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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)
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Pseudo Nambu-Goldstone bosons: naturally light  & weakly interacting


Many scenarios motivated by outstanding problems of the SM:

Axion-like particles
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• 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)



Lepton-flavour-violating ALPs
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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
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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: 
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Feng et al. ‘97

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

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


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


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

Summary of searches for light invisible LFV ALPs

µ ! ea
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couplings 

all equal

https://arxiv.org/abs/2006.04795


What about heavier ALPs?

Lorenzo Calibbi (Nankai)ALPs at muon experiments

Indirect tests through processes they induce: 

e.g. muonium-antimuonium oscillations

Direct production in muon beam collisions

If ma > m𝜇, constraints on LFV ALPs are much weaker

We have two possible strategies to test the 𝜇-e interaction:

→ also see talks by Li Qiang and Gao Le-Yuan
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Low-energy test: muonium-antimuonium oscillations
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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)

38
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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

�
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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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Figure40:IllustrativeFeynmandiagramsoflightBSMstatesproducedviatheircouplings

withtheflavorsector,includingthelightdarkpion⇡̂andtheALPa.LEFT:Illustrative

FeynmandiagramsfortheALPproductioninZ!⌧�⌧+eventsvialeptonflavorviolating

couplings.RIGHT:B+!K+⇡̂(!µ+µ�).Theflavor-changinginteractionbetweenthe

SMquarksand⇡̂canariseeitheratthetreelevelorthroughanEWloop.

asthedarkpion⇡̂[343],etc.Asaparadigmaticexample,letusconsideranALPathat

coupleswiththeSMfermionsviathedimension-5operators
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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]
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where the loop function B reads
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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]
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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

◆
(CA

eµ)
2

����
2

+

|c1,0|
2

����(C
V
eµ)

2
�

✓
1�

1
p
1 +X2

◆
(CA

eµ)
2

����
2
#
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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 oscillation 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]
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µTRISTAN proposal : µ+µ+ and µ+e≠ colliders

The idea is to cool and focus µ+ beams, a technology developed at JPARC
[Abe et al., 1901.03047]
The µ+ beams could be accelerated up to 1 TeV and made to collide with :

30 GeV e≠ beam

æ “Higgs factory” withÔs ƒ 346 GeV

æ Expected integrated

luminosity L = 1 ab
≠1

OR

1 TeV µ+ beam

æ “Discovery machine” withÔs = 2 TeV

æ Expected integrated

luminosity L = 100 fb
≠1
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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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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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However, asymmetric beams reduce signal efficiency:

About 70% (50%) of ALP decay products fly outside the 
geometric acceptance for a detector with |𝜂|<2.5 (3.5) 
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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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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
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i
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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
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which show a m⌧/mµ enhancement compared to contributions involving a single LFV
coupling. Similarly, ⌧ ! µ� receives contributions from electron loops, which read

F
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while muon loops contribute to ⌧ ! e� as follows,
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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)
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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
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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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µ ! e�

µ ! eee

µN ! eN

https://inspirehep.net/files/ce85406a79c9b422b7c719ee342da72b
https://arxiv.org/abs/1911.06279
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(a) LFV (e-µ) couplings only
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(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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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 

https://arxiv.org/abs/2406.13234


Summary

Past (upcoming) searches for muon decays into invisible 
ALPs can test new physics scales up to 109 (1010) GeV

Lorenzo Calibbi (Nankai)ALPs at muon experiments

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

Currently, ALPs heavier than muons are subject to much 
weaker constraints

Complementary tests on ALP 𝜇-e interactions can be 
performed by MACE (ma≲5 GeV) and 𝜇TRISTAN (ma≳5 GeV)

If flavour-conserving interactions are also sizeable, LFV 
muon decay set important constraints unless, ma≳100 GeV  
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𝜇 → e a: signal and background
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Figure 1: Cartoon summarizing the relevant kinematical variables describing the decay

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

circles good!]

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

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

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

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

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

circles good!]
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The angular distribution of the positrons for the signal will depend on the initial muon

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

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

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 –

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 depends on the chirality of the couplings

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

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

Lorenzo Calibbi (Nankai)ALPs at muon experiments



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

�(`i ! `ja) =
1

16⇡

m3
`i

F 2
`i`j

 
1�

m2
j

m2
i

!3

, (3.1)

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

ma = 0 for simplicity)

d�

d cos ✓
=

m3
µ

32⇡F 2
µe

"
1 + 2P cos ✓

CV
µeC

A
µe

(CV
µe)

2 + (CA
µe)

2

#
, (3.2)

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

tion vector and the electron momentum.

3.1 Muon decays: FA,V
µe

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

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

BR(µ ! ea) ⇡ �(µ ! ea)

�(µ ! e ⌫ ⌫̄)
. 2.6 · 10�6 ) f & 6 · 109 GeV . (3.3)

) f & 2.8 · 107 GeV (3.4)

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

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

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

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

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

d2�

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

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

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

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

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

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

(3.5) goes to zero for Eline
e = mµ/2. The distribution of the signal for a polarized beam
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(Of course the scalar potential and the EWSB can get quite involved here, and

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

d�

d cos ✓
=

m3
µ

32⇡F 2
µe

"
1 + 2P cos ✓
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µeC

A
µe
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µe)

2 + (CA
µe)

2

#
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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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Ordinary

d�(µ+ ! e+ a)

d cos ✓
=

�µ!e a

2

"
1 + 2P cos ✓

CV
eµC

A
eµ

(CV
eµ)

2 + (CA
eµ)

2

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

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

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

for the isotropic case, they set the limit

thus one gets

• Jodidio et al. (TRIUMF) 1986

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

) fa/C
V,A
eµ > 2.4⇥ 109 GeV

Currently strongest limit on 𝜇 → e a

Lorenzo Calibbi (Nankai)ALPs at muon experiments
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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 𝜇 → ea in the whole ma range considering anisotropy of the signal
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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:

) Fµe > 1.0⇥ 109 GeV
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Figure 10: Expected limits at 90% CL on the branching fraction of µ ! eX in the phase I
Mu3e experiment. The momentum calibration is either obtained from the same momentum
spectrum with a left out signal window (red line) or is assumed to be obtained from another
process such as Bhabha or Mott scattering (black line). Observed limits by the TWIST
experiment are shown in blue [11].
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Process ALP couplings Cross section (fb)

e�µ+
! e+µ� CA

eµ or CV
eµ 9.7⇥ 10�9

CA
eµ = CV

eµ 5.1⇥ 10�8

e�µ+
! ��

CA
eµ or CV

eµ, C� 4.3⇥ 10�7

CA
eµ = CV

eµ, C� 8.5⇥ 10�7

e�µ+
! µ�⌧+

CA
µ⌧ = CA

eµ or CV
µ⌧ = CV

eµ 3.1⇥ 10�6

CA
µ⌧ = CV

µ⌧ = CA
eµ = CV

eµ 7.3⇥ 10�6

e�µ+
! ⌧�⌧+

CA
µ⌧ = CA

e⌧ or CV
µ⌧ = CV

e⌧ 2.9⇥ 10�4

CA
µ⌧ = CV

µ⌧ = CA
e⌧ = CV

e⌧ 1.0⇥ 10�3

µ+µ+
! e+e+

CA
eµ or CV

eµ 2.3⇥ 10�10

CA
eµ = CV

eµ 1.2⇥ 10�9

µ+µ+
! ⌧+⌧+

CA
⌧µ or CV

⌧µ 2.3⇥ 10�5

CA
⌧µ = CV

⌧µ 9.4⇥ 10�5

Table 1: Cross sections of some ALP-mediated LFV processes in e�µ+ collisions (with beam energies
Ee = 30 GeV, Eµ = 1 TeV) and µ+µ+ collisions (with Eµ = 1 TeV for both beams). For the ALP
mass and decay constant we take ma = 1 GeV, fa = 100 GeV. The only non-vanishing couplings are
indicated in the second column and are set equal to one, CA,V

`i`j
= 1, with the exception of the coupling to

photons, C�
a
fa
F eF , that is set to C� = ↵/4⇡ — that corresponds to EUV = 1 according to the notation in

Appendix A. All cross sections scale as (100 GeV/fa)4.

Notice that we set fa = 100 GeV and the relevant couplings CA,V
`i`j

= 1, which corresponds to |gA,V
eµ | =

5.3⇥ 10�4 and |gA,V
`⌧ | = 8.9⇥ 10�3, as one can see from Eq. (4). As we mentioned, the scale fa is related

to the vacuum expectation value (vev) of the scalar field that breaks the underlying U(1) symmetry. As
a consequence, we expect that viable UV completions of the effective Lagrangian in Eq. (1) will require
fa & 100 GeV, hence |gA,V

eµ | . 10�3 and |gA,V
`⌧ | . 10�2. Hence, the cross sections in Table 1 are arguably

the largest possible within realistic ALP models and we can conclude that µTRISTAN would not be capable
to test LFV ALPs through these processes.

3.2 ALP production through LFV interactions

We now turn to the more promising class of processes featuring an on-shell ALP in the final state. Since the
dominant diagrams require a single ALP interaction, such processes are affected by a milder suppression,
⇠ 1/f2

a , than those considered in the previous subsection. Table 2 lists on-shell ALP production processes
involving electroweak Z/� boson interactions and the LFV ALP couplings. The collision of e� and µ+

beams can yield the 2 ! 2 processes e�µ+
! a� and e�µ+

! aZ through the CA,V
eµ interaction and a

photon/Z boson radiation. The others are all 2 ! 3 processes from t-channel Z/� diagrams with an ALP
emitted from an initial- or final-state lepton. Notice that those with a ⌧ lepton in the final state are induced by
the CA,V

`⌧ couplings and their cross sections are enhanced by the ⌧ mass, that is, by a factor ⇠ (m⌧/mµ)2 —
see Eq. (4) — compared to the processes that only involve electrons and muons. Furthermore, processes
with the ALP emitted from the muon have a substantially larger cross section than those with the ALP
emitted from the electron, due to the large asymmetry of the beam energies in e�µ+ collisions. The
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ALP Processes at µTRISTAN

ALP mediation
µ+

e�/µ+

a

SM

SM

e.g, µ+µ+ æ ¸+¸+, ““,
e≠µ+ æ ¸+¸

Õ≠

‡ Ã 1/f 4
a

ALP production
aµ+

e�/µ+

SM

e.g, µ+µ+ æ ¸+¸(Õ)+a,
e≠µ+ æ ¸+¸

Õ≠a, a“, aZ
‡ Ã 1/f 2

a

We focus on the following modes as a way to probe LFV ALP couplings :
CA,V

eµ : e≠µ+ æ a“ ;
CA,V

µ· : e≠µ+ æ e≠·+a and µ+µ+ æ µ+·+a ;
CA,V

e· : e≠µ+ æ ·≠µ+a .
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Process ALP couplings ma (GeV) Cross section (fb)

e�µ+
! a� CA

eµ = CV
eµ

1 3.0⇥ 10�2

10 3.0⇥ 10�2

100 3.3⇥ 10�2

e�µ+
! aZ CA

eµ = CV
eµ

1 5.9⇥ 10�2

10 4.8⇥ 10�2

100 3.1⇥ 10�2

e�µ+
! µ�µ+a CA

eµ = CV
eµ

1 1.4⇥ 10�3

10 1.1⇥ 10�3

100 7.2⇥ 10�4

e�µ+
! e�e+a CA

eµ = CV
eµ

1 8.0⇥ 10�3

10 4.2⇥ 10�3

100 9.8⇥ 10�4

e�µ+
! e�⌧+a CA

µ⌧ = CV
µ⌧

1 1.4
10 0.93

100 8.6⇥ 10�2

e�µ+
! ⌧�µ+a CA

e⌧ = CV
e⌧

1 3.3⇥ 10�2

10 1.7⇥ 10�2

100 2.3⇥ 10�3

µ+µ+
! µ+e+a CA

eµ = CV
eµ

1 8.7⇥ 10�4

10 5.1⇥ 10�4

100 1.8⇥ 10�4

µ+µ+
! µ+⌧+a CA

µ⌧ = CV
µ⌧

1 0.23

10 0.14

100 0.05

Table 2: Same as Table 1 for ALP production processes that only involve one LFV ALP vertex, hence
the cross sections scale as (100 GeV/fa)2. The resulting cross sections are the same if the ALP couples to
leptons with CA

`i`j
= �CV

`i`j
, while they are a factor of two smaller if either CA

`i`j
= 0 or CV

`i`j
= 0. The

most promising processes (highlighted in blue) are discussed in detail in the next sections.

highlighted processes have large enough cross sections to be a realistic target at µTRISTAN.2 Hence, in the
following analysis, we will focus on the following ALP production modes as a way to probe the three LFV
ALP couplings:

• CA,V
eµ : e�µ+

! a� ;

• CA,V
µ⌧ : e�µ+

! e�⌧+a and µ+µ+
! µ+⌧+a ;

• CA,V
e⌧ : e�µ+

! ⌧�µ+a .
2We do not study e�µ+

! aZ, although its cross section can be even larger than e�µ+
! a�. In fact, the number of signal

events would decrease significantly in exclusive searches targeting specific Z decay modes. Furthermore, as we will see, the
final-state particles produced in asymmetric e�µ+ collisions tend to have a large pseudorapidity. This substantially reduces the
reconstruction efficiency of Z bosons, as a large fraction of the decay products is outside the geometric acceptance of the detector.
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Simulation of 𝜇TRISTAN sensitivity
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Event analysis
Signal and background events are generated using MADGRAPH, PYTHIA, and
MADSPIN.
Detector response is simulated using DELPHES.
Resulting events are analysed using ROOT.
We apply the default basic generator-level cuts on the final-state photons or
charged leptons in MADGRAPH.
Statistical significance is defined as

S = NSÔ
NS + NB

, NS(B) = ‡S(B) ◊ ÁS(B) ◊ L ,

Signal e�ciency : ÁS © Ásel ◊ Ácut

selection e�ciency signal acceptance after cuts.

Includes geometric acceptance of
detector and particle id probabilities
Finally, we show the expected 95% CL exclusion potential of µTRISTAN.

Lopamudra Mukherjee, Nankai University 7 / 13
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Figure 3: Geometric efficiency of electrons and muons from ALP decays as a function of the ALP mass,
for two different designs of the detector: |⌘|max = 2.5 (solid lines) and |⌘|max = 3.5 (dashed lines).

particle identification. We plot "geo as a function of the ALP mass, showing how it varies in the case of a
detector with |⌘|max = 3.5 (dashed lines) instead of |⌘|max = 2.5 (solid lines). As expected, "geo increases
if a larger lepton pseudorapidity range is allowed. However, even in such a case, a substantial proportion of
signal events is lost, especially for light ALPs (50%� 60%).5

In Figure 4, we plot the resulting sensitivity of µTRISTAN in the ma � |gV,Aeµ | plane for a purely LFV
ALP with CV

eµ = CA
eµ (left panel) and an ALP with all LFC and LFV couplings CA,V

`i`j
equal (right panel).

The solid (dashed) curves show the lower limits on the couplings that can be obtained by a detector with
|⌘|max = 2.5 (|⌘|max = 3.5) searching for the different signatures discussed in this section, assuming an
integrated luminosity of L = 10 ab�1. As mentioned, these limits scale as ⇠

�
10 ab�1/L

�1/2 in the
situations where there are no background events.

For a light ALP with LFC couplings (right plot), let us note the interplay between the search for an
invisible ALP, which loses sensitivity if the ALP lifetime is reduced (for larger values of ma and larger
couplings), and the search for a ! e+e� which is more sensitive to the latter situation, cf. Figure 1.

As we can see from both plots, the best sensitivity on the LFV couplings can be achieved by the
background-free search for a ! e+µ� if that is kinematically allowed. This search can test the parameter
space substantially beyond the limits from low-energy LFV processes (shown as coloured regions) espe-
cially for a purely LFV ALP (left plot). For an ALP with also LFC couplings (right plot), µTRISTAN
could test some unconstrained region only if ma & 50 GeV. In either scenario, low-energy constraints on
light LFV ALPs already exclude the complete range of couplings that could be tested at µTRISTAN. In the
following, we discuss in detail the current and future limits from low-energy LFV processes.

Present and future LFV and g � 2 constraints. In Figure 5, we summarise present and expected future
constraints from searches for low-energy LFV processes, denoting them as coloured regions and dot-dashed
lines, respectively. The ALP contributions to these processes are computed by means of the expressions

5We checked that the presence of a forward muon detector covering large pseudorapidities (up to |⌘|max = 8) does not substan-
tially improve the reach of the most sensitive search we consider — the one targeting the LFV ALP decay a ! e+µ� — which
is still limited by the reduced probability of detecting the positron. We also checked that, instead, the angular separation between
positron and photon does not give any further limitation on the detection of our signal. For instance, imposing ✓e� > 0.2 has no
appreciable impact on our estimated sensitivities.
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μ+μ+ → μ+τ+�(→ τ+μ-)� τ-���
�-μ+ → �-τ+�(→ τ+μ-)� τ-���
μ+μ+ → μ+τ+�(→ τ+μ-)� τ+→�+ντν�
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(b) LFV (µ-⌧ ) and LFC couplings

(c) LFV (e-⌧ ) couplings only (d) LFV (e-⌧ ) and LFC couplings

Figure 7: Sensitivity of µTRISTAN to ALP production through LFV interactions with ⌧ leptons. In the first
row, the expected 95% CL exclusion limits on |gV,Aµ⌧ | as a function of ma are shown for a purely LFV ALP
with CA

µ⌧ = CV
µ⌧ (left panel) and an ALP with LFC and LFV couplings and CA

`` = CA,V
µ⌧ (right panel). Solid

(dashed) lines denote sensitivities of a detector with |⌘|max = 2.5 (|⌘|max = 3.5). Analogously, the plots in
the second row show limits on |gV,Ae⌧ | for the case CA

e⌧ = CV
e⌧ (left panel) and CA

`` = CA,V
e⌧ (right panel).

The coloured regions are excluded by low-energy leptonic processes: two-body tau decay into muon or
electron and an invisible boson (brown), ⌧ ! ```(0) decays (pink), ⌧ ! e� (yellow), the ALP contribution
to muon or electron g � 2, respectively, �aµ and �ae (purple). See main text for details.

metric e�µ+ collisions, as discussed above in the case of searches for e�µ+
! a�. As shown in the

right plot of Figure 6, the combination of these effects limit the signal efficiency to "S . 10% (25%) for
e�µ+ (µ+µ+) collisions. In addition, no sensitivity is expected for ALP masses smaller than 10� 20 GeV,
because this results in hadronic taus that are too soft to be detected, as mentioned above.

Due to the limited sensitivity to light ALPs, we also consider signal selection based on leptonic ⌧

decays, for which �S is reduced by a factor [BR(⌧ ! `⌫⌫̄)]2 ⇡ 3% (times the branching fraction of the
selected a ! `⌧ mode) relative to the production cross section displayed in the left panel of Figure 6.

The cross sections of the BG processes relevant to ALP searches involving hadronic and leptonic taus
are displayed, respectively, in Table 6 and Table 7. As we can see, searches for ⌧ LFV ALPs at µTRISTAN
operating as a e�µ+ collider are expected to be background-free for L = 10 fb�1. In contrast, the SM
background for the searches based on µ+µ+ is non-negligible, but only gives O(10) events. Following
from Eq. (7), this mildly limits the resulting sensitivity on the µ-⌧ ALP couplings.
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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
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