efficiency
"B, the signal efficiency "S ⌘ "sel⇥"cut (see the main text for details) are shown in the fifth, sixth and seventh
columns, respectively. In the last column, we report the resulting 2� limit on |gV,Aeµ | ' mµ|C

V,A
eµ |/2fa (with

CV
eµ = CA

eµ) for L = 10 ab�1. For the BG-free searches these limits scale as ⇠ (10 ab�1/L)1/2.

Heavy ALP. If ma > me + mµ, the ALP can decay as a ! e±µ⌥ through the very same interaction
involved in its production. In order to avoid any major SM background, one can select events with negative
muons and positive electrons in the final state: e�µ+

! �a ! �µ�e+. In the presence of LFV couplings
only, one has BR(a ! µ�e+) = 50%. The process e�µ+

! �⌫e⌫̄µW�(! µ�⌫̄µ)W+(! e+⌫e) can
in principle produce a reducible background. However, it can be completely neglected because of its tiny
cross section, �B ' 2⇥ 10�5 fb.3

Additionally, if LFC ALP couplings exist, one can also search for e�µ+
! a � followed by a !

µ+µ�. If CA
µµ = CA

eµ = CV
eµ, the ALP decay branching fractions are BR(a ! µ+µ�) ' 50% and

BR(a ! e+µ�) ' 25% for ma � 2mµ. The main SM background in this case is given by the process
e�µ+

! �⌫e⌫̄µZ/�⇤(! µ+µ�), whose cross section is 0.12 fb. We find that a missing energy cut,
MET<15 GeV, is sufficient to eliminate this SM background.

µTRISTAN sensitivity. In Table 3, we summarise signals and backgrounds for the different ALP masses
and coupling scenarios discussed above. We also show the kinematic cuts that effectively reduce the back-
grounds in case they are present, and then compute the background and signal cut efficiencies. In order to
estimate the signal significance, we additionally include the effect of the particle identification capabaility
and geometric acceptance of the detector, "sel, assuming as a requirement for the pseudorapidity of photons
and leptons |⌘| < 2.5. We finally obtain a 2� lower bound on the flavour violating coupling gV,Aeµ for an
integrated luminosity of 10 ab�1 using Poisson statistics as in Eq. (7). We find that µTRISTAN has the
capability to constrain LFV ALP couplings as low as |gV,Aeµ | ⇠ 10�3

� 10�4.
As mentioned before, because of the planned asymmetric beam configuration of µTRISTAN, the ALP

decay products tend to fly along the muon beam direction, with a very large pseudorapidity |⌘|.4 In order
to study the impact on the sensitivity of this effect, we consider two possible detectors with different values
of |⌘|max: one with a standard geometric acceptance |⌘| < 2.5, and one more suitable for the µTRISTAN
design with |⌘| < 3.5. In Figure 3, we show the probability — that we call “geometric efficiency” "geo —
for muons and electrons from ALP decays to be within the geometric acceptance of the detector, ignoring

3Strictly speaking, box diagrams with neutrino and W propagators could induce e�µ+ ! µ�e+(�) in the SM. However, such
process is suppressed to negligible levels by the tiny neutrino masses, as it is always the case for LFV processes within the SM. In
this case the suppression is of the order (m⌫/mW )8 ⇡ 10�98!

4This partly occurs also for Higgs decays [64], which are the main target of the µTRISTAN proposal.
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ALP-induced muon LFV decays
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Figure 1: Diagrams illustrating the ALP contributions to `j ! `i� at linear (left panel) and
quadratic (right panel) order in the Yukawa couplings.

By contrast, the quadratic contributions are finite, once self-energies are included, and
depend on the flavor of the lepton `k running in the loop. The contributions involving only
one LFV coupling (i.e. with k = i or k = j) read 3

F
ij
2 (0)quad. = �

m`j

16⇡2⇤2
a`ij

h
a`jj m`j g1(xj) + a`ii m`i g2(xj)

i
, (11)

G
ij
2 (0)quad. = �

m`j

16⇡2⇤2
v`ij

h
a`jj m`j g1(xj)� a`ii m`i g2(xj)

i
. (12)

In the µ ! e� case, there is an additional contribution from the ⌧ -loop exchange which is
induced by a double LFV source. We find

F
eµ
2 (0)quad. = �

mµm⌧

32⇡2⇤2

�
a`e⌧ a

`
⌧µ � v`e⌧ v

`
⌧µ

�
g3(x⌧ ) , (13)

G
eµ
2 (0)quad. = �

mµm⌧

32⇡2⇤2

�
v`e⌧ a

`
⌧µ � a`e⌧ v

`
⌧µ

�
g3(x⌧ ) , (14)

which show a m⌧/mµ enhancement compared to contributions involving a single LFV
coupling. Similarly, ⌧ ! µ� receives contributions from electron loops, which read

F
µ⌧
2 (0)quad = �

mµm⌧

32⇡2⇤2

�
a`⌧ea

`
µe + v`⌧ev

`
µe

�
g4(x⌧ ) , (15)

G
µ⌧
2 (0)quad = +

mµm⌧

32⇡2⇤2

�
a`⌧ev

`
µe + v`⌧ea

`
µe

�
g4(x⌧ ) , (16)

while muon loops contribute to ⌧ ! e� as follows,

F
e⌧
2 (0)quad = �

mµm⌧

32⇡2⇤2

�
a`⌧µa

`
eµ � v`⌧µv

`
eµ

�
g4(x⌧ ) , (17)

G
e⌧
2 (0)quad = �

mµm⌧

32⇡2⇤2

�
a`⌧µv

`
eµ � v`⌧µa

`
eµ

�
g4(x⌧ ) , (18)

with the loop functions gi(x) also collected in Appendix A. We find full agreement with
the results reported in Ref. [21].

In summary, the most general contributions to `j ! `i� with a single LFV coupling are
given by the sum of the linear and quadratic contributions, see Eq. (9)–(12). Moreover,
one should include the additional e↵ects of Eq. (13) and (14) in the µ ! e� case, Eq. (15)
and (16) for ⌧ ! µ�, and finally Eq. (17) and (18) for ⌧ ! e�.

3
For generality, we have kept the contributions from a light lepton running in the loop in the second

terms of Eq. (11) and (12). Nonetheless, these contributions turn out to be sub-dominant in most scenarios

due to the suppression factor m`i/m`j ⌧ 1.
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3.2 `j ! `i`k`k

The processes `j ! `i`k`k are described by the diagrams shown in Fig. (2). The ALP can
contribute both at tree-level (right panel) or at one loop, via the e↵ective `j ! `i�⇤ vertex
(left panel). Depending on the ALP mass, two di↵erent regimes arise: (i) forma > m`j�m`i

or ma < 2m`k the ALP is never produced on-shell, in such a way that there is a competi-
tion between tree and loop-level contributions, while (ii) for 2m`k < ma < m`j �m`i the
ALP can be produced on-shell, making the tree-level exchange dominant. In the follow-
ing we provide the relevant expressions in both cases and discuss the phenomenological
implications.

`j `i

`k `k

a

`j `i

`k `k

�

Figure 2: Diagrams illustrating the ALP contributions to `j ! `i`k`k at loop-level (left panel)
and tree-level (right panel). The gray blob in the photonic contribution represents the di↵erent
loop contributions illustrated in Fig. 1.

We start by parameterizing the general amplitude for the emission of an o↵-shell photon.
In this case, Eq. (6) should be replaced by

iMµ(`j ! `i�
⇤) = i e ūi(p� q)⌃µ

ij(q
2)uj(p) , (19)

with

⌃µ
ij(q

2) = �⌫
�
F

ij
1 (q
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ij
1 (q

2)�5
�✓

gµ⌫ �
qµq⌫

q2

◆
+

i�µ⌫q⌫
m`j

�
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ij
2 (q
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ij
2 (q

2)�5
�
, (20)

where the F
ij
1,2(q

2) and G
ij
1,2(q

2) are form-factors depend on q2 and on the masses of the
particles running in the loops depicted in Fig. 1. The general expression for these functions,
which are reported in Appendix A.3, have been computed by independently using the
packages Feyncalc [33] and Package-X [34]. We verified that these expressions coincide
with the results given in Sec. 3.1 in the limit q2 ! 0. In particular, F ij

1 (0) = G
ij
1 (0) = 0,

as expected by gauge invariance.
Even though the form-factors reported in Appendix A.3 provide the most general de-

scription of the transition `j ! `i�⇤, it is convenient to derive simplified expressions which
are valid for o↵-shell ALPs, i.e. for ma > m`j � m`i , and which are more convenient for

phenomenological analyses. In this case, F ij
1 and G

ij
1 are well-approximated by a series

around q2 = 0,

F
ij
1 (q

2) = q2 Ḟ ij
1 (0) +O(q4) ,

G
ij
1 (q

2) = q2 Ġij
1 (0) +O(q4) ,

(21)
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The processes `j ! `i`k`k are described by the diagrams shown in Fig. (2). The ALP can
contribute both at tree-level (right panel) or at one loop, via the e↵ective `j ! `i�⇤ vertex
(left panel). Depending on the ALP mass, two di↵erent regimes arise: (i) forma > m`j�m`i

or ma < 2m`k the ALP is never produced on-shell, in such a way that there is a competi-
tion between tree and loop-level contributions, while (ii) for 2m`k < ma < m`j �m`i the
ALP can be produced on-shell, making the tree-level exchange dominant. In the follow-
ing we provide the relevant expressions in both cases and discuss the phenomenological
implications.

`j `i

`k `k

a

`j `i

`k `k

�

Figure 2: Diagrams illustrating the ALP contributions to `j ! `i`k`k at loop-level (left panel)
and tree-level (right panel). The gray blob in the photonic contribution represents the di↵erent
loop contributions illustrated in Fig. 1.

We start by parameterizing the general amplitude for the emission of an o↵-shell photon.
In this case, Eq. (6) should be replaced by

iMµ(`j ! `i�
⇤) = i e ūi(p� q)⌃µ

ij(q
2)uj(p) , (19)

with

⌃µ
ij(q

2) = �⌫
�
F

ij
1 (q

2) + G
ij
1 (q

2)�5
�✓

gµ⌫ �
qµq⌫

q2

◆
+

i�µ⌫q⌫
m`j

�
F

ij
2 (q

2) + G
ij
2 (q

2)�5
�
, (20)

where the F
ij
1,2(q

2) and G
ij
1,2(q

2) are form-factors depend on q2 and on the masses of the
particles running in the loops depicted in Fig. 1. The general expression for these functions,
which are reported in Appendix A.3, have been computed by independently using the
packages Feyncalc [33] and Package-X [34]. We verified that these expressions coincide
with the results given in Sec. 3.1 in the limit q2 ! 0. In particular, F ij

1 (0) = G
ij
1 (0) = 0,

as expected by gauge invariance.
Even though the form-factors reported in Appendix A.3 provide the most general de-

scription of the transition `j ! `i�⇤, it is convenient to derive simplified expressions which
are valid for o↵-shell ALPs, i.e. for ma > m`j � m`i , and which are more convenient for

phenomenological analyses. In this case, F ij
1 and G

ij
1 are well-approximated by a series

around q2 = 0,

F
ij
1 (q

2) = q2 Ḟ ij
1 (0) +O(q4) ,

G
ij
1 (q

2) = q2 Ġij
1 (0) +O(q4) ,

(21)
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Other interactions (LFC ones, in particular) lead to muon LFV decays:

Stringent limits from:

For a pedagogical introduction (exp + th) 

cf. LC and Signorelli ‘17

see e.g. Cornella Paradisi Sumensari '19
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Figure 5: Overview of the present and future constraints on LFV ALPs in the ma � |gV,Aeµ | plane and
comparison with the µTRISTAN sensitivity as estimated in this work. The model’s parameters and the
colour coding are as in Figure 4. The dot-dashed lines represent the expected sensitivities of running or
future LFV experiments. See main text for details.

ALPs in the mass range 10 MeV . ma . 90 MeV, the dependence on ma is mild in the V + A case
and the average upper bound is 6 ⇥ 10�6 [92], the limit that we employ here. The region excluded by
searches for an invisible ALP in muon decays is shown in brown in Figure 5, while the dot-dashed brown
line is the expected future limit of the Mu3e experiment, BR(µ ! ea) . 10�8 [22]. In the presence of
couplings to electrons, searches for µ ! ea(! e+e�) can be also sensitive to our parameter space. The
limit from µ ! e� is stronger if the ALP is off-shell, while for on-shell short-lived ALPs the current limit
BR(µ ! eee) < 1.0⇥10�12 [94] excludes the pink region of our figures. The Mu3e expected future bound,
BR(µ ! eee) . 10�16 [95, 96], is shown as a dot-dashed pink line. In order to assess the relative impor-
tance of searches for invisible and visible ALPs, we used information on the ALP lifetime — illustrated in
Figure 1 — as explained in Appendix B.

LFV ALP interactions also contribute to both the electron and the muon anomalous magnetic moments
through ALP-lepton loops. In the presence of LFC interactions, there are important additional contributions,
especially due to the induced ALP-photon coupling [27, 97]. However, we find that limits on non-standard
contributions to the electron and muon g � 2 barely affect the region of the parameter space that can be
tested by µTRISTAN beyond the limits from LFV observables, if no LFV coupling involving ⌧ leptons is
present. For this reason and in order to avoid an excess of information in the figures of this section, we do
not show such limits here. More details and a discussion of the currently uncertain SM predictions of both
observables are presented in Appendix B.3.

4.2 ALP production through LFV ⌧ interactions

We now proceed to discuss the other promising search channels, which can target ALP production with an
associated tau lepton in the final state as highlighted in Table 2. The cross sections of these processes as
a function of the ALP mass for beams with energies as in the µTRISTAN proposal, Ee = 30 GeV and
Eµ = 1 TeV, are shown in the left plot of Figure 6. The solid lines correspond to a generator-level cut on
the pseudorapidity of the final-state leptons (including the ⌧ ) of |⌘| < 2.5, the dashed lines to |⌘| < 3.5.

For what concerns ⌧ detection, one can use either the hadronic ⌧ decays or the leptonic ones. In the
former case, the resulting tau jets posses distinctive features. They are very collimated, exhibit a low particle
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LFV+LFC:

𝜇TRISTAN sensitivity could go beyond low-energy LFV 
constraints, only for very heavy ALPs, ma ≳ O(100) GeV

LC Li Mukherjee Yang '24

Future sensitivity to ALP 𝜇-e interactions 
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Muon and electron g-2 constraints 
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(d) LFV (e-µ) and LFC couplings

Figure 10: Electron (first row) and muon (second row) g � 2 constraints on the same parameter space
regions depicted in Figure 4. Purple areas correspond to ALP contributions �a` beyond the conservative
2� ranges discussed in the text. In the green regions, the ALP can explain the discrepancy between the
measured value of aµ and the SM prediction of the WP [102] at the 2� level.

on dispersion relations and data of hadron production in low-energy e+e� collisions, as summarised by the
2020 white paper (WP) [102]. The two calculations have comparable precision and, once compared with
the latest measurement of the Muon g-2 collaboration [101], give

�aWP
µ ⌘ aWP

µ � aexp
µ = (2.49± 0.48)⇥ 10�9 , (31)

�aBMW
µ ⌘ aBMW

µ � aexp
µ = (1.05± 0.61)⇥ 10�9 . (32)

The first range would exclude most of the parameter space of our ALP models, especially the regions
predicting negative values of �aµ. However, it does exclude the SM itself at the 5� level. Since it is not
possible at this stage to claim that a NP contribution of this size is indeed necessary, we again adopt a
conservative approach and use Eq. (32) as a constraint in our analysis. As one can see, this can exclude
both positive and negative ALP contributions �aµ if too large in absolute value.

The impact of the g � 2 constraints on the regions of the parameter space studied in Section 4.1 is
shown in Figure 10. The purple regions are outside the 2� ranges of Eqs. (30) and (32), while the green
stripes correspond to values of �aµ within the 2� range preferred by Eq. (31). We can see that, if the ALP

24
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• SM fermions charged under a new horizontal symmetry GF 


• GF forbids Yukawa couplings at the renormalisable level


• GF spontaneously broken by the vev(s) of one or more scalars (the “flavons”)  


• Yukawas arise as higher dimensional operators

Froggatt Nielsen ‘79

Leurer Seiberg Nir ’92, ’93


…
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GF could abelian or non-abelian, continuous or discrete, local or global 

 dictated by the symmetrynf
ij

Froggatt-Nielsen flavour models

on the discrete symmetry A4 acting on the lepton sector and discussed the GWB signal

resulting from the annihilation of the domain walls produced after symmetry breaking –

see also [25–28] for further discussions on domain walls from discrete flavour symmetries.

Finally, Ref. [29] explored the possibility of a SFOPT and the resulting GW signature

within two global FN models similar to the (local) one we focus on in this work, finding

that, for certain values of the parameters, the GWB can be strong enough to be detected

in future experiments if the symmetry breaking occurs at an intermediate energy scale,

104 � 107 GeV. As we will show, such a range is mostly excluded by flavour constraints

within our setup. Furthermore, we do not investigate the possibility of a SFOPT here (as

it typically requires the parameters of the model to satisfy quite non-trivial conditions)

and focus on the GWB produced by the cosmic string network.

2 Benchmark Froggatt-Nielsen Model

The hierarchical structure of the Yukawa matrices can be accounted for by the FN mech-

anism [3–5]. A new abelian symmetry U(1)F is introduced within this framework, under

which SM fermions are charged such that the Yukawa interactions are forbidden at the

renormalisable level (with the possible exception of the top quark Yukawa that, being

O (1), requires no suppression). The Yukawa couplings then arise as higher-order opera-

tors after the flavour symmetry is broken spontaneously by the vev of a complex scalar field

�. This new field, also know as the “flavon”, is not charged under any of the SM gauge

symmetries and contains two degrees of freedom: a CP-even (real) scalar with mass O (h�i)

and a CP-odd scalar, the Nambu-Goldstone boson of the broken U(1)F , which becomes

the longitudinal component of the associated gauge boson if the symmetry is local.

As mentioned above, the mechanism requires that the SM fermions fi carry U(1)F
charges Qfi . Here, fi denotes the SM fermion fields with well-defined electroweak quantum

numbers, with the generation index running over i = 1, 2, 3 in the interaction basis.

We consider the e↵ective theory below a given UV cuto↵ scale ⇤, which we take much

higher than the electroweak scale. The flavon interacts with SM fields through higher-

dimensional operators consistently with U(1)F invariance. Without loss of generality, one

can set the flavon charge to be Q� = 1, obtaining the following interactions:

�L = auij

✓
�

⇤

◆nu

ij

Qiuj H̃ + adij

✓
�

⇤

◆nd

ij

Qidj H + a`ij

✓
�

⇤`

◆n`

ij

Liej H + h.c. , (2.1)

where the exponent of each term ensures the invariance of the Lagrangian under U(1)F ,

nu
ij ⌘ QQi

�Quj
+QH , nd

ij ⌘ QQi
�Qdj �QH , n`

ij ⌘ QLi
�Qej �QH , (2.2)

while au, ad, and a` are anarchical matrices of O (1) coe�cients, which are related to the

fundamental couplings of the underlying UV-complete theory. Plausible UV completions

can be realised by heavy vector-like fermions or additional scalar doublets and singlets (the

so-called “FN messengers”) with mass of the order of the cuto↵ scale ⇤ and O(1) couplings

with the flavon and/or the SM fields [7, 30]. Note that we considered the possibility of a

– 3 –

small expansion parameter (Λ=UV scale)
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di↵erent cuto↵ scale in the lepton sector, that is, ⇤` 6= ⇤, an assumption that is consistent

with the fact that the FN messenger fields in UV-complete models generally carry di↵erent

quantum numbers in the quark and lepton sectors.

The SM Yukawa interactions arise dynamically upon spontaneous breaking of the

U(1)F symmetry due to the flavon vev h�i. Crucial quantities for this framework are

the ratios between this vev and the UV cuto↵ scales:
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In terms of these quantities, the SM quark and lepton Yukawa matrices then read
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Under the assumption of anarchical O (1) coe�cients, the fermion hierarchies are solely

due to powers of the small parameters ✏ and ✏`, that is, the hierarchical structure is ulti-

mately controlled by the FN charges we assign to the SM fields. Incidentally, note how the

mechanism is not sensitive to the absolute scales h�i and ⇤(`) but only on their ratio ✏(`).

The Yukawa matrices can be diagonalised by bi-unitary transformations:

Y f = V f†Ŷ fW f , f = u, d, ` , (2.5)

where Ŷ f are flavour-diagonal matrices, and V f andW f are unitary matrices corresponding

to rotations of left-handed (LH) and right-handed (RH) fields, respectively. The size of

their entries is approximately
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Subsequently, the CKM mixing matrix can then be defined as

Vckm = V u V d † . (2.7)

Hence, for QQ1 > QQ2 > QQ3 (an ordering justified by the observed mass hierarchy), the

resulting entries of the CKM matrix are

Vus ⇠ ✏QQ1�QQ2 , Vub ⇠ ✏QQ1�QQ3 , Vcb ⇠ ✏QQ2�QQ3 , (2.8)

from which the following general order-of-magnitude prediction (independent of the specific

charge assignment) follows:

Vub ⇠ Vus ⇥ Vcb , (2.9)

which is in good agreement with experimental observations.

The setup described above is general. In the following, we will introduce benchmark

models separately for quarks and leptons, leaving open the possibility that the FN sym-

metry only acts either on the quark sector or on the lepton sector, thus addressing the
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with the fact that the FN messenger fields in UV-complete models generally carry di↵erent

quantum numbers in the quark and lepton sectors.

The SM Yukawa interactions arise dynamically upon spontaneous breaking of the

U(1)F symmetry due to the flavon vev h�i. Crucial quantities for this framework are

the ratios between this vev and the UV cuto↵ scales:
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In terms of these quantities, the SM quark and lepton Yukawa matrices then read
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Under the assumption of anarchical O (1) coe�cients, the fermion hierarchies are solely

due to powers of the small parameters ✏ and ✏`, that is, the hierarchical structure is ulti-

mately controlled by the FN charges we assign to the SM fields. Incidentally, note how the

mechanism is not sensitive to the absolute scales h�i and ⇤(`) but only on their ratio ✏(`).

The Yukawa matrices can be diagonalised by bi-unitary transformations:

Y f = V f†Ŷ fW f , f = u, d, ` , (2.5)

where Ŷ f are flavour-diagonal matrices, and V f andW f are unitary matrices corresponding

to rotations of left-handed (LH) and right-handed (RH) fields, respectively. The size of

their entries is approximately
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���
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���
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���
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Subsequently, the CKM mixing matrix can then be defined as

Vckm = V u V d † . (2.7)

Hence, for QQ1 > QQ2 > QQ3 (an ordering justified by the observed mass hierarchy), the

resulting entries of the CKM matrix are

Vus ⇠ ✏QQ1�QQ2 , Vub ⇠ ✏QQ1�QQ3 , Vcb ⇠ ✏QQ2�QQ3 , (2.8)

from which the following general order-of-magnitude prediction (independent of the specific

charge assignment) follows:

Vub ⇠ Vus ⇥ Vcb , (2.9)

which is in good agreement with experimental observations.

The setup described above is general. In the following, we will introduce benchmark

models separately for quarks and leptons, leaving open the possibility that the FN sym-

metry only acts either on the quark sector or on the lepton sector, thus addressing the
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flavour hierarchies only partially, or assuming that di↵erent symmetries are at work in the

two sectors.

Note that the FN charge of the Higgs field H can always be taken to be vanishing

since the FN charge of the full Yukawa operator determines the hierarchical suppression.1

In the remainder of this work, we will assume QH = 0 for concreteness.

2.1 Quark sector

In the quark sector, a possible charge assignment is given by

(QQ1 , QQ2 , QQ3) = (3, 2, 0),

(Qu1 , Qu2 , Qu3) = (�4, �2, 0),

(Qd1 , Qd2 , Qd3) = (�4, �2, �2), (2.10)

which leads to the following structure for the Yukawa matrices:

Y u
⇠

0

B@
✏7 ✏5 ✏3

✏6 ✏4 ✏2

✏4 ✏2 1

1

CA , Y d
⇠

0

B@
✏7 ✏5 ✏5

✏6 ✏4 ✏4

✏4 ✏2 ✏2

1

CA . (2.11)

Taking the expansion parameter of the order of the Cabibbo angle,

✏ ⇡ 0.2 ,

and given the freedom of choosing the O (1) coe�cients in au and ad, the above matrices

can easily fit the observed quark masses and CKM mixing. We stress that the discussion

in the following sections depends only mildly on the specific values of the FN charges and

could be readily adapted to other options.2

The order of magnitude of the rotations following from Eq. (2.6) is

V u,d
⇠

0

B@
1 ✏ ✏3

✏ 1 ✏2

✏3 ✏2 1

1

CA , W u
⇠

0

B@
1 ✏2 ✏4

✏2 1 ✏2

✏4 ✏2 1

1

CA , W d
⇠

0

B@
1 ✏2 ✏2

✏2 1 1

✏2 1 1

1

CA , (2.12)

where we see that the rotations of the LH fields are of the order of the CKM angles both

in the up and in the down sector.

2.2 Lepton sector

In the lepton sector, let us assume that neutrinos are Majorona particles, with their mass

terms induced by the usual Weinberg operator [34]. The resulting U(1)F -invariant La-

grangian reads

�L �

"
a`ij

✓
h�i

⇤`

◆QLi
�Qej

LiejH + h.c.

#
+ ⌫ij

✓
h�⇤

i

⇤`

◆QLi
+QLj (Lc

i H̃)(H̃TLj)

⇤N
. (2.13)

1However, for a local FN symmetry, the Higgs field charge QH may make a di↵erence: the Higgs kinetic

term induces a mass mixing between the FN gauge boson and the SM Z boson after electroweak symmetry

breaking. Nevertheless, the mixing angle is suppressed by powers of v/h�i and thus negligible for a high-scale

UV completion.
2See e.g. Refs. [31–33] for recent fits of FN models to SM data and discussions of alternative/minimal

charge assignments.
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due to powers of the small parameters ✏ and ✏`, that is, the hierarchical structure is ulti-

mately controlled by the FN charges we assign to the SM fields. Incidentally, note how the

mechanism is not sensitive to the absolute scales h�i and ⇤(`) but only on their ratio ✏(`).

The Yukawa matrices can be diagonalised by bi-unitary transformations:

Y f = V f†Ŷ fW f , f = u, d, ` , (2.5)

where Ŷ f are flavour-diagonal matrices, and V f andW f are unitary matrices corresponding

to rotations of left-handed (LH) and right-handed (RH) fields, respectively. The size of

their entries is approximately
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Subsequently, the CKM mixing matrix can then be defined as

Vckm = V u V d † . (2.7)

Hence, for QQ1 > QQ2 > QQ3 (an ordering justified by the observed mass hierarchy), the

resulting entries of the CKM matrix are

Vus ⇠ ✏QQ1�QQ2 , Vub ⇠ ✏QQ1�QQ3 , Vcb ⇠ ✏QQ2�QQ3 , (2.8)

from which the following general order-of-magnitude prediction (independent of the specific

charge assignment) follows:

Vub ⇠ Vus ⇥ Vcb , (2.9)

which is in good agreement with experimental observations.

The setup described above is general. In the following, we will introduce benchmark

models separately for quarks and leptons, leaving open the possibility that the FN sym-

metry only acts either on the quark sector or on the lepton sector, thus addressing the
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FN U(1): Lepton masses and mixing

Lepton sector

LH charges can chosen to give a (quasi-)anarchical                        .

RH charges then responsible for charged leptons hierarchy

Examples: Altarelli Feruglio Masina Merlo ‘12

• Anarchy 


• Mu-tau anarchy


• Hierarchy


Charged lepton hierarchy, e.g. :


(with                      )

In the above Lagrangian, ⇤N is the lepton number breaking scale, possibly related to the

mass of heavy RH neutrinos. The SM Yukawa matrix and Majorana neutrino masses are

dynamically generated in the following form:

Y `
ij = a`ij ✏

QLi
+Qej

` , m⌫
ij = ⌫ij

v2

⇤N
✏
QLi

+QLj

` , ✏` ⌘
h�i

⇤`
, (2.14)

where the electroweak-breaking vev is defined as hHi = v/
p
2. As before, the elements

of the matrices a`ij and ⌫ij are assumed to be anarchical O(1) coe�cients, related to the

fundamental couplings of the underlying UV-complete theory. It follows that the hierarchy

of lepton masses and mixing is solely due to powers of the ✏` parameter (possibly di↵erent

from the expansion parameter ✏ of the quark sector), hence depending on the charges we

assign to SM leptons.

The above matrices can be diagonalised by means of unitary rotations of the fields:

Y ` = V `Ŷ `W `†, m⌫ = V ⌫m̂⌫V ⌫T (2.15)

where Ŷ ` and m̂⌫ are flavour-diagonal matrices, and the rotations to the mass basis have

the following structure controlled by the FN charges:

V `,⌫
ij ⇠ ✏

���QLi
�QLj

���
` , W `

ij ⇠ ✏
|Qei

�Qej
|

` . (2.16)

As usual, the PMNS matrix depends on the LH rotations as follows:

Upmns = V ⌫V ` †. (2.17)

In contrast to the quark sector, where the mixing is described by the strongly hierarchical

CKM matrix, in the lepton sector the large mixing angles can be regarded as random O(1)

numbers. In other words, given the current experimental precision, the observed mixing in

the neutrino sector is compatible with an anarchical PMNS matrix [35]. From Eqs. (2.16)

and (2.17), we see that this pattern can be simply achieved by taking equal charges for the

doublets:

(QL1 , QL2 , QL3) = (QL, QL, QL) [Pure Anarchy] , (2.18)

as is also apparent from the above expression for m⌫
ij .

3 In particular, it is interesting to

note that we can choose to set QL = 0, such that the gauge boson Z 0 of the gauged U(1)F
does not couple at tree-level to the LH leptons (including neutrinos). The hierarchy of the

charged lepton masses can be reproduced by a suitable choice of the charges of the RH

fields, the expansion parameter ✏`, and the O(1) coe�cients a`ij . For instance, in the purely

anarchical scenario, the correct order of magnitude is achieved by choosing:

(Qe1 ,Qe2 ,Qe3) = (QL � 4,QL � 2,QL � 1), ✏` ⇡ ✏2 ⇡ 0.04. (2.19)

3Considering instead Dirac neutrinos would not change this conclusion, nor the the discussion below.
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Given the moderate value of the reactor angle, ✓e3 ⇡ 0.1 [36], good fits to the neutrino

oscillation data can also be obtained in presence of mildly hierarchical charges at the price

of rather large values of ✏` ⇡ 0.3� 0.4 [37, 38]:

(QL1 , QL2 , QL3) = (QL + 1, QL, QL) [µ⌧ Anarchy] , (2.20)

(QL1 , QL2 , QL3) = (QL + 2, QL + 1, QL) [Hierarchy] . (2.21)

Again, the observed mass hierarchy of charged leptons can be achieved with a suitable

choice of Qei . However, note that, in these last two cases, quite large values of the charges

may be needed to obtain the required suppression. Furthermore, in these scenarios the

Z 0 unavoidably couples at least to some LH leptons and in particular to neutrinos, which

makes its phenomenology more dependent on the details of the neutrino sector (including

unknown properties thereof, such as the absolute neutrino mass). For these reasons, we

will consider the anarchical charge assignment in Eqs. (2.18) and (2.19) as our benchmark

scenario for numerical considerations.

2.3 Flavon interactions and decays

Let us write the phase and the radial excitation of the flavon field � as

� =
v� + '
p
2

ei a/v� , (2.22)

where we defined v� such that h�i ⌘ v�/
p
2. For a local U(1)F , the would-be Nambu-

Goldstone boson a provides the longitudinal component for the FN gauge boson Z 0.4 After

U(1)F breaking, following from the quartic self-coupling V (�) �
��

4 |�|4, the radial mode

' (which we name “flavon”, after the field � itself) acquires a mass

m2
' =

1

2
��v

2
� . (2.23)

Therefore, for perturbative values of the self-interaction, the flavon mass is at most of

the order of the FN-breaking scale (which, as we will see, flavour processes constrain to be

at least above 106 � 107 GeV) and can only be much smaller than that scale if �� ⌧ 1.

Owing to the e↵ective operators in Eq. (2.1), the flavon couples to SM fermions as

follows:

�L = nf
ij

mf
ij

v�
f iPRfj '+ h.c. , (2.24)

where f = u, d, ` and the mass matrices mf = Y fv/
p
2. Note that, as a consequence of the

dependence on the exponents nf
ij , these interactions are by construction flavour-violating,

4In the global case, the Nambu-Goldstone boson of a spontaneously broken flavour symmetry is usually

called “familon” [39–44]. In the case of a FN U(1)F with colour anomaly, the field a has also been dubbed

“flaxion” or “axiflavon”, because it automatically provides a solution to the strong CP problem, behaving

like a QCD axion [9, 10].
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In the above Lagrangian, ⇤N is the lepton number breaking scale, possibly related to the

mass of heavy RH neutrinos. The SM Yukawa matrix and Majorana neutrino masses are

dynamically generated in the following form:

Y `
ij = a`ij ✏

QLi
+Qej

` , m⌫
ij = ⌫ij

v2

⇤N
✏
QLi

+QLj

` , ✏` ⌘
h�i

⇤`
, (2.14)

where the electroweak-breaking vev is defined as hHi = v/
p
2. As before, the elements

of the matrices a`ij and ⌫ij are assumed to be anarchical O(1) coe�cients, related to the

fundamental couplings of the underlying UV-complete theory. It follows that the hierarchy

of lepton masses and mixing is solely due to powers of the ✏` parameter (possibly di↵erent

from the expansion parameter ✏ of the quark sector), hence depending on the charges we

assign to SM leptons.

The above matrices can be diagonalised by means of unitary rotations of the fields:

Y ` = V `Ŷ `W `†, m⌫ = V ⌫m̂⌫V ⌫T (2.15)

where Ŷ ` and m̂⌫ are flavour-diagonal matrices, and the rotations to the mass basis have

the following structure controlled by the FN charges:

V `,⌫
ij ⇠ ✏

���QLi
�QLj

���
` , W `

ij ⇠ ✏
|Qei

�Qej
|

` . (2.16)

As usual, the PMNS matrix depends on the LH rotations as follows:

Upmns = V ⌫V ` †. (2.17)

In contrast to the quark sector, where the mixing is described by the strongly hierarchical

CKM matrix, in the lepton sector the large mixing angles can be regarded as random O(1)

numbers. In other words, given the current experimental precision, the observed mixing in

the neutrino sector is compatible with an anarchical PMNS matrix [35]. From Eqs. (2.16)

and (2.17), we see that this pattern can be simply achieved by taking equal charges for the

doublets:

(QL1 , QL2 , QL3) = (QL, QL, QL) [Pure Anarchy] , (2.18)

as is also apparent from the above expression for m⌫
ij .

3 In particular, it is interesting to

note that we can choose to set QL = 0, such that the gauge boson Z 0 of the gauged U(1)F
does not couple at tree-level to the LH leptons (including neutrinos). The hierarchy of the

charged lepton masses can be reproduced by a suitable choice of the charges of the RH

fields, the expansion parameter ✏`, and the O(1) coe�cients a`ij . For instance, in the purely

anarchical scenario, the correct order of magnitude is achieved by choosing:

(Qe1 ,Qe2 ,Qe3) = (QL � 4,QL � 2,QL � 1), ✏` ⇡ ✏2 ⇡ 0.04. (2.19)

3Considering instead Dirac neutrinos would not change this conclusion, nor the the discussion below.
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flavour hierarchies only partially, or assuming that di↵erent symmetries are at work in the

two sectors.

Note that the FN charge of the Higgs field H can always be taken to be vanishing

since the FN charge of the full Yukawa operator determines the hierarchical suppression.1

In the remainder of this work, we will assume QH = 0 for concreteness.

2.1 Quark sector

In the quark sector, a possible charge assignment is given by

(QQ1 , QQ2 , QQ3) = (3, 2, 0),

(Qu1 , Qu2 , Qu3) = (�4, �2, 0),

(Qd1 , Qd2 , Qd3) = (�4, �2, �2), (2.10)

which leads to the following structure for the Yukawa matrices:

Y u
⇠

0

B@
✏7 ✏5 ✏3

✏6 ✏4 ✏2

✏4 ✏2 1

1

CA , Y d
⇠

0

B@
✏7 ✏5 ✏5

✏6 ✏4 ✏4

✏4 ✏2 ✏2

1

CA . (2.11)

Taking the expansion parameter of the order of the Cabibbo angle,

✏ ⇡ 0.2 ,

and given the freedom of choosing the O (1) coe�cients in au and ad, the above matrices

can easily fit the observed quark masses and CKM mixing. We stress that the discussion

in the following sections depends only mildly on the specific values of the FN charges and

could be readily adapted to other options.2

The order of magnitude of the rotations following from Eq. (2.6) is

V u,d
⇠

0

B@
1 ✏ ✏3

✏ 1 ✏2

✏3 ✏2 1

1

CA , W u
⇠

0

B@
1 ✏2 ✏4

✏2 1 ✏2

✏4 ✏2 1

1

CA , W d
⇠

0

B@
1 ✏2 ✏2

✏2 1 1

✏2 1 1

1

CA , (2.12)

where we see that the rotations of the LH fields are of the order of the CKM angles both

in the up and in the down sector.

2.2 Lepton sector

In the lepton sector, let us assume that neutrinos are Majorona particles, with their mass

terms induced by the usual Weinberg operator [34]. The resulting U(1)F -invariant La-

grangian reads

�L �

"
a`ij

✓
h�i

⇤`

◆QLi
�Qej

LiejH + h.c.

#
+ ⌫ij

✓
h�⇤

i

⇤`

◆QLi
+QLj (Lc

i H̃)(H̃TLj)

⇤N
. (2.13)

1However, for a local FN symmetry, the Higgs field charge QH may make a di↵erence: the Higgs kinetic

term induces a mass mixing between the FN gauge boson and the SM Z boson after electroweak symmetry

breaking. Nevertheless, the mixing angle is suppressed by powers of v/h�i and thus negligible for a high-scale

UV completion.
2See e.g. Refs. [31–33] for recent fits of FN models to SM data and discussions of alternative/minimal

charge assignments.
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p
2. As before, the elements

of the matrices a`ij and ⌫ij are assumed to be anarchical O(1) coe�cients, related to the

fundamental couplings of the underlying UV-complete theory. It follows that the hierarchy

of lepton masses and mixing is solely due to powers of the ✏` parameter (possibly di↵erent

from the expansion parameter ✏ of the quark sector), hence depending on the charges we

assign to SM leptons.

The above matrices can be diagonalised by means of unitary rotations of the fields:

Y ` = V `Ŷ `W `†, m⌫ = V ⌫m̂⌫V ⌫T (2.15)

where Ŷ ` and m̂⌫ are flavour-diagonal matrices, and the rotations to the mass basis have

the following structure controlled by the FN charges:

V `,⌫
ij ⇠ ✏

���QLi
�QLj

���
` , W `

ij ⇠ ✏
|Qei

�Qej
|

` . (2.16)

As usual, the PMNS matrix depends on the LH rotations as follows:

Upmns = V ⌫V ` †. (2.17)

In contrast to the quark sector, where the mixing is described by the strongly hierarchical

CKM matrix, in the lepton sector the large mixing angles can be regarded as random O(1)

numbers. In other words, given the current experimental precision, the observed mixing in

the neutrino sector is compatible with an anarchical PMNS matrix [35]. From Eqs. (2.16)

and (2.17), we see that this pattern can be simply achieved by taking equal charges for the

doublets:

(QL1 , QL2 , QL3) = (QL, QL, QL) [Pure Anarchy] , (2.18)

as is also apparent from the above expression for m⌫
ij .

3 In particular, it is interesting to

note that we can choose to set QL = 0, such that the gauge boson Z 0 of the gauged U(1)F
does not couple at tree-level to the LH leptons (including neutrinos). The hierarchy of the

charged lepton masses can be reproduced by a suitable choice of the charges of the RH

fields, the expansion parameter ✏`, and the O(1) coe�cients a`ij . For instance, in the purely

anarchical scenario, the correct order of magnitude is achieved by choosing:

(Qe1 ,Qe2 ,Qe3) = (QL � 4,QL � 2,QL � 1), ✏` ⇡ ✏2 ⇡ 0.04. (2.19)

3Considering instead Dirac neutrinos would not change this conclusion, nor the the discussion below.
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Local Froggatt-Nielsen U(1)

Below the cutoff Λ, only two new particles:

Given the moderate value of the reactor angle, ✓e3 ⇡ 0.1 [36], good fits to the neutrino

oscillation data can also be obtained in presence of mildly hierarchical charges at the price

of rather large values of ✏` ⇡ 0.3� 0.4 [37, 38]:

(QL1 , QL2 , QL3) = (QL + 1, QL, QL) [µ⌧ Anarchy] , (2.20)

(QL1 , QL2 , QL3) = (QL + 2, QL + 1, QL) [Hierarchy] . (2.21)

Again, the observed mass hierarchy of charged leptons can be achieved with a suitable

choice of Qei . However, note that, in these last two cases, quite large values of the charges

may be needed to obtain the required suppression. Furthermore, in these scenarios the

Z 0 unavoidably couples at least to some LH leptons and in particular to neutrinos, which

makes its phenomenology more dependent on the details of the neutrino sector (including

unknown properties thereof, such as the absolute neutrino mass). For these reasons, we

will consider the anarchical charge assignment in Eqs. (2.18) and (2.19) as our benchmark

scenario for numerical considerations.

2.3 Flavon interactions and decays

Let us write the phase and the radial excitation of the flavon field � as

� =
v� + '
p
2

ei a/v� , (2.22)

where we defined v� such that h�i ⌘ v�/
p
2. For a local U(1)F , the would-be Nambu-

Goldstone boson a provides the longitudinal component for the FN gauge boson Z 0.4 After

U(1)F breaking, following from the quartic self-coupling V (�) �
��

4 |�|4, the radial mode

' (which we name “flavon”, after the field � itself) acquires a mass

m2
' =

1

2
��v

2
� . (2.23)

Therefore, for perturbative values of the self-interaction, the flavon mass is at most of

the order of the FN-breaking scale (which, as we will see, flavour processes constrain to be

at least above 106 � 107 GeV) and can only be much smaller than that scale if �� ⌧ 1.

Owing to the e↵ective operators in Eq. (2.1), the flavon couples to SM fermions as

follows:

�L = nf
ij

mf
ij

v�
f iPRfj '+ h.c. , (2.24)

where f = u, d, ` and the mass matrices mf = Y fv/
p
2. Note that, as a consequence of the

dependence on the exponents nf
ij , these interactions are by construction flavour-violating,

4In the global case, the Nambu-Goldstone boson of a spontaneously broken flavour symmetry is usually

called “familon” [39–44]. In the case of a FN U(1)F with colour anomaly, the field a has also been dubbed

“flaxion” or “axiflavon”, because it automatically provides a solution to the strong CP problem, behaving

like a QCD axion [9, 10].
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��

4 |�|4, the radial mode

' (which we name “flavon”, after the field � itself) acquires a mass

m2
' =

1

2
��v

2
� . (2.23)

Therefore, for perturbative values of the self-interaction, the flavon mass is at most of

the order of the FN-breaking scale (which, as we will see, flavour processes constrain to be

at least above 106 � 107 GeV) and can only be much smaller than that scale if �� ⌧ 1.

Owing to the e↵ective operators in Eq. (2.1), the flavon couples to SM fermions as

follows:

�L = nf
ij

mf
ij

v�
f iPRfj '+ h.c. , (2.24)

where f = u, d, ` and the mass matrices mf = Y fv/
p
2. Note that, as a consequence of the

dependence on the exponents nf
ij , these interactions are by construction flavour-violating,

4In the global case, the Nambu-Goldstone boson of a spontaneously broken flavour symmetry is usually

called “familon” [39–44]. In the case of a FN U(1)F with colour anomaly, the field a has also been dubbed

“flaxion” or “axiflavon”, because it automatically provides a solution to the strong CP problem, behaving

like a QCD axion [9, 10].
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Physical flavon U(1) gauge boson, Z’

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

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

flavon is then given by

�' = �(' ! Z 0Z 0)+
X

↵,�

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

⇤
+

X

↵,�

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

⇤
. (2.32)

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

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

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

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

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

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

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

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

the theory will include a Z 0 gauge boson with mass

mZ0 =
p
2 gF h�i = gF v� , (3.1)

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

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

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

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

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

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

L = gF Z 0
µ

⇥
ui�

µ(QQi
PL +Qui

PR)ui + di�
µ(QQi

PL +QdiPR)di+

`i�
µ(QLi

PL +QeiPR)`i + ⌫̄i�
µ
QLi

PL⌫i
⇤
. (3.2)

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

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

L = gF Z 0
µ

h
u↵�

µ(Cu
L↵� PL + Cu

R↵� PR)u� + d↵�
µ(Cd

L↵� PL + Cd
R↵� PR)d� +

`↵�
µ(C`

L↵� PL + C`
R↵� PR)`� + ⌫̄↵�

µC⌫
L↵� PL⌫�

i
, (3.3)

where the (hermitian) coupling matrices read:

Cf
L↵� ⌘ V f

↵iQfLi
V f ⇤
�i , Cf

R↵� ⌘ W f
↵iQfRi

W f ⇤
�i . (3.4)

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

it is suppressed by a t-c rotation in the mass eigenstate basis.
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How light can the flavour dynamics be?

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

Low-energy flavour models

• Local flavour symmetry       flavour gauge bosons, e.g. abelian Z' : 

• FV couplings to fermions (different generations have different charges) 

• FCNC also arise at tree-level, e.g.: 

• Additional contributions arise from the messenger sector 

 

→ both fields decay into SM fermions and are produced in the early universe by 
thermal interactions (O(1) couplings with the fields at Λ)

→ we have to require their lifetime < 0.1 s in order not to affect BBN

Given the moderate value of the reactor angle, ✓e3 ⇡ 0.1 [36], good fits to the neutrino

oscillation data can also be obtained in presence of mildly hierarchical charges at the price

of rather large values of ✏` ⇡ 0.3� 0.4 [37, 38]:

(QL1 , QL2 , QL3) = (QL + 1, QL, QL) [µ⌧ Anarchy] , (2.20)

(QL1 , QL2 , QL3) = (QL + 2, QL + 1, QL) [Hierarchy] . (2.21)

Again, the observed mass hierarchy of charged leptons can be achieved with a suitable

choice of Qei . However, note that, in these last two cases, quite large values of the charges

may be needed to obtain the required suppression. Furthermore, in these scenarios the

Z 0 unavoidably couples at least to some LH leptons and in particular to neutrinos, which

makes its phenomenology more dependent on the details of the neutrino sector (including

unknown properties thereof, such as the absolute neutrino mass). For these reasons, we

will consider the anarchical charge assignment in Eqs. (2.18) and (2.19) as our benchmark

scenario for numerical considerations.
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Therefore, for perturbative values of the self-interaction, the flavon mass is at most of

the order of the FN-breaking scale (which, as we will see, flavour processes constrain to be
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