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Motivation

Neutrino masses/oscillations () Le, Lµ, L⌧
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Lepton family numbers are not conserved: 

why not µ ! e�, ⌧ ! µ�, µ ! eee, etc. ?
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Why are we searching for CLFV?

• Neutrinos oscillate → Lepton family numbers are not conserved! 

• Neutrino mass eigenstates couple to charged leptons of different      
flavours through the PMNS 

• In the SM + massive neutrinos:  

    Large mixing, but huge suppression due to small neutrino masses  

  

Cheng Li ’77, ’80; Petcov ‘77 
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BR(µ ! e�) ⇡ BR(⌧ ! e�) ⇡ BR(⌧ ! µ�) = 10�55 ÷ 10�54
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  In presence of NP at the TeV we can expect large effects 
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e.g. SUSY

Borzumati Masiero ‘86; 
Hisano et al. ‘95

• Unambiguous signal of New Physics 

• Stringent test of NP coupling to leptons 

• It probes scales far beyond the LHC reach

Why are we searching for CLFV?
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A. Schöning, Heidelberg                                    4                                        ZPW2018, January 2017

History of LFV Decay experimentsHistory of LFV Decay experiments

Mu3e I

Mu3e II

… and we have experiments

 Sought for more than 70 years…

Belle/BaBar
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from 36 institutions in six countries, including Italy, Germany, and the UK. Using 100 kW of
protons from PIP-II, the Mu2e-II projected sensitivity is a factor ten or more better than the
Mu2e sensitivity. Data taking could begin in the late 2020s.

The COMET collaboration is also heavily involved in R&D towards the PRISM project, which
combines COMET Phase-II with an FFAG muon storage ring to potentially provide muon beam
intensities of > 1012 stop-µ/s with a narrow momentum bite allowing the use of very thin
stopping targets, and significantly reduced pion contamination owing to the increased transport
path length. In conjunction with an upgrade to the J-PARC proton source to achieve 1.3 MW
and to the detector systems to accomodate the higher rates, PRISM o↵ers the potential to
achieve sensitivies to µ�N ! e�N of the order of 10�19. The monochromatic, pion-suppressed,
high-intensity muon beam provided by PRISM will allow the use of stopping targets comprised
of heavy elements, such as gold or lead, that can be important in understanding the underlying
new physics operators in the event of a discovery [33].

Summary
The MEG, Mu3e, Mu2e, and COMET experiments use intense muon beams to provide the broadest,
deepest, most sensitive probes of charged-lepton flavour violating interactions and to explore
the BSM parameter space with sensitivity to new physics mass scales of 103 � 104 TeV/c2,
well beyond what can be directly probed at colliders. Over the next five years, currently
planned experiments in Europe, the US, and Asia will begin taking data and will extend the
sensitivity to µ ! e charged-lepton flavour violating transitions by orders of magnitude. Further
improvements are possible and new or upgraded experiments are being considered that would
utilize upgraded accelerator facilities at PSI, Fermilab, and J-PARC. The schedule of planned
and proposed experiments is summarized in the figure below. Strong European participation
in the design, construction, data taking, and analysis will be important for the success of these
future endeavors and represents a prudent investment complementary to searches at colliders.

We urge the committee to strongly support the continued participation of European institu-
tions in experiments searching for charged-lepton flavour violating µ ! e transitions using
high-intensity beams at facilities in Europe, the US, and Asia, including possible upgraded
experiments at next-generation facilities available the latter half of the next decade at PSI,
Fermilab, and J-PARC.

Figure 1: Planned data taking schedules for current experiments that search for charged-lepton flavor

violating µ ! e transitions. Also shown are possible schedules for future proposed upgrades to these

experiments. The current best limits for each process are shown on the left in parentheses, while

expected future sensitivities are indicated by order of magnitude along the bottom of each row.
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Figure 47. – Projected time lines for di↵erent projects searching for CLFV decays. MEG II
is expected to start data taking in 2020 after an engineering run in 2019; Mu3e magnet and
detectors are expected at the end of 2020; Mu2e foresees three years of data taking starting in
2022; COMET Phase-I is expected to start commissioning and data taking in 2020 for two-three
years, followed by a stop to develop and deploy the beamline and detectors for Phase-II; DeeMe
is expected to start soon and take data with graphite and silicon carbide targets in sequence;
Belle II is schedule to start data taking at end 2018.

10�16 and 10�18 for µ+ ! e+� and µ ! eee respectively even at excellent resolutions
(see Figure 24 a and b, Figure 34 ) hence it seems reasonable to assume that 10�16 ÷
10�15 represent an ultimate limit for the µ+ ! e+� decay search, maybe done with an
“extended” Mu3e experiment(39), while the sensitivity to the µ ! eee decay itself could
be pushed by a further order of magnitude with respect to the projected sensitivity by
the usage of an active target [276] but not much below.

For µ ! e conversion experiments there is no contribution from random coincidences
and the DIO background could be kept below 10�19 provided the energy resolution is good
enough. Reaching the level of 10�18 or beyond on Rµe would require an increase in signal
and a reduction in the background induced by beam pions and out-of-time particles.
In this respect the PRISM (Phase Rotated Intense Slow Muon-source) project [320] is
studying the production of a more intense negative muon pulsed beam (1011 µ�/s) with
an energy spread so small (below 0.5 MeV) to be able to stop the beam in a single thin
target, to reduce the target contribution to the electron energy measurement. Instead
of selecting monochromatic muons, reducing their number, their phase space is rotated
such in a way as to pass from a bunch of particle with a large energy spread but a sharp
timing to particles spread in time (⇠ 100 ns) but with a narrow energy distribution, by
means of a few turns in a fixed field, alternating gradient (FFAG) storage ring. Coupled
to a COMET-like detector this should allow to reach a SES of ⇡ 3 ⇥ 10�18.

A similar study is being pursued at the FNAL complex to increase by a factor of 10

(39) In a pre-print appeared while writing this review [343] an attempt is made to give this simple
line of reasoning a more quantitative form, though not considering the possibility of multiple
targets.

Belle II:
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Motivation

Lorenzo Calibbi (Nankai)LFV into ALPs

What if we haven’t looked (enough) in the right place?

Definitely worth to keep searching, but…



Lorenzo Calibbi (Nankai)LFV into ALPs

Introduction

  Assume there is a light, invisible, new particle “a”
with FV couplings to leptons

CLFV modes would then be

Interesting interplay with cosmo/astro:

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

ma < mμ , mτ

μ → e a, τ → μ a, μ → e γ a, etc .

• DM candidate? (if long-lived enough) 
• Bounds from star cooling/supernovae (if light and feeble enough)
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Lepton-flavour-violating ALPs

    

• Lepton Number                Majoron 

• Peccei-Quinn                   Axion   

• Flavour symmetry            Familon

PNGB:Global symmetry:

…

Why should a be light and feebly-coupled? 

Examples:

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

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

Wilczek ‘82

Pilaftsis ‘93

Feng et al. ‘97

LC Goertz Redigolo 
Ziegler Zupan ‘16

Di Luzio et al. ‘17, ’19 

…

https://arxiv.org/abs/1602.03810
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.49.1549
https://arxiv.org/abs/hep-ph/9308258v1
https://arxiv.org/abs/hep-ph/9709411
https://arxiv.org/abs/hep-ph/1612.08040
https://arxiv.org/abs/hep-ph/1612.08040


Lepton-flavour-violating ALPs
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General couplings to leptons:



Lepton-flavour-violating ALPs

Lorenzo Calibbi (Nankai)LFV into ALPs

La`` =
@µa

2fa

�
CV

ij `i�µ`j + CA
ij `i�µ�5`j

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

General couplings to leptons:
Shift symmetry (PNGB!) → ma from (small) explicit U(1) breaking

U(1)-breaking scale → coupling suppression
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General couplings to leptons:

Where does lepton flavour violation come from?

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

• Alternatively, loop-induced flavour-violating couplings

Two explicit examples following…
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Froggatt-Nielsen flavour models

• 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

small expansion parameter (M=UV scale)

Froggatt Nielsen ‘79
Leurer Seiberg Nir ’92, ’93 

…

Lorenzo Calibbi (Nankai)LFV into ALPs

GF could abelian or non-abelian, continuous or discrete, local or global 

LYuk. =

✓
h�i
M

◆nf
ij

f̄L ifR jH
<latexit sha1_base64="fi7A0KlddV0J5tUSpX1uHIMnmkI="></latexit>

⟨ϕ⟩ < M ϵ ≡ ⟨ϕ⟩/M
 dictated by the symmetrynf

ij



Example:

Froggatt-Nielsen U(1)

Yu ⇠

0

@
✏8 ✏5 ✏3

✏7 ✏4 ✏2

✏5 ✏2 1

1

A Yd ⇠

0

@
✏7 ✏5 ✏5

✏6 ✏4 ✏4

✏4 ✏2 ✏2

1

A

� q̄i ui di h
U(1) -1 [q]i [u]i [d]i 0

<latexit sha1_base64="Sbv33T1wf6AQP9VSIU0hR/q6XDI="></latexit><latexit sha1_base64="Sbv33T1wf6AQP9VSIU0hR/q6XDI="></latexit><latexit sha1_base64="Sbv33T1wf6AQP9VSIU0hR/q6XDI="></latexit><latexit sha1_base64="Sbv33T1wf6AQP9VSIU0hR/q6XDI="></latexit>

yuij = auij ✏
[q]i+[u]j

ydij = adij ✏
[q]i+[d]j

<latexit sha1_base64="xSXeulF0nDRmWeLilUM8J2gHCpw="></latexit><latexit sha1_base64="xSXeulF0nDRmWeLilUM8J2gHCpw="></latexit><latexit sha1_base64="xSXeulF0nDRmWeLilUM8J2gHCpw="></latexit><latexit sha1_base64="xSXeulF0nDRmWeLilUM8J2gHCpw="></latexit>

✏ = h�i/M ⇡ 0.23
<latexit sha1_base64="pUCLG1wMut49WcL1DHtNL2ZUUvw=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4ameqoBuh6MaNUME+oFNKJr1tQzNJSDJiKf0MN/6KGxeKuO3OvzF9LLT1wIWTc+4l955IcWas7397qZXVtfWN9GZma3tndy+7f1A1MtEUKlRyqesRMcCZgIpllkNdaSBxxKEW9W8mfu0RtGFSPNiBgmZMuoJ1GCXWSa1sIQRlGJcCX+GQE9HlgEPVYzjUs0fhDodEKS2fsJ8vnrWyOT/vT4GXSTAnOTRHuZUdh21JkxiEpZwY0wh8ZZtDoi2jHEaZMDGgCO2TLjQcFSQG0xxODxvhE6e0cUdqV8Liqfp7YkhiYwZx5DpjYntm0ZuI/3mNxHYum0MmVGJB0NlHnYRjK/EkJdxmGqjlA0cI1cztimmPaEKtyzLjQggWT14m1WI+8PPB/XmudD2PI42O0DE6RQG6QCV0i8qogih6Rq/oHX14L96b9+l9zVpT3nzmEP2BN/4B9S+eag==</latexit><latexit sha1_base64="pUCLG1wMut49WcL1DHtNL2ZUUvw=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4ameqoBuh6MaNUME+oFNKJr1tQzNJSDJiKf0MN/6KGxeKuO3OvzF9LLT1wIWTc+4l955IcWas7397qZXVtfWN9GZma3tndy+7f1A1MtEUKlRyqesRMcCZgIpllkNdaSBxxKEW9W8mfu0RtGFSPNiBgmZMuoJ1GCXWSa1sIQRlGJcCX+GQE9HlgEPVYzjUs0fhDodEKS2fsJ8vnrWyOT/vT4GXSTAnOTRHuZUdh21JkxiEpZwY0wh8ZZtDoi2jHEaZMDGgCO2TLjQcFSQG0xxODxvhE6e0cUdqV8Liqfp7YkhiYwZx5DpjYntm0ZuI/3mNxHYum0MmVGJB0NlHnYRjK/EkJdxmGqjlA0cI1cztimmPaEKtyzLjQggWT14m1WI+8PPB/XmudD2PI42O0DE6RQG6QCV0i8qogih6Rq/oHX14L96b9+l9zVpT3nzmEP2BN/4B9S+eag==</latexit><latexit sha1_base64="pUCLG1wMut49WcL1DHtNL2ZUUvw=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4ameqoBuh6MaNUME+oFNKJr1tQzNJSDJiKf0MN/6KGxeKuO3OvzF9LLT1wIWTc+4l955IcWas7397qZXVtfWN9GZma3tndy+7f1A1MtEUKlRyqesRMcCZgIpllkNdaSBxxKEW9W8mfu0RtGFSPNiBgmZMuoJ1GCXWSa1sIQRlGJcCX+GQE9HlgEPVYzjUs0fhDodEKS2fsJ8vnrWyOT/vT4GXSTAnOTRHuZUdh21JkxiEpZwY0wh8ZZtDoi2jHEaZMDGgCO2TLjQcFSQG0xxODxvhE6e0cUdqV8Liqfp7YkhiYwZx5DpjYntm0ZuI/3mNxHYum0MmVGJB0NlHnYRjK/EkJdxmGqjlA0cI1cztimmPaEKtyzLjQggWT14m1WI+8PPB/XmudD2PI42O0DE6RQG6QCV0i8qogih6Rq/oHX14L96b9+l9zVpT3nzmEP2BN/4B9S+eag==</latexit><latexit sha1_base64="pUCLG1wMut49WcL1DHtNL2ZUUvw=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4ameqoBuh6MaNUME+oFNKJr1tQzNJSDJiKf0MN/6KGxeKuO3OvzF9LLT1wIWTc+4l955IcWas7397qZXVtfWN9GZma3tndy+7f1A1MtEUKlRyqesRMcCZgIpllkNdaSBxxKEW9W8mfu0RtGFSPNiBgmZMuoJ1GCXWSa1sIQRlGJcCX+GQE9HlgEPVYzjUs0fhDodEKS2fsJ8vnrWyOT/vT4GXSTAnOTRHuZUdh21JkxiEpZwY0wh8ZZtDoi2jHEaZMDGgCO2TLjQcFSQG0xxODxvhE6e0cUdqV8Liqfp7YkhiYwZx5DpjYntm0ZuI/3mNxHYum0MmVGJB0NlHnYRjK/EkJdxmGqjlA0cI1cztimmPaEKtyzLjQggWT14m1WI+8PPB/XmudD2PI42O0DE6RQG6QCV0i8qogih6Rq/oHX14L96b9+l9zVpT3nzmEP2BN/4B9S+eag==</latexit>

(V u,d
L )ij ⇡ ✏|[q]i�[q]j | (V u,d

R )ij ⇡ ✏|[u,d]i�[u,d]j |
<latexit sha1_base64="gvrsdk67/cboah/lsS/IHHf3FQM="></latexit><latexit sha1_base64="gvrsdk67/cboah/lsS/IHHf3FQM="></latexit><latexit sha1_base64="gvrsdk67/cboah/lsS/IHHf3FQM="></latexit><latexit sha1_base64="gvrsdk67/cboah/lsS/IHHf3FQM="></latexit>

Vud ⇡ Vcs ⇡ Vtb ⇡ 1 Vub ⇡ Vtd ⇡ Vus ⇥ Vcb
<latexit sha1_base64="27o/2BR3ejnen/Q/vQiuxLpGqYE=">AAACVHicbVFLSwMxEM5urdaqterRS7AUPJVdEfRY9OKxgn1At5RsNm1Dsw+TiViW/ZF6EPwlXjyYbhe0rQMJ33zfPDITPxFcgeN8WnZpp7y7V9mvHhwe1Y7rJ6c9FWtJWZfGIpYDnygmeMS6wEGwQSIZCX3B+v78fqn3X5hUPI6eYJGwUUimEZ9wSsBQ4/q8N051kGGPJImMX7FxqVpzwf91Xew9axLk11LT/nroeiGtMg94yFRe1c/G9YbTcnLD28AtQAMV1hnX370gpjpkEVBBlBq6TgKjlEjgVLCs6mnFEkLnZMqGBkbE9Bql+VIy3DRMgCexNCcCnLN/M1ISKrUIzQTNkMBMbWpL8j9tqGFyO0p5lGhgEV01mmiBIcbLDeOAS0ZBLAwgVHLzVkxnRBIK5h+qZgnu5sjboHfVcp2W+3jdaN8V66igc3SBLpGLblAbPaAO6iKK3tCXhSzL+rC+7ZJdXoXaVpFzhtbMrv0Awmi0pQ==</latexit><latexit sha1_base64="27o/2BR3ejnen/Q/vQiuxLpGqYE=">AAACVHicbVFLSwMxEM5urdaqterRS7AUPJVdEfRY9OKxgn1At5RsNm1Dsw+TiViW/ZF6EPwlXjyYbhe0rQMJ33zfPDITPxFcgeN8WnZpp7y7V9mvHhwe1Y7rJ6c9FWtJWZfGIpYDnygmeMS6wEGwQSIZCX3B+v78fqn3X5hUPI6eYJGwUUimEZ9wSsBQ4/q8N051kGGPJImMX7FxqVpzwf91Xew9axLk11LT/nroeiGtMg94yFRe1c/G9YbTcnLD28AtQAMV1hnX370gpjpkEVBBlBq6TgKjlEjgVLCs6mnFEkLnZMqGBkbE9Bql+VIy3DRMgCexNCcCnLN/M1ISKrUIzQTNkMBMbWpL8j9tqGFyO0p5lGhgEV01mmiBIcbLDeOAS0ZBLAwgVHLzVkxnRBIK5h+qZgnu5sjboHfVcp2W+3jdaN8V66igc3SBLpGLblAbPaAO6iKK3tCXhSzL+rC+7ZJdXoXaVpFzhtbMrv0Awmi0pQ==</latexit><latexit sha1_base64="27o/2BR3ejnen/Q/vQiuxLpGqYE=">AAACVHicbVFLSwMxEM5urdaqterRS7AUPJVdEfRY9OKxgn1At5RsNm1Dsw+TiViW/ZF6EPwlXjyYbhe0rQMJ33zfPDITPxFcgeN8WnZpp7y7V9mvHhwe1Y7rJ6c9FWtJWZfGIpYDnygmeMS6wEGwQSIZCX3B+v78fqn3X5hUPI6eYJGwUUimEZ9wSsBQ4/q8N051kGGPJImMX7FxqVpzwf91Xew9axLk11LT/nroeiGtMg94yFRe1c/G9YbTcnLD28AtQAMV1hnX370gpjpkEVBBlBq6TgKjlEjgVLCs6mnFEkLnZMqGBkbE9Bql+VIy3DRMgCexNCcCnLN/M1ISKrUIzQTNkMBMbWpL8j9tqGFyO0p5lGhgEV01mmiBIcbLDeOAS0ZBLAwgVHLzVkxnRBIK5h+qZgnu5sjboHfVcp2W+3jdaN8V66igc3SBLpGLblAbPaAO6iKK3tCXhSzL+rC+7ZJdXoXaVpFzhtbMrv0Awmi0pQ==</latexit><latexit sha1_base64="27o/2BR3ejnen/Q/vQiuxLpGqYE=">AAACVHicbVFLSwMxEM5urdaqterRS7AUPJVdEfRY9OKxgn1At5RsNm1Dsw+TiViW/ZF6EPwlXjyYbhe0rQMJ33zfPDITPxFcgeN8WnZpp7y7V9mvHhwe1Y7rJ6c9FWtJWZfGIpYDnygmeMS6wEGwQSIZCX3B+v78fqn3X5hUPI6eYJGwUUimEZ9wSsBQ4/q8N051kGGPJImMX7FxqVpzwf91Xew9axLk11LT/nroeiGtMg94yFRe1c/G9YbTcnLD28AtQAMV1hnX370gpjpkEVBBlBq6TgKjlEjgVLCs6mnFEkLnZMqGBkbE9Bql+VIy3DRMgCexNCcCnLN/M1ISKrUIzQTNkMBMbWpL8j9tqGFyO0p5lGhgEV01mmiBIcbLDeOAS0ZBLAwgVHLzVkxnRBIK5h+qZgnu5sjboHfVcp2W+3jdaN8V66igc3SBLpGLblAbPaAO6iKK3tCXhSzL+rC+7ZJdXoXaVpFzhtbMrv0Awmi0pQ==</latexit>

Quark sector

V f†
L Y fV f

R = Y f
diag

<latexit sha1_base64="CPDULYVHGN0O3H2h0C2Yg9+ia2A=">AAACC3icbZC9TsMwFIWd8lfKX4CRxWqFxFQlCAkWpAoWBoaCaFrUppHjOK1Vx4lsB6mKurPwKiwMIMTKC7DxNjhtBmi5kq1P59wr+x4/YVQqy/o2SkvLK6tr5fXKxubW9o65u+fIOBWYtHDMYtHxkSSMctJSVDHSSQRBkc9I2x9d5n77gQhJY36nxglxIzTgNKQYKS15ZtXxrvtZ2AvQYALv+yF0vFt9n+fsZQHVsmfWrLo1LbgIdgE1UFTTM796QYzTiHCFGZKya1uJcjMkFMWMTCq9VJIE4REakK5GjiIi3Wy6ywQeaiWAYSz04QpO1d8TGYqkHEe+7oyQGsp5Lxf/87qpCs/cjPIkVYTj2UNhyqCKYR4MDKggWLGxBoQF1X+FeIgEwkrHV9Eh2PMrL4JzXLetun1zUmtcFHGUwQGogiNgg1PQAFegCVoAg0fwDF7Bm/FkvBjvxsestWQUM/vgTxmfP1DcmfI=</latexit><latexit sha1_base64="CPDULYVHGN0O3H2h0C2Yg9+ia2A=">AAACC3icbZC9TsMwFIWd8lfKX4CRxWqFxFQlCAkWpAoWBoaCaFrUppHjOK1Vx4lsB6mKurPwKiwMIMTKC7DxNjhtBmi5kq1P59wr+x4/YVQqy/o2SkvLK6tr5fXKxubW9o65u+fIOBWYtHDMYtHxkSSMctJSVDHSSQRBkc9I2x9d5n77gQhJY36nxglxIzTgNKQYKS15ZtXxrvtZ2AvQYALv+yF0vFt9n+fsZQHVsmfWrLo1LbgIdgE1UFTTM796QYzTiHCFGZKya1uJcjMkFMWMTCq9VJIE4REakK5GjiIi3Wy6ywQeaiWAYSz04QpO1d8TGYqkHEe+7oyQGsp5Lxf/87qpCs/cjPIkVYTj2UNhyqCKYR4MDKggWLGxBoQF1X+FeIgEwkrHV9Eh2PMrL4JzXLetun1zUmtcFHGUwQGogiNgg1PQAFegCVoAg0fwDF7Bm/FkvBjvxsestWQUM/vgTxmfP1DcmfI=</latexit><latexit sha1_base64="CPDULYVHGN0O3H2h0C2Yg9+ia2A=">AAACC3icbZC9TsMwFIWd8lfKX4CRxWqFxFQlCAkWpAoWBoaCaFrUppHjOK1Vx4lsB6mKurPwKiwMIMTKC7DxNjhtBmi5kq1P59wr+x4/YVQqy/o2SkvLK6tr5fXKxubW9o65u+fIOBWYtHDMYtHxkSSMctJSVDHSSQRBkc9I2x9d5n77gQhJY36nxglxIzTgNKQYKS15ZtXxrvtZ2AvQYALv+yF0vFt9n+fsZQHVsmfWrLo1LbgIdgE1UFTTM796QYzTiHCFGZKya1uJcjMkFMWMTCq9VJIE4REakK5GjiIi3Wy6ywQeaiWAYSz04QpO1d8TGYqkHEe+7oyQGsp5Lxf/87qpCs/cjPIkVYTj2UNhyqCKYR4MDKggWLGxBoQF1X+FeIgEwkrHV9Eh2PMrL4JzXLetun1zUmtcFHGUwQGogiNgg1PQAFegCVoAg0fwDF7Bm/FkvBjvxsestWQUM/vgTxmfP1DcmfI=</latexit><latexit sha1_base64="CPDULYVHGN0O3H2h0C2Yg9+ia2A=">AAACC3icbZC9TsMwFIWd8lfKX4CRxWqFxFQlCAkWpAoWBoaCaFrUppHjOK1Vx4lsB6mKurPwKiwMIMTKC7DxNjhtBmi5kq1P59wr+x4/YVQqy/o2SkvLK6tr5fXKxubW9o65u+fIOBWYtHDMYtHxkSSMctJSVDHSSQRBkc9I2x9d5n77gQhJY36nxglxIzTgNKQYKS15ZtXxrvtZ2AvQYALv+yF0vFt9n+fsZQHVsmfWrLo1LbgIdgE1UFTTM796QYzTiHCFGZKya1uJcjMkFMWMTCq9VJIE4REakK5GjiIi3Wy6ywQeaiWAYSz04QpO1d8TGYqkHEe+7oyQGsp5Lxf/87qpCs/cjPIkVYTj2UNhyqCKYR4MDKggWLGxBoQF1X+FeIgEwkrHV9Eh2PMrL4JzXLetun1zUmtcFHGUwQGogiNgg1PQAFegCVoAg0fwDF7Bm/FkvBjvxsestWQUM/vgTxmfP1DcmfI=</latexit>

Rotation matrices

Successful predictions for                     :

([q]1, [q]2, [q]3) = (3, 2, 0) ([u]1, [u]2, [u]3) = (5, 2, 0) ([d]1, [d]2, [d]3) = (4, 2, 2)
<latexit sha1_base64="lIn91sjmA2HWlOzrv0SQhqBR830="></latexit><latexit sha1_base64="lIn91sjmA2HWlOzrv0SQhqBR830="></latexit><latexit sha1_base64="lIn91sjmA2HWlOzrv0SQhqBR830="></latexit><latexit sha1_base64="lIn91sjmA2HWlOzrv0SQhqBR830="></latexit>

V CKM = V uV d†
<latexit sha1_base64="cQr53HR1V8HpaSNstugLrLw5dFE=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5KIoBeh2IsgQgWbFpq0bDabduluEnY3Qgk5ePGvePGgiFd/hDf/jds2B219MPB4b4aZeX7CqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/wJFxKjBp45jFousjSRiNSFtRxUg3EQRxn5GOP25O/c4DEZLG0b2aJMTjaBjRkGKktDQwq04/cwWHzZvbHF5Cp5/qygI3QMN8YNasujUDXCZ2QWqgQGtgfrlBjFNOIoUZkrJnW4nyMiQUxYzkFTeVJEF4jIakp2mEOJFeNnsih8daCWAYC12RgjP190SGuJQT7utOjtRILnpT8T+vl6rwwstolKSKRHi+KEwZVDGcJgIDKghWbKIJwoLqWyEeIYGw0rlVdAj24svLxDmt21bdvjurNa6KOMqgCo7ACbDBOWiAa9ACbYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucP5diW+Q==</latexit><latexit sha1_base64="cQr53HR1V8HpaSNstugLrLw5dFE=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5KIoBeh2IsgQgWbFpq0bDabduluEnY3Qgk5ePGvePGgiFd/hDf/jds2B219MPB4b4aZeX7CqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/wJFxKjBp45jFousjSRiNSFtRxUg3EQRxn5GOP25O/c4DEZLG0b2aJMTjaBjRkGKktDQwq04/cwWHzZvbHF5Cp5/qygI3QMN8YNasujUDXCZ2QWqgQGtgfrlBjFNOIoUZkrJnW4nyMiQUxYzkFTeVJEF4jIakp2mEOJFeNnsih8daCWAYC12RgjP190SGuJQT7utOjtRILnpT8T+vl6rwwstolKSKRHi+KEwZVDGcJgIDKghWbKIJwoLqWyEeIYGw0rlVdAj24svLxDmt21bdvjurNa6KOMqgCo7ACbDBOWiAa9ACbYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucP5diW+Q==</latexit><latexit sha1_base64="cQr53HR1V8HpaSNstugLrLw5dFE=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5KIoBeh2IsgQgWbFpq0bDabduluEnY3Qgk5ePGvePGgiFd/hDf/jds2B219MPB4b4aZeX7CqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/wJFxKjBp45jFousjSRiNSFtRxUg3EQRxn5GOP25O/c4DEZLG0b2aJMTjaBjRkGKktDQwq04/cwWHzZvbHF5Cp5/qygI3QMN8YNasujUDXCZ2QWqgQGtgfrlBjFNOIoUZkrJnW4nyMiQUxYzkFTeVJEF4jIakp2mEOJFeNnsih8daCWAYC12RgjP190SGuJQT7utOjtRILnpT8T+vl6rwwstolKSKRHi+KEwZVDGcJgIDKghWbKIJwoLqWyEeIYGw0rlVdAj24svLxDmt21bdvjurNa6KOMqgCo7ACbDBOWiAa9ACbYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucP5diW+Q==</latexit><latexit sha1_base64="cQr53HR1V8HpaSNstugLrLw5dFE=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5KIoBeh2IsgQgWbFpq0bDabduluEnY3Qgk5ePGvePGgiFd/hDf/jds2B219MPB4b4aZeX7CqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/wJFxKjBp45jFousjSRiNSFtRxUg3EQRxn5GOP25O/c4DEZLG0b2aJMTjaBjRkGKktDQwq04/cwWHzZvbHF5Cp5/qygI3QMN8YNasujUDXCZ2QWqgQGtgfrlBjFNOIoUZkrJnW4nyMiQUxYzkFTeVJEF4jIakp2mEOJFeNnsih8daCWAYC12RgjP190SGuJQT7utOjtRILnpT8T+vl6rwwstolKSKRHi+KEwZVDGcJgIDKghWbKIJwoLqWyEeIYGw0rlVdAj24svLxDmt21bdvjurNa6KOMqgCo7ACbDBOWiAa9ACbYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucP5diW+Q==</latexit>

(independent of charge assignment)

Lorenzo Calibbi (Nankai)LFV into ALPs



Froggatt-Nielsen U(1)

Lorenzo Calibbi (Nankai)LFV into ALPs

LH charges can chosen to give a (quasi-)anarchical PMNS 

RH charges then responsible for charged leptons hierarchy

� L̄i ei h
U(1) -1 [L]i [e]i 0

<latexit sha1_base64="e7CzTc7hGFbmhV9KpayKoGRlmwE="></latexit><latexit sha1_base64="e7CzTc7hGFbmhV9KpayKoGRlmwE="></latexit><latexit sha1_base64="e7CzTc7hGFbmhV9KpayKoGRlmwE="></latexit><latexit sha1_base64="e7CzTc7hGFbmhV9KpayKoGRlmwE="></latexit>

Examples: Altarelli Feruglio Masina Merlo ‘12

• Anarchy  

• Mu-tau anarchy 

• Hierarchy 

([L]1, [L]2, [L]3) = ([L], [L], [L])
<latexit sha1_base64="tAk2raL5uVHc4j4ssIqAgG57AsM=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRaKCWpBd0IBTcuXFSwD0hDmEwn7dDJJMxMhBL6BW78FTcuFHHr2p1/46TNQlsPXO7hnHuZucePGZXKsr6NtfWNza3twk5xd2//4NA8Ou7KKBGYdHDEItH3kSSMctJRVDHSjwVBoc9Iz59cZ37vgQhJI36vpjFxQzTiNKAYKS15Zrni3LqeXRvUst7I+3n1KtNreVU9s2TVrTngKrFzUgI52p75NRhGOAkJV5ghKR3bipWbIqEoZmRWHCSSxAhP0Ig4mnIUEumm83NmsKyVIQwioYsrOFd/b6QolHIa+noyRGosl71M/M9zEhVcuinlcaIIx4uHgoRBFcEsGzikgmDFppogLKj+K8RjJBBWOsGiDsFePnmVdBt126rbd81Sq5nHUQCn4AxUgA0uQAvcgDboAAwewTN4BW/Gk/FivBsfi9E1I985AX9gfP4AYRWYeQ==</latexit><latexit sha1_base64="tAk2raL5uVHc4j4ssIqAgG57AsM=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRaKCWpBd0IBTcuXFSwD0hDmEwn7dDJJMxMhBL6BW78FTcuFHHr2p1/46TNQlsPXO7hnHuZucePGZXKsr6NtfWNza3twk5xd2//4NA8Ou7KKBGYdHDEItH3kSSMctJRVDHSjwVBoc9Iz59cZ37vgQhJI36vpjFxQzTiNKAYKS15Zrni3LqeXRvUst7I+3n1KtNreVU9s2TVrTngKrFzUgI52p75NRhGOAkJV5ghKR3bipWbIqEoZmRWHCSSxAhP0Ig4mnIUEumm83NmsKyVIQwioYsrOFd/b6QolHIa+noyRGosl71M/M9zEhVcuinlcaIIx4uHgoRBFcEsGzikgmDFppogLKj+K8RjJBBWOsGiDsFePnmVdBt126rbd81Sq5nHUQCn4AxUgA0uQAvcgDboAAwewTN4BW/Gk/FivBsfi9E1I985AX9gfP4AYRWYeQ==</latexit><latexit sha1_base64="tAk2raL5uVHc4j4ssIqAgG57AsM=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRaKCWpBd0IBTcuXFSwD0hDmEwn7dDJJMxMhBL6BW78FTcuFHHr2p1/46TNQlsPXO7hnHuZucePGZXKsr6NtfWNza3twk5xd2//4NA8Ou7KKBGYdHDEItH3kSSMctJRVDHSjwVBoc9Iz59cZ37vgQhJI36vpjFxQzTiNKAYKS15Zrni3LqeXRvUst7I+3n1KtNreVU9s2TVrTngKrFzUgI52p75NRhGOAkJV5ghKR3bipWbIqEoZmRWHCSSxAhP0Ig4mnIUEumm83NmsKyVIQwioYsrOFd/b6QolHIa+noyRGosl71M/M9zEhVcuinlcaIIx4uHgoRBFcEsGzikgmDFppogLKj+K8RjJBBWOsGiDsFePnmVdBt126rbd81Sq5nHUQCn4AxUgA0uQAvcgDboAAwewTN4BW/Gk/FivBsfi9E1I985AX9gfP4AYRWYeQ==</latexit><latexit sha1_base64="tAk2raL5uVHc4j4ssIqAgG57AsM=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRaKCWpBd0IBTcuXFSwD0hDmEwn7dDJJMxMhBL6BW78FTcuFHHr2p1/46TNQlsPXO7hnHuZucePGZXKsr6NtfWNza3twk5xd2//4NA8Ou7KKBGYdHDEItH3kSSMctJRVDHSjwVBoc9Iz59cZ37vgQhJI36vpjFxQzTiNKAYKS15Zrni3LqeXRvUst7I+3n1KtNreVU9s2TVrTngKrFzUgI52p75NRhGOAkJV5ghKR3bipWbIqEoZmRWHCSSxAhP0Ig4mnIUEumm83NmsKyVIQwioYsrOFd/b6QolHIa+noyRGosl71M/M9zEhVcuinlcaIIx4uHgoRBFcEsGzikgmDFppogLKj+K8RjJBBWOsGiDsFePnmVdBt126rbd81Sq5nHUQCn4AxUgA0uQAvcgDboAAwewTN4BW/Gk/FivBsfi9E1I985AX9gfP4AYRWYeQ==</latexit>

([L]1, [L]2, [L]3) = ([L] + 1, [L], [L])
<latexit sha1_base64="C/P6zr9ug4pC6T62vEm64wk9b6Q=">AAACEHicbVBNS8NAEN3Ur1q/oh69BIvYYinZWtCLUPDiwUMF+wFpCJvtpl262YTdjVBKf4IX/4oXD4p49ejNf+OmzUFbHwzz9s0Ms/P8mFGpbPvbyK2srq1v5DcLW9s7u3vm/kFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv7oOq13HoiQNOL3ahwTN0QDTgOKkdKSZ56WnFvXg5VeJc21LJ+Xr1L9DKavNMqeWbSr9gzWMoEZKYIMTc/86vUjnISEK8yQlA60Y+VOkFAUMzIt9BJJYoRHaEAcTTkKiXQns4Om1olW+lYQCR1cWTP198QEhVKOQ193hkgN5WItFf+rOYkKLt0J5XGiCMfzRUHCLBVZqTtWnwqCFRtrgrCg+q8WHiKBsNIeFrQJcPHkZdKuVaFdhXf1YqOe2ZEHR+AYlAAEF6ABbkATtAAGj+AZvII348l4Md6Nj3lrzshmDsEfGJ8/SlWY6Q==</latexit><latexit sha1_base64="C/P6zr9ug4pC6T62vEm64wk9b6Q=">AAACEHicbVBNS8NAEN3Ur1q/oh69BIvYYinZWtCLUPDiwUMF+wFpCJvtpl262YTdjVBKf4IX/4oXD4p49ejNf+OmzUFbHwzz9s0Ms/P8mFGpbPvbyK2srq1v5DcLW9s7u3vm/kFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv7oOq13HoiQNOL3ahwTN0QDTgOKkdKSZ56WnFvXg5VeJc21LJ+Xr1L9DKavNMqeWbSr9gzWMoEZKYIMTc/86vUjnISEK8yQlA60Y+VOkFAUMzIt9BJJYoRHaEAcTTkKiXQns4Om1olW+lYQCR1cWTP198QEhVKOQ193hkgN5WItFf+rOYkKLt0J5XGiCMfzRUHCLBVZqTtWnwqCFRtrgrCg+q8WHiKBsNIeFrQJcPHkZdKuVaFdhXf1YqOe2ZEHR+AYlAAEF6ABbkATtAAGj+AZvII348l4Md6Nj3lrzshmDsEfGJ8/SlWY6Q==</latexit><latexit sha1_base64="C/P6zr9ug4pC6T62vEm64wk9b6Q=">AAACEHicbVBNS8NAEN3Ur1q/oh69BIvYYinZWtCLUPDiwUMF+wFpCJvtpl262YTdjVBKf4IX/4oXD4p49ejNf+OmzUFbHwzz9s0Ms/P8mFGpbPvbyK2srq1v5DcLW9s7u3vm/kFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv7oOq13HoiQNOL3ahwTN0QDTgOKkdKSZ56WnFvXg5VeJc21LJ+Xr1L9DKavNMqeWbSr9gzWMoEZKYIMTc/86vUjnISEK8yQlA60Y+VOkFAUMzIt9BJJYoRHaEAcTTkKiXQns4Om1olW+lYQCR1cWTP198QEhVKOQ193hkgN5WItFf+rOYkKLt0J5XGiCMfzRUHCLBVZqTtWnwqCFRtrgrCg+q8WHiKBsNIeFrQJcPHkZdKuVaFdhXf1YqOe2ZEHR+AYlAAEF6ABbkATtAAGj+AZvII348l4Md6Nj3lrzshmDsEfGJ8/SlWY6Q==</latexit><latexit sha1_base64="C/P6zr9ug4pC6T62vEm64wk9b6Q=">AAACEHicbVBNS8NAEN3Ur1q/oh69BIvYYinZWtCLUPDiwUMF+wFpCJvtpl262YTdjVBKf4IX/4oXD4p49ejNf+OmzUFbHwzz9s0Ms/P8mFGpbPvbyK2srq1v5DcLW9s7u3vm/kFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv7oOq13HoiQNOL3ahwTN0QDTgOKkdKSZ56WnFvXg5VeJc21LJ+Xr1L9DKavNMqeWbSr9gzWMoEZKYIMTc/86vUjnISEK8yQlA60Y+VOkFAUMzIt9BJJYoRHaEAcTTkKiXQns4Om1olW+lYQCR1cWTP198QEhVKOQ193hkgN5WItFf+rOYkKLt0J5XGiCMfzRUHCLBVZqTtWnwqCFRtrgrCg+q8WHiKBsNIeFrQJcPHkZdKuVaFdhXf1YqOe2ZEHR+AYlAAEF6ABbkATtAAGj+AZvII348l4Md6Nj3lrzshmDsEfGJ8/SlWY6Q==</latexit>

([L]1, [L]2, [L]3) = ([L] + 2, [L] + 1, [L])
<latexit sha1_base64="RK/SozldHqLI7pRzdTciI61wQvQ=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoaSmTWtCNUHDjwkUF+4DpMGTStA3NPEgyQhn6DW78FTcuFHHryp1/Y6adhbZeSO7JOfdyc48XcSaVZX0bubX1jc2t/HZhZ3dv/8A8POrIMBaEtknIQ9HzsKScBbStmOK0FwmKfY/Trje5TvXuAxWShcG9mkbU8fEoYENGsNKUa5ZL9q3jomq/muZ6ls/LVylfqaevCkrvsmsWrZo1D7gKUAaKIIuWa371ByGJfRoowrGUNrIi5SRYKEY4nRX6saQRJhM8oraGAfapdJL5SjN4ppkBHIZCn0DBOfu7I8G+lFPf05U+VmO5rKXkf5odq+Glk7AgihUNyGLQMOZQhTD1Bw6YoETxqQaYCKb/CskYC0yUdrGgTUDLK6+CTr2GrBq6axSbjcyOPDgBp6AEELgATXADWqANCHgEz+AVvBlPxovxbnwsSnNG1nMM/oTx+QM21Jla</latexit><latexit sha1_base64="RK/SozldHqLI7pRzdTciI61wQvQ=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoaSmTWtCNUHDjwkUF+4DpMGTStA3NPEgyQhn6DW78FTcuFHHryp1/Y6adhbZeSO7JOfdyc48XcSaVZX0bubX1jc2t/HZhZ3dv/8A8POrIMBaEtknIQ9HzsKScBbStmOK0FwmKfY/Trje5TvXuAxWShcG9mkbU8fEoYENGsNKUa5ZL9q3jomq/muZ6ls/LVylfqaevCkrvsmsWrZo1D7gKUAaKIIuWa371ByGJfRoowrGUNrIi5SRYKEY4nRX6saQRJhM8oraGAfapdJL5SjN4ppkBHIZCn0DBOfu7I8G+lFPf05U+VmO5rKXkf5odq+Glk7AgihUNyGLQMOZQhTD1Bw6YoETxqQaYCKb/CskYC0yUdrGgTUDLK6+CTr2GrBq6axSbjcyOPDgBp6AEELgATXADWqANCHgEz+AVvBlPxovxbnwsSnNG1nMM/oTx+QM21Jla</latexit><latexit sha1_base64="RK/SozldHqLI7pRzdTciI61wQvQ=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoaSmTWtCNUHDjwkUF+4DpMGTStA3NPEgyQhn6DW78FTcuFHHryp1/Y6adhbZeSO7JOfdyc48XcSaVZX0bubX1jc2t/HZhZ3dv/8A8POrIMBaEtknIQ9HzsKScBbStmOK0FwmKfY/Trje5TvXuAxWShcG9mkbU8fEoYENGsNKUa5ZL9q3jomq/muZ6ls/LVylfqaevCkrvsmsWrZo1D7gKUAaKIIuWa371ByGJfRoowrGUNrIi5SRYKEY4nRX6saQRJhM8oraGAfapdJL5SjN4ppkBHIZCn0DBOfu7I8G+lFPf05U+VmO5rKXkf5odq+Glk7AgihUNyGLQMOZQhTD1Bw6YoETxqQaYCKb/CskYC0yUdrGgTUDLK6+CTr2GrBq6axSbjcyOPDgBp6AEELgATXADWqANCHgEz+AVvBlPxovxbnwsSnNG1nMM/oTx+QM21Jla</latexit><latexit sha1_base64="RK/SozldHqLI7pRzdTciI61wQvQ=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoaSmTWtCNUHDjwkUF+4DpMGTStA3NPEgyQhn6DW78FTcuFHHryp1/Y6adhbZeSO7JOfdyc48XcSaVZX0bubX1jc2t/HZhZ3dv/8A8POrIMBaEtknIQ9HzsKScBbStmOK0FwmKfY/Trje5TvXuAxWShcG9mkbU8fEoYENGsNKUa5ZL9q3jomq/muZ6ls/LVylfqaevCkrvsmsWrZo1D7gKUAaKIIuWa371ByGJfRoowrGUNrIi5SRYKEY4nRX6saQRJhM8oraGAfapdJL5SjN4ppkBHIZCn0DBOfu7I8G+lFPf05U+VmO5rKXkf5odq+Glk7AgihUNyGLQMOZQhTD1Bw6YoETxqQaYCKb/CskYC0yUdrGgTUDLK6+CTr2GrBq6axSbjcyOPDgBp6AEELgATXADWqANCHgEz+AVvBlPxovxbnwsSnNG1nMM/oTx+QM21Jla</latexit>

([e]1, [e]2, [e]3) = (8� [L]1, 4� [L]2, 2� [L]3)
<latexit sha1_base64="uVpfK5tD6d+VCghso1PwxfcDu6w=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgt1JKkBbsRCm5cuKhgH5CGMJlO26GTBzMToYR+hxt/xY0LRdyJG//GSZqFtl4YzuGce7lzjxcxKqRhfGtr6xubW9uFneLu3v7BoX503BVhzDHp4JCFvO8hQRgNSEdSyUg/4gT5HiM9b3qd+r0HwgUNg3s5i4jjo3FARxQjqSRXN8s2cVyzOqimaOVYr1yVmxf2beo0MrSqVob1iquXjJqRFVwlZk5KIK+2q38OhiGOfRJIzJAQtmlE0kkQlxQzMi8OYkEihKdoTGxFA+QT4STZaXN4rpQhHIVcvUDCTP09kSBfiJnvqU4fyYlY9lLxP8+O5ajpJDSIYkkCvFg0ihmUIUxzgkPKCZZspgjCnKq/QjxBHGGp0iyqEMzlk1dJ16qZRs28a5RajTyOAjgFZ6AMTHAJWuAGtEEHYPAInsEreNOetBftXftYtK5p+cwJ+FPa1w91lJwU</latexit><latexit sha1_base64="uVpfK5tD6d+VCghso1PwxfcDu6w=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgt1JKkBbsRCm5cuKhgH5CGMJlO26GTBzMToYR+hxt/xY0LRdyJG//GSZqFtl4YzuGce7lzjxcxKqRhfGtr6xubW9uFneLu3v7BoX503BVhzDHp4JCFvO8hQRgNSEdSyUg/4gT5HiM9b3qd+r0HwgUNg3s5i4jjo3FARxQjqSRXN8s2cVyzOqimaOVYr1yVmxf2beo0MrSqVob1iquXjJqRFVwlZk5KIK+2q38OhiGOfRJIzJAQtmlE0kkQlxQzMi8OYkEihKdoTGxFA+QT4STZaXN4rpQhHIVcvUDCTP09kSBfiJnvqU4fyYlY9lLxP8+O5ajpJDSIYkkCvFg0ihmUIUxzgkPKCZZspgjCnKq/QjxBHGGp0iyqEMzlk1dJ16qZRs28a5RajTyOAjgFZ6AMTHAJWuAGtEEHYPAInsEreNOetBftXftYtK5p+cwJ+FPa1w91lJwU</latexit><latexit sha1_base64="uVpfK5tD6d+VCghso1PwxfcDu6w=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgt1JKkBbsRCm5cuKhgH5CGMJlO26GTBzMToYR+hxt/xY0LRdyJG//GSZqFtl4YzuGce7lzjxcxKqRhfGtr6xubW9uFneLu3v7BoX503BVhzDHp4JCFvO8hQRgNSEdSyUg/4gT5HiM9b3qd+r0HwgUNg3s5i4jjo3FARxQjqSRXN8s2cVyzOqimaOVYr1yVmxf2beo0MrSqVob1iquXjJqRFVwlZk5KIK+2q38OhiGOfRJIzJAQtmlE0kkQlxQzMi8OYkEihKdoTGxFA+QT4STZaXN4rpQhHIVcvUDCTP09kSBfiJnvqU4fyYlY9lLxP8+O5ajpJDSIYkkCvFg0ihmUIUxzgkPKCZZspgjCnKq/QjxBHGGp0iyqEMzlk1dJ16qZRs28a5RajTyOAjgFZ6AMTHAJWuAGtEEHYPAInsEreNOetBftXftYtK5p+cwJ+FPa1w91lJwU</latexit><latexit sha1_base64="uVpfK5tD6d+VCghso1PwxfcDu6w=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgt1JKkBbsRCm5cuKhgH5CGMJlO26GTBzMToYR+hxt/xY0LRdyJG//GSZqFtl4YzuGce7lzjxcxKqRhfGtr6xubW9uFneLu3v7BoX503BVhzDHp4JCFvO8hQRgNSEdSyUg/4gT5HiM9b3qd+r0HwgUNg3s5i4jjo3FARxQjqSRXN8s2cVyzOqimaOVYr1yVmxf2beo0MrSqVob1iquXjJqRFVwlZk5KIK+2q38OhiGOfRJIzJAQtmlE0kkQlxQzMi8OYkEihKdoTGxFA+QT4STZaXN4rpQhHIVcvUDCTP09kSBfiJnvqU4fyYlY9lLxP8+O5ajpJDSIYkkCvFg0ihmUIUxzgkPKCZZspgjCnKq/QjxBHGGp0iyqEMzlk1dJ16qZRs28a5RajTyOAjgFZ6AMTHAJWuAGtEEHYPAInsEreNOetBftXftYtK5p+cwJ+FPa1w91lJwU</latexit>

Charged lepton hierarchy: 
(with           )✏ ⇡ 0.2

<latexit sha1_base64="xZXSE028SMy86hGjYCpU0rvZb1s=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDTNF0GXRjcsK9gGdoWTSTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09cCFwzn3cu89sWRUG9//dtbWNza3tis71d29/YND9+i4o0WmMGljwYTqxUgTRjlpG2oY6UlFUBoz0o0nNzO/+0CUpoLfm1ySKEUjThOKkbHSwK2FRGrKBA+RlEo8Qt9rDNy67/lzwFUSlKQOSrQG7lc4FDhLCTeYIa37gS9NVCBlKGZkWg0zTSTCEzQifUs5SomOivnxU3hmlSFMhLLFDZyrvycKlGqdp7HtTJEZ62VvJv7n9TOTXEUF5TIzhOPFoiRj0Ag4SwIOqSLYsNwShBW1t0I8RgphY/Oq2hCC5ZdXSafhBb4X3F3Um9dlHBVwAk7BOQjAJWiCW9ACbYBBDp7BK3hznpwX5935WLSuOeVMDfyB8/kDHc6UZQ==</latexit><latexit sha1_base64="xZXSE028SMy86hGjYCpU0rvZb1s=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDTNF0GXRjcsK9gGdoWTSTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09cCFwzn3cu89sWRUG9//dtbWNza3tis71d29/YND9+i4o0WmMGljwYTqxUgTRjlpG2oY6UlFUBoz0o0nNzO/+0CUpoLfm1ySKEUjThOKkbHSwK2FRGrKBA+RlEo8Qt9rDNy67/lzwFUSlKQOSrQG7lc4FDhLCTeYIa37gS9NVCBlKGZkWg0zTSTCEzQifUs5SomOivnxU3hmlSFMhLLFDZyrvycKlGqdp7HtTJEZ62VvJv7n9TOTXEUF5TIzhOPFoiRj0Ag4SwIOqSLYsNwShBW1t0I8RgphY/Oq2hCC5ZdXSafhBb4X3F3Um9dlHBVwAk7BOQjAJWiCW9ACbYBBDp7BK3hznpwX5935WLSuOeVMDfyB8/kDHc6UZQ==</latexit><latexit sha1_base64="xZXSE028SMy86hGjYCpU0rvZb1s=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDTNF0GXRjcsK9gGdoWTSTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09cCFwzn3cu89sWRUG9//dtbWNza3tis71d29/YND9+i4o0WmMGljwYTqxUgTRjlpG2oY6UlFUBoz0o0nNzO/+0CUpoLfm1ySKEUjThOKkbHSwK2FRGrKBA+RlEo8Qt9rDNy67/lzwFUSlKQOSrQG7lc4FDhLCTeYIa37gS9NVCBlKGZkWg0zTSTCEzQifUs5SomOivnxU3hmlSFMhLLFDZyrvycKlGqdp7HtTJEZ62VvJv7n9TOTXEUF5TIzhOPFoiRj0Ag4SwIOqSLYsNwShBW1t0I8RgphY/Oq2hCC5ZdXSafhBb4X3F3Um9dlHBVwAk7BOQjAJWiCW9ACbYBBDp7BK3hznpwX5935WLSuOeVMDfyB8/kDHc6UZQ==</latexit><latexit sha1_base64="xZXSE028SMy86hGjYCpU0rvZb1s=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDTNF0GXRjcsK9gGdoWTSTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09cCFwzn3cu89sWRUG9//dtbWNza3tis71d29/YND9+i4o0WmMGljwYTqxUgTRjlpG2oY6UlFUBoz0o0nNzO/+0CUpoLfm1ySKEUjThOKkbHSwK2FRGrKBA+RlEo8Qt9rDNy67/lzwFUSlKQOSrQG7lc4FDhLCTeYIa37gS9NVCBlKGZkWg0zTSTCEzQifUs5SomOivnxU3hmlSFMhLLFDZyrvycKlGqdp7HtTJEZ62VvJv7n9TOTXEUF5TIzhOPFoiRj0Ag4SwIOqSLYsNwShBW1t0I8RgphY/Oq2hCC5ZdXSafhBb4X3F3Um9dlHBVwAk7BOQjAJWiCW9ACbYBBDp7BK3hznpwX5935WLSuOeVMDfyB8/kDHc6UZQ==</latexit>

3.2 Leptonic Familon

Here we discuss the familon, the PNGB arising from the spontaneous breaking of a global

Froggatt-Nielsen (FN) flavour symmetry, U(1)
FN

. We consider a flavour symmetry acting

on the leptonic sector only, assigning (positive) charges [L]
i

and [e]
i

to lepton doublets and
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where both Ye and Yd are lopsided matrices since F5̄ ̸= F10. The relation (13) should be corrected
since it leads to wrong mass equalities for the first two generations. The required corrections
are sizeable, but not huge and (13) can still be valid at the level of orders of magnitude. In
the limit where (13) is exact, it predicts a small contribution to the quark left-handed mixing
and a large contribution to the lepton left-handed mixing, which is exactly what we observe.
For the right-handed components a large (small) mixing for quarks (leptons) is predicted, which
however is not observable at low energies.

The neutrino mass matrix is mν ∝ F5̄wF5̄ v2/M . When (11) holds neutrino mass ratios and
mixing angles reproduce exactly the case of anarchy, since they are generated from the random,
order-one, matrix elements of w. However within the extreme choice in eq. (11) there is no
preference for the type of neutrino mass ordering and no explanation of the smallness of sin2 θ13
and ∆m2

sol/∆m2
atm. It is worth to replace (11) by a more generic possibility, such as

F5̄ =

⎛

⎝
λQ1 0 0
0 λQ2 0
0 0 1

⎞

⎠ . (14)

Here λ is an expansion parameter, typically smaller than 0.5 and Q1,2 are two positive charges,
Q1 ≥ Q2 ≥ 0. Anarchy is reproduced when Q1,2 = 0. It is not surprising that several examples
with Q1 non vanishing can be found where a small θ13 is more easily reproduced than in anarchy
[18, 19, 20, 21, 22]. In all the more successful examples the normal ordering of neutrino masses
is preferred. First hints of such a preference are currently shown in global fits to neutrino
oscillation experiments [23].

Figure 5. Probability distribu-
tion of sin θ13, for several choices of
F5̄, from ref. [20]: Anarchy [A,
(λ, Q1, Q2) = (0.2, 0, 0)], µτ -Anarchy
[Aµτ , (λ, Q1, Q2) = (0.2, 1, 0)], Hierarchy
[H, (λ, Q1, Q2) = (0.4, 2, 1)].

Figure 6. Probability distribution of
tan2 θ23, for several choices of F5̄, from ref.
[20]: Anarchy [A, (λ, Q1, Q2) = (0.2, 0, 0)],
µτ -Anarchy [Aµτ , (λ, Q1, Q2) = (0.2, 1, 0)],
Hierarchy [H, (λ, Q1, Q2) = (0.4, 2, 1)].

These results are impressive. All qualitative features of quarks and lepton masses and
mixing angles are reproduced. The difference between the two mixing matrices, VCKM and
UPMNS , is neatly explained. The amount of symmetry required is minimal. Apart from
the GUT symmetry that connects members of the same fermion generation, the observed
intergenerational hierarchies are all generated by few rescaling factors, which could arise even
without an underlying flavour symmetry. The same mechanism works for SO(10) GUTs as well
[24]. By extending the model by the inclusion of a set of right-handed neutrinos, leptogenesis

Froggatt-Nielsen U(1)

Lorenzo Calibbi (Nankai)LFV into ALPs

Lepton sector
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LH charges can chosen to give a (quasi-)anarchical PMNS 

RH charges then responsible for charged leptons hierarchy
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L and R rotations  

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

ties of the hermitian matrix M
D

M†
D

[9]: its determinant

is simply detM
D

M†
D

= detM
n

=
Q

6

j=1

m
j

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

D

M†
D

is positive definite, which yields a chain of in-

equalities for the o↵-diagonal entries (M
D

M†
D

)
ij

, i 6= j
(see e.g. Ref. [24]):

|(M
D

M†
D

)
ij

| <
q

(M
D

M†
D

)
ii

(M
D

M†
D

)
jj

 (M
D

M†
D

)
ii

+ (M
D

M†
D

)
jj

2

 1

2
tr(M

D

M†
D

) .

(7)

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

D

M†
D

since its trace appears in many
couplings of the majoron.

From Eq. (3) all loop-induced majoron couplings are
necessarily proportional to 1/f . But many couplings con-
tain additional powers of M�1

R

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

2

m2

J

J2,
making J a pseudo-Goldstone boson. This mass could be
explicit [25, 26] or arise from quantum-gravity e↵ects [27–
29].

A. Neutrino couplings

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

L
J

=
iJ

2f

3X

j=1

m
j

n
j

�
5

n
j

. (8)

These diagonal majoron couplings to neutrinos are
formally second order in the seesaw expansion since
m

1,2,3

/f ⇠ M2

D

/(M
R

f) ⇠ (v/f)2. The omitted o↵-
diagonal Jn

i

n
j

couplings are determined by the ma-
trix AA†AM

R

AT /f ⇠ (v/f)3 which are further sup-
pressed, and lead to irrelevantly slow active-neutrino de-
cays n

i

! n
j

J [4].
Assuming for simplicity m

J

� m
1,2,3

, the majoron’s
partial decay rate into light neutrinos is

�(J ! ⌫⌫) =
m

J

16⇡f2

3X

j=1

m2

j

. (9)

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

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

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

B. Charged fermion couplings

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

L
Jqq

=
iJ

16⇡2v2f
tr(M

D

M†
D

)
�
d̄M

d

�
5

d� ūM
u

�
5

u
�
, (10)

and charged lepton couplings

L
J``

=
iJ

16⇡2v2f
¯̀
⇣
M

`

tr(M
D

M†
D

)�
5

+2M
`

M
D

M†
D

P
L

� 2M
D

M†
D

M
`

P
R

⌘
` ,

(11)

where M
`,u,d

denote the diagonal mass matrices of the
appropriate SM fermions. In addition to exhibiting de-
coupling in the seesaw limit M

R

⇠ f ! 1, these cou-
plings vanish in the electroweak symmetric limit v ! 0
as expected since J is an electroweak singlet. The quark
couplings can be used to derive the majoron couplings to
nucleons N = (p, n)T , using the values from Ref. [36]:

L
JNN

' iJ tr(M
D

M†
D

)

16⇡2v2f
N̄

✓�1.30m
p

0
0 1.24m

n

◆
�
5

N .

(12)

At this point let us make some remarks about CP vi-
olation. Already in the one-loop processes above one en-
counters loop-induced majoron mixing with the Brout–
Englert–Higgs boson h, which would result in majoron
couplings to the scalar bilinear f̄f as opposed to the
pseudo-scalar f̄ i�

5

f . It was noted in Ref. [17] that the
relevant J–h mixing diagrams vanish for m

J

= 0. For
m

J

6= 0 the J–h amplitude is of order (v/f)2 in see-
saw and hence negligible. This can be understood by
noting that CP-violating phases in the Davidson–Ibarra
parametrization reside both in the active-neutrino mass

FIG. 1. Loop-induced majoron couplings to charged fermions
with the Majorana neutrino mass eigenstates ni running in
the loops.
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Table 2: Bounds on the coe�cients of some of the flavour-violating operators of Table 1 for
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No direct e↵ect is induced in the charged lepton sector by such an operator, but flavour
violation is transmitted to charged leptons via a W � ⌫ loop, although at an unobservable
level as we will see below. The situation might change as an e↵ect of the UV completion of
the Weinberg operator. Only three kinds of new fields can generate this operator at the tree
level: (i) fermions that are total singlets under the SM gauge group, usually called RH or
sterile; (ii) scalar SU(2)

L

triplets with hypercharge Y = 1; (iii) fermion SU(2)
L

triplets with
Y = 0. These three options – which have been respectively labelled as type I [cite], type II
[cite], and type III [cite] seesaw – are schematically depicted in Fig. 1. In the following, we
will sketch the main features of the three kinds of the seesaw mechanism for what concerns
the CLFV phenomenology.

The Lagrangian of type I seesaw can be written as

L = LSM + iN /@N �
✓
Y
N

N e�†L+
1

2
M

N

NN c + h.c.

◆
, (5)

where e� ⌘ i⌧2�⇤ and family indices are understood. M
N

is a matrix of Majorana mass terms
for the RH neutrinos (that give the necessary violation of L), whose number should be at
least two (three) in order to give mass to two (three) mostly LH (‘active’) neutrinos. Upon
EW symmetry breaking the Yukawa couplings in Y

N

give raise to Dirac RH-LH neutrino mass
terms Y

N

v/
p
2, hence the mass matrix for (⌫

L

, N c) reads in blocks:

M
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=

✓
0 Y T

N

v/
p
2

Y
N

v/
p
2 M

N

◆
. (6)

Assuming for the mass eigenvalues M
Nk of M

N

that M
Nk � Y

N

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

are identified with the active neutrinos:

m
⌫

= �v2

2
Y T

N

M�1
N

Y
N

. (7)

The CLFV e↵ects of the type I seesaw can be easily observed by considering that the
unitary matrix that diagonalises m

⌫

– the PMNS matrix U – does not coincide with the
matrix U that appears in the charged current, as an e↵ect of the mixing between LH and RH
neutrinos. In particular, U is not unitary:

U =

✓
1� v2

2
Y †
N

M�2
N

Y
N

◆
U . (8)

Entries of U then appear at the vertices of W �⌫ loop diagrams inducing the decays `
i

! `
j

�,
such that [cite]:

�(`
i

! `
j

�)

�(`
i

! `
j

⌫
i

⌫̄
j

)
=

3↵em

32⇡

���
P

k

U
ik

U†
kj

F (x
k

)
���
2

(UU†)
ii

(UU†)
jj

, (9)

where x
k

= m2
⌫k
/M2

W

(with m
⌫k the eigenvalues of m

⌫

) and the loop function reads:

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

3(x� 1)4
=

10

3
� x+O �

x2
�
. (10)

From the above equations, one can see that if the RH neutrinos are decoupled, U reduces to
the unitary PMNS U and the constant term in F (x

k

) does not contribute to �(`
i

! `
j

�).
As a consequence, one recovers from Eq. (9) the classical expression for the neutrino-induced
CLFV [cite] that is severely suppressed by the small neutrino mass di↵erences: BR(`

i

!
`
j

�) ⇠ |�m2
⌫k
/M2

W

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

1
Exact expressions – as well as formulae for `i ! `j`k`k and µ ! e conversion in nuclei – can be found in

[cite].

5

Type I seesaw:

Spontaneous breaking of the lepton number:

MN � YNv
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L-breaking term

The Majoron J arises when the scale M
N

(which breaks lepton number by two units) is

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

� =
f
N

+ �̂p
2

eiJ/fN . (6.15)

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

scalar � with coupling matrix �
N

, such that M
N

= �
N

f
N

/
p
2. This Yukawa term provides

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

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

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

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

Lagrangian (1.1) upon identifying a ! J, f
a

! f
N

. Using the results of Ref. [24], we find

for the resulting couplings
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where T u,d

3 = ±1/2. Note that F V

µe

= �FA

µe

, so the weaker bound on F
µe

applies.

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

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

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

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

since for Yukawas with a characteristic size |(y
D

)
ij

| ⇠ y the e↵ective suppression scale

of LFV decays is given by F ⇠ f
N

/C ⇠ 16⇡2f
N

/y2 ⇠ 16⇡2v2/m
⌫

⇠ 1016GeV, which

is far above the sensitivity of present experiments. However, since y
D

M�1
N

yT
D

transform

non-trivially under lepton number (in contrast to y
D

y†
D

), it is clear that light neutrino

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

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

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

results of Ref. [28] in the following.

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

mass matrix M
N

and Dirac Yukawa couplings parametrized as

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

symmetry M
N

! PM
N

P , y
D

! ei↵y
D

P with P = diag{ei↵, e�i↵}. Clearly this symmetry

is also respected by y
D

y†
D

, but not by the light neutrino mass matrix, which transform as

m
⌫

! e2i↵m
⌫

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

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

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

Couplings to SM fermions:
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| [⇤ = 1 TeV] ⇤ (TeV) [|C
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| = 1] CLFV Process
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``,ee
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Ceµ
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Ceµ
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Table 2: Bounds on the coe�cients of some of the flavour-violating operators of Table 1 for
⇤ = 1 TeV, and corresponding bounds on ⇤ (in TeV) for |C

x

| = 1. Adapted from [?, ?, ?].

No direct e↵ect is induced in the charged lepton sector by such an operator, but flavour
violation is transmitted to charged leptons via a W � ⌫ loop, although at an unobservable
level as we will see below. The situation might change as an e↵ect of the UV completion of
the Weinberg operator. Only three kinds of new fields can generate this operator at the tree
level: (i) fermions that are total singlets under the SM gauge group, usually called RH or
sterile; (ii) scalar SU(2)

L

triplets with hypercharge Y = 1; (iii) fermion SU(2)
L

triplets with
Y = 0. These three options – which have been respectively labelled as type I [cite], type II
[cite], and type III [cite] seesaw – are schematically depicted in Fig. 1. In the following, we
will sketch the main features of the three kinds of the seesaw mechanism for what concerns
the CLFV phenomenology.

The Lagrangian of type I seesaw can be written as

L = LSM + iN /@N �
✓
Y
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N e�†L+
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2
M

N

NN c + h.c.

◆
, (5)

where e� ⌘ i⌧2�⇤ and family indices are understood. M
N

is a matrix of Majorana mass terms
for the RH neutrinos (that give the necessary violation of L), whose number should be at
least two (three) in order to give mass to two (three) mostly LH (‘active’) neutrinos. Upon
EW symmetry breaking the Yukawa couplings in Y

N

give raise to Dirac RH-LH neutrino mass
terms Y
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p
2, hence the mass matrix for (⌫

L

, N c) reads in blocks:
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Assuming for the mass eigenvalues M
Nk of M

N

that M
Nk � Y

N

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

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

are identified with the active neutrinos:

m
⌫

= �v2

2
Y T

N

M�1
N

Y
N

. (7)

The CLFV e↵ects of the type I seesaw can be easily observed by considering that the
unitary matrix that diagonalises m

⌫

– the PMNS matrix U – does not coincide with the
matrix U that appears in the charged current, as an e↵ect of the mixing between LH and RH
neutrinos. In particular, U is not unitary:

U =

✓
1� v2

2
Y †
N

M�2
N

Y
N

◆
U . (8)

Entries of U then appear at the vertices of W �⌫ loop diagrams inducing the decays `
i

! `
j

�,
such that [cite]:

�(`
i
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j

�)

�(`
i

! `
j

⌫
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⌫̄
j

)
=

3↵em

32⇡

���
P

k

U
ik

U†
kj

F (x
k

)
���
2

(UU†)
ii

(UU†)
jj

, (9)

where x
k

= m2
⌫k
/M2

W

(with m
⌫k the eigenvalues of m

⌫

) and the loop function reads:

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

3(x� 1)4
=

10

3
� x+O �

x2
�
. (10)

From the above equations, one can see that if the RH neutrinos are decoupled, U reduces to
the unitary PMNS U and the constant term in F (x

k

) does not contribute to �(`
i

! `
j

�).
As a consequence, one recovers from Eq. (9) the classical expression for the neutrino-induced
CLFV [cite] that is severely suppressed by the small neutrino mass di↵erences: BR(`

i

!
`
j

�) ⇠ |�m2
⌫k
/M2

W

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

1
Exact expressions – as well as formulae for `i ! `j`k`k and µ ! e conversion in nuclei – can be found in

[cite].
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Type I seesaw:

Spontaneous breaking of the lepton number:

MN � YNv
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L-breaking term

The Majoron J arises when the scale M
N

(which breaks lepton number by two units) is

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

� =
f
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+ �̂p
2

eiJ/fN . (6.15)

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

scalar � with coupling matrix �
N

, such that M
N

= �
N

f
N

/
p
2. This Yukawa term provides

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

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

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

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

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

for the resulting couplings
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where T u,d

3 = ±1/2. Note that F V

µe

= �FA

µe

, so the weaker bound on F
µe

applies.

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

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

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

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

since for Yukawas with a characteristic size |(y
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. Working in a basis where the charged lepton matrix is diagonal, we can

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

mixing angles). This leaves just two parameters free, which we choose to be M , the mass
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than the light neutrino masses, further model building is needed in order to make predic-

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

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

since for Yukawas with a characteristic size |(y
D

)
ij

| ⇠ y the e↵ective suppression scale

of LFV decays is given by F ⇠ f
N

/C ⇠ 16⇡2f
N

/y2 ⇠ 16⇡2v2/m
⌫

⇠ 1016GeV, which

is far above the sensitivity of present experiments. However, since y
D

M�1
N

yT
D

transform

non-trivially under lepton number (in contrast to y
D

y†
D

), it is clear that light neutrino

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

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

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

results of Ref. [28] in the following.

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

mass matrix M
N

and Dirac Yukawa couplings parametrized as

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

symmetry M
N

! PM
N

P , y
D

! ei↵y
D

P with P = diag{ei↵, e�i↵}. Clearly this symmetry

is also respected by y
D

y†
D

, but not by the light neutrino mass matrix, which transform as

m
⌫

! e2i↵m
⌫

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

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

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

Generically flavour-violating, (V-A)

Couplings to SM fermions:
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Goal: constrain the effective LFV scales Fij using experimental data

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

• Which experiments? 
• What are the future prospects?

Feng et al. ‘97

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


SEARCH FOR RIGHT-HANDED CURRENTS IN MUON DECAY 

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

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

- 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Lorenzo Calibbi (Nankai)LFV into ALPs

Past searches: 𝜇 → e a

A. JODIDIO et al. 

(2.5) 

and 

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

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

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

111. EXPERIMENTAL METHOD 

A. Overview 

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

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

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

A horizontally focusing spectrometer was chosen in or- 

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

I _ - _ _ - _ _ _ _ 

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

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

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

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

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

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

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

Match to Eq.(1.1) - RZ

3 Bounds from Particle Decays

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

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

A,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 E

line
e

= m

µ

/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 = 2E
e

/m

µ

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 E

line
e

= m

µ

/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 E

line
e

= m

µ

/2. The distribution of the signal for a polarized beam
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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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/2 exactly like the signal. In order to get rid of the background
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TABLE I. Values of the muon-decay parameters p, 77, g, and 6 in the V - A model and in the mani- 
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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 
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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]).

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.

3.1 Muon decays: F

A,V

µe

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

the TRIUMF experiment [10] where 1.8 · 107 muons were collected:
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. 2.6 · 10�6 ) f & 6 · 109 GeV . (3.3)
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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 E

line
e

= m

µ

/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
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= 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 E

line
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µ

/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 E

line
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/2. The distribution of the signal for a polarized beam
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𝜇 → e a  signal for ma ≈ 0: 
monochromatic e+ at m𝜇/2

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

) BR(µ+ ! e+a) < 2.6⇥ 10�6
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) Feµ > 5.5⇥ 109 GeV
<latexit sha1_base64="8B8QuAOkQu77Wdlao2dKamVorxw="></latexit>

for the isotropic case, they set the limit

thus one gets

• Jodidio et al. (TRIUMF) 1986

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

+
X

0 decays has
been found in this search. The limits on these decays
for 13 MeV/c

2
< m

X

0
< 80 MeV/c

2, where the X

0

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

+
X

0 processes with m

X

< 13
MeV/c2 are much less restrictive. For this range we have
reported the first inclusive limit on decays having the
same anisotropy as ordinary muon decay, while for other
anisotropies the Jodidio et al. measurement is more sen-
sitive.
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SM-like

Limits (with 5.8×108 𝜇+):

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

) Feµ > 1.2⇥ 109 GeV
<latexit sha1_base64="1QUoGgFBWijSSGUZ3N2hf5cwT0Y="></latexit>

https://arxiv.org/abs/1409.0638


PHYSICAL REVIEW D VOLUME 38, NUMBER 7 1 OCTOBER 1988 

Search for rare muon decays with the Crystal Box detector 

R. D. Bolton, M. D. Cooper, J. S.   rank,'^' A. L.  alli in,'^' P. A. H e ~ s i , ' ~ '  C. M. Hoffman, 
G .  E. Hogan, F.  G .  Mariam, H. S.   at is,'^' R. E. Mischke, L. E. Piilonen,"' V. D .  Sandberg, 

G. H. Sanders, U. ~ennhauser,"' R. Werbeck, and R. A. Williams 
Los Alamos National Laboratory, Los Alamos, New Mexico 87545 

S. L. ~ i l s o n , ' g '  R.  Hofstadter, E. B. Hughes, and M. W. ~ i t t e r ' ~ '  
Hansen Laboratories and Department of Physics, Stanford University, Stanford, California 94305 

D. ~ r o s n i c k " '  and S. C. Wright 
University of Chicago, Chicago, Illinois 6063 7 

V. L. Highland and J. ~ c ~ o n o u ~ h ' ~ '  
Temple University, Philadelphia, Pennsylvania 19122 

(Received 16 February 1988) 

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

J. Data collection 

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

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

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

111. MONTE CARL0 SIMULATION 
A. Introduction 

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

B. Event generation 
1. Muon decay 

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

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

Process Trigger 
p + - e + y  e-Y 

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

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

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

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

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

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

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

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

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

For muon inner bremsstrahlung, y++e + m y ,  a coin- 
cident photon and positron were generated according to 
the distribution given by Fronsdal and ~ b e r a l l . , ~  T o  
reduce the amount of computer time needed for event 
generation, only positrons and photons with energies 
above some threshold were generated; this threshold was 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.38.2077


2098 R. D. BOLTON et al. 38 - 

5 K) 15 20 
At (ns) rrns 

FIG. 25. At,,, for events with (a) E + P >  110 MeV and ib) 
E+P < 100 MeV. 

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

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

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

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

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

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

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

I 
I 

- I 

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

- 

7 

I B t I  
I " I " I " I ' -  

, , [ , , I , , , , ,  
- x Data 
- - Fit 

- 

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

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

also [10]):

BR(µ ! e a �) < 1.1⇥ 10�9 (90% CL) ) F

µe

& 9.8⇥ 108 GeV. (2.4)

This has been obtained as in [11] in the limit of m
e

⇡ 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)

y

2(1� x� y)
(2.6)

and x = 2E
e

/m

µ

and y = 2E
�

/m

µ

[11]. xmin and ymin depend on the low energy threshold

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

E

e

> 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 m

a

⇡ 0.

Can we do a simple recast to extract limits for m
a

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 –

Analysis for massless familon ma ≈ 0  
(with 1.4×1012 stopped 𝜇+ ) yields:
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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
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Crystal Box energy thresholds:

Hirsch et al. ‘09

) Feµ > 9.8⇥ 108 GeV
<latexit sha1_base64="RfNyowvu4uwr9Cx1VjFme0MXZLU="></latexit>

Slightly weaker but independent  
of V/A nature of the couplings

•   Crystal Box 1988

https://arxiv.org/abs/0902.0525
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.38.2077


•   ARGUS 1995

Lorenzo Calibbi (Nankai)LFV into ALPs

Past searches:  𝜏 → e a , 𝜏 → 𝜇 a
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Fig. 2. Efficiency corrected electron momentum spectrum in the 7- pseudo 
rest frame (points with error bars). The solid line represents a fit to the data 
assuming no contribution from the decay m + ec~ 
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Fig. 3. Efficiency corrected muon momentum spectrum in the r pseudo rest 
frame (points with elTor bars). The solid line represents a fit to the data 
assuming no contribution from the decay 7- ---+ /~c~ 

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] 

4 

i=1 

((e )') > 4.5  9 p~  9 c _ 0.55 +0.1 G e V / c  
i=1 E c r n s  

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 
level on the ratio B(T --, s --~ guF) for electrons (open squares) and 
muons (full squares) 

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- 

Mu3e. Recently, a preliminary study of the sensitivity of the Mu3e experiment on our

mode has been published in [12] based on a simulation of the phase I of the experiment

(corresponding to 2.6 ⇥ 1015 stopped µ

+). Mu3e is designed to measure the µ ! eee

decay and is going to record only candidate events for this mode. Nevertheless, Ref. [12]

proposes a search for the µ ! e a line on top of the ordinary Michel spectrum “performed

on momentum histograms derived from online reconstruction”. Since, measurements of the

µ ! e⌫⌫̄ edge are employed for absolute momentum calibration, this search is expected to

partially lose sensitivity in the case m

a

⇡ 0 we are considering here. The expected bound

is however orders of magnitude better than the present ones discussed above [12]:

Mu3e-I prospect: BR(µ ! e a) < 7⇥ 10�8 ) F

µe

& 3.3⇥ 1010 GeV. (2.9)

Furthermore, alternative momentum calibration techniques are contemplated that could

allow to reach the following ‘optimal’ sensitivity [12]:

Mu3e-I prospect (optimal): BR(µ ! e a) < 10�8 ) F

µe

& 8.8⇥ 1010 GeV. (2.10)

COMET/Mu2e. Mention the (not very exciting) prospects discussed in [13], but for

m

a

= 0 only. Can we extend that discussion?

2.2 Bounds from Tau Decays

2.2.1 Past Searches

ARGUS (1995). Other bounds on our PNGBs flavour-violating couplings can be de-

rived from tau decays into lighter SM leptons accompanied by missing energy. The domi-

nant SM background for this kind of final states are the ordinary leptonic three-body tau

decays �(⌧ ! `

i

⌫⌫̄). A dedicated analysis was performed by the ARGUS experiment at

DESY [16]:

BR(⌧ ! e a) < 2.7⇥ 10�3 (95% CL) ) F

⌧e

& 4.3⇥ 106 GeV , (2.11)

BR(⌧ ! µa) < 4.5⇥ 10�3 (95% CL) ) F

⌧µ

& 3.3⇥ 106 GeV . (2.12)

Also these bounds agree with [1].

2.2.2 Future Searches

Belle and Belle-II. The analysis presented in [16] was based on an integrated luminosity

of 472 pb�1. Improvements on these bounds can certainly be obtained by Belle and Babar

by using their ⇡ 2000 times larger dataset of ⌧ ’s. Indeed, according to a recent simulation

[18], the expected limit that can be obtained with the integrated luminosity of 1020 pb�1

collected by the Belle experiment is

Belle (1/ab) prospect: BR(⌧ ! µa) < 1.1⇥ 10�4 ) F

⌧µ

& 2.1⇥ 107 GeV. (2.13)

At Belle II up to O(1011) ⌧ ’s are expected to be produced pushing the above limits to the

following values:

Belle-II (50/ab) prospect: BR(⌧ ! µa) < 1.4⇥ 10�5 ) F

⌧µ

& 5.9⇥ 107 GeV, (2.14)
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ma ≈ 0 : 

With 472 pb-1:

□ 𝜏 → ea 
■ 𝜏 → 𝜇a

https://link.springer.com/article/10.1007/BF01579801


Summary of the model-independent bounds

Lorenzo Calibbi (Nankai)LFV into ALPs

e� +X ! e� + a+X
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ma < O(10) keV
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Bounds on ALP-electron couplings from energy loss in star systems 
 (red giants, white dwarfs) due to processes like:

where we assumed the bound on BR(⌧ ! µa) will simply scale as the square root of the

integrated luminosity. It would be interesting to probe also BR(⌧ ! µa �) for which the

SM background is sensibly reduced ([LC: Are we sure? ISR photons may be tough to deal

with]). See [17] for a similar comments in the context of light Z 0.

2.3 Bounds from Astrophysics

The coupling of our PNGB to electrons, leading to a bremsstrahlung o↵ electrons, e�+X !
e

� + a + X, is constrained by star cooling bounds. Red giant [19, 20] and white dwarf

[21] cooling (the shape of the luminosity function) give comparable bounds, with the latter

slightly more stringent:

F

A

ee

& 3.7⇥ 109GeV , (2.15)

valid for PNGB masses up to [RZ: Valid for which mass range (please put references!)?]

[LC: O(100) keV?]

Interestingly, there is a number of hints for non-standard energy loss in several stellar

systems. The global fit performed in Ref. [22] finds that an axion/ALP solution to these

anomalies with a coupling

5.4⇥ 109GeV . F

A

ee

. 8.1⇥ 109GeV (1� favoured range) (2.16)

is preferred to the standard neutrino energy loss at the 3� level.

TO DO:

We want to collect everything that it is relevant for m
a

. m

⌧

�m

µ

.

• Ra↵elt bounds from star cooling (they are di↵ernt if the couplings are axial or not!)

[LC: if we stick at considering PNGBs only, the flavour conserving coupling can only

be axial...]

• SN constraints [LC: From what I found in the literature, see e.g. the PDG

http://pdg.lbl.gov/2018/reviews/rpp2018-rev-axions.pdf

or this recent paper

https://arxiv.org/pdf/1808.10136.pdf,

the supernova 1987A constraints apply to the coupling to nucleons and that to pho-

tons, not to ours... ]

• CMB? BBN? Di↵use Light?

• beam dumps

2.4 Summary

The bounds discussed above are summerized in Tab. 1.

[LC: Add model-independent summary plot.]
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ma ≈ 0Comparison in the case 

Process Limit on the BR Decay constant Lower Bound (95% CL) Exp.

Star cooling – FA
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µ ! e a � < 1.1⇥ 10�9 (90% CL) F
µe

8.1⇥ 108GeV [5]

⌧ ! e a < 2.7⇥ 10�3 (95% CL) F
⌧e

4.3⇥ 106GeV [6]

⌧ ! µa < 4.5⇥ 10�3 (95% CL) F
⌧µ

3.3⇥ 106GeV [6]

Table 1: Model-independent best bounds on the di↵erent leptonic ALP couplings as

defined in Eq. (1.2). Here we assume m
a

⌧ m
`

, and refer to Fig. 2 for an illustration of

how the bounds depend on the ALP mass. The bound on the branching ratios are given

either at 90% CL or at 95% CL depending on the experiment. However our final bound

on the ALP decay constant are all at 95%CL.

where we restrict our study to m
a

. m
⌧

so that only ALP decays into muons, electrons

and photons are kinematically open. The decay widths are

�(a ! `
i

`
i

) =
h�
CA

`i`i

�2
+
�
CV

`i`i

�2i m
a

m2
`

8⇡f2
a

s

1� 4m2
`i

m2
a

(1.6)

�(a ! `
i

`
j

) =

⇣
CA

`i`j

⌘2
+

⇣
CV

`i`j

⌘2
�

(1.7)

�(a ! ��) =
↵2
emE

64⇡3

m3
a

f2
a

(1.8)

where the coupling to photons E receives an IR contributions from axial SM leptons loops

plus it can depend on an arbitrary UV contribution

E = EUV +
X

i

CA

i

B(⌧) , (1.9)

for simplicity we will set EUV = 0 in what follows. As shown in Figure ??, we focus here

on the region of parameter space where the ALP a is long-lived on detector scales [DR: to

complete!] [DR: I have issues with Thamm’s formulas]

[DR: put the bounds from Heeck on the displaced region, and the bounds from Thamm

et al on the prompt region]

2 ALPs in µ+ ! e+ + invisible

We first summarize the status and the prospects for searches on 2 body µ+ ! e+ + a rare

decays with a decays invisibly. This rare decay will produce a monocromatic positron line

with momentum

p
e

=
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µ
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e

2m
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Table 1: Model-independent best bounds on the di↵erent leptonic ALP couplings as

defined in Eq. (1.2). Here we assume m
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, and refer to Fig. 2 for an illustration of

how the bounds depend on the ALP mass. The bound on the branching ratios are given

either at 90% CL or at 95% CL depending on the experiment. However our final bound

on the ALP decay constant are all at 95%CL.
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where the coupling to photons E receives an IR contributions from axial SM leptons loops

plus it can depend on an arbitrary UV contribution
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for simplicity we will set EUV = 0 in what follows. As shown in Figure ??, we focus here

on the region of parameter space where the ALP a is long-lived on detector scales [DR: to

complete!] [DR: I have issues with Thamm’s formulas]

[DR: put the bounds from Heeck on the displaced region, and the bounds from Thamm

et al on the prompt region]

2 ALPs in µ+ ! e+ + invisible
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Bounds on ALP-electron couplings from energy loss in star systems 
 (red giants, white dwarfs) due to processes like:

Giannotti at al ‘17
Hints (~3𝜎) for non-standard WD cooling require: FA
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• Prospects at upcoming LFV exps? Can we test ALPs with LFV beyond stars? 

• Only within specific models we can relate Fee, F𝜇e, etc. 

https://arxiv.org/abs/1708.02111


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

1
In the following, the two positrons and the electron will simply be referred to as three electrons.

3
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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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Perrevoort (Mu3e) ‘18

• Mu3e prospect for 𝜇 → e a (Perrevoort ’18)
Potential search for performed on momentum histograms  

filled with online reconstructed short tracks

https://arxiv.org/abs/1812.00741
https://arxiv.org/abs/1812.00741
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Potential search for performed on momentum histograms  
filled with online reconstructed short tracks

ma ⇡ 0 : BR(µ ! e a) < 10�8 =) Fµe & 9⇥ 1010 GeV.
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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%.
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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:

Fraction of 𝜇 → ea  
events in the signal region

Phase-space  
correction factor

ma ≈ 0 
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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%.
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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 (Garcia i Tomo et al. ’11)
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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%.
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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:

2×10-6

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

ma ≈ 0 

• Prospect at 𝜇 → e conversion experiments (Garcia i Tomo et al. ’11)
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MEG: Signature and experimental setup

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

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

�
µ+e+

�
µ+e+

�

�

�

µ+e+

�

�

Signature

Backgrounds

�53

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

Future prospects: MEG II
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Figure 4 MEG Beam line with the ⇡E5 channel and MEG detector system incorporated in and around the COBRA magnet.

Figure 5 Measurement of the separation quality with the Wien-filter
during the 2015 Pre-Engineering Run.

grade proposal [86] looked at various beam/target scenarios
comparing the use of a surface muon beam of 28 MeV/c
(mean range ⇠125 mg cm�2) to that of a sub-surface beam of
25 MeV/c (mean range ⇠85 mg cm�2). As the name implies,
these are muons with a unique momentum of 29.79 MeV/c
from stopped pion decay, which are selected from deeper
within the target and lose some of their energy on exiting.

The potential advantage of such a sub-surface beam is
then the reduced range straggling which is comprised of two
components (cf. Eq. (6)). The first factor from energy-loss
straggling of the intervening material, which at these mo-
menta amounts to about 9% (FWHM) of the range [89] and
the second from the momentum-byte �pµ+/pµ+ . However,
the range and the straggling vary most strongly with mo-
mentum, being proportional to a ⇥ p3.5, where ‘a’ is a ma-
terial constant,

�RTOT = a
q

(0.09)2 + (3.5�pµ+/pµ+ )2 ⇥ p3.5
µ+ . (6)

Figure 6 Shows the ⇡E5 measured momentum spectrum with full
momentum-byte. The red curve is a fit to the data with a p3.5 power
law, folded with a Gaussian momentum resolution corresponding to
the momentum byte as well as a constant cloud muon contribution.

Therefore, the most e�cient way to reduce the range
straggling is by reducing the momentum rather than the
�pµ+/pµ+ .

A momentum change has a direct impact on the tar-
get thickness, which is a balance between maximising the
stop density and minimising the multiple scattering of the
out-going Michel positrons and the photon background pro-
duced in the target. Furthermore, the surface muon rate also
decreases with p3.5 and therefore ultimately limits how low
one can go down in momentum. This behaviour is shown
in Fig. 6, where the measured muon momentum spectrum
is fitted with a p3.5 power-law, folded with a Gaussian mo-
mentum resolution equivalent to the momentum-byte, plus
a constant cloud muon content. The blue and the red (trun-
cated) boxes show the ±3�pµ+ momentum acceptance for
the surface/sub-surface beams, corresponding respectively
to (±2.7/±2.5) MeV/c. The optimal momentum yielding the
highest intensity within the full momentum-byte is centred
around 28.5 MeV/c. For each data-point the whole beam
line must be optimised. The upgrade study [86] investig-

Future prospects: MEG II
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Poor theorists’ estimate of the sensitivity of a dedicate run 
(2 weeks dedicated run with 108 𝜇+/s):

Jodidio et al.

90% CL bound

Positron energy resolution

�Ee = 1MeV : BR(µ ! ea) < 3⇥ 10�7
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~1.5 m from the target, radius ~ 10 cm

What about a Jodidio-like search at MEG II for ma ≈ 0 with a forward calorimeter? 
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Figure 3: Upper limits of τ → µX at 90% C.L. depending on mass of
X.

charged pions for tag side events for well approximation
mentioned in section 4.1.

To improve this we select events which have a smaller
angle between τ and the hadronic system direction in
the tag side since this angle can be calculated from the
following formulae. On the tag side τ at the center-of-
mass frame,

pτ − ph = pν, (1)

where pτ, ph and pν are 4 momentum of τ, hadron sys-
tem and ντ. Squaring both sides,

(pτ − ph)2 = (pν)2, (2)

and they can represented by energy, 3 momentum and
mass (Eτ, Eh, −→pτ, −→ph and mν) as follows,

(Eτ − Eh)2 − |−→pτ − −→ph|2 = mν ≃ 0. (3)

Although −→pν cannot be measured directly, |−→pν| is calcu-
lated from the first term of the left-hand side in (3) as
follows,

(Eτ − Eh)2 = (
1
2

mΥ(4S) −
√

m2
h + |−→ph|2)2 = |pν|2.(4)

This suggests |−→ph| and |−→pν| are observable values. Then
the angle between τ and the hadronic system (θτh) cal-
culated from the second term of the left-hand side in (3)
and (4) as follows,

|−→pτ − −→ph| = |−→pτ|2 + |−→ph|2 − 2|−→pτ||−→ph| cos θτh (5)

cos θτh =
|−→pτ|2 + |−→ph|2 − |−→pν|2

2|−→pτ||−→ph|
. (6)

This suggests that not only events including a heavy
hadronic system but also events with a light hadron such
as τ− → π−ν.

Our plan is to compare the statistics and sensitivity
with the previous method and new method with events
which have smaller θτh.

5. Summary

To explain the 3 − 4σ discrepancy in aexp
µ − aSM

µ of
the muon anomalous magnetic moment, light Z′ boson
with mass below 1 GeV in Lµ − Lτ model considering
neutrino trident production is suitable. To discover this
Z′ boson, we are searching for τ → lX decay with the
Belle 1 ab−1 sample.

We report MC study for estimation the sensitivities
and upper limits at 90% C.L. for mX = 0.1−1.6 GeV/c2.
The maximum of sensitivity is 2.12 at 1.6 GeV/c2 and
upper limits are lower than the previous result by a fac-
tor of 20.

A more precise approximation of the τ flight direction
is needed to improve sensitivity at low mass of X.
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Figure 1: Monte Carlo prediction for the muon momentum distribu-
tion from the decay τ → µνν, τ → µX with mX = 0.1 GeV/c2 (shad-
owed histogram) and τ → µX with mX = 1.4 GeV/c2 (hatched his-
togram) in the pseudo τ rest frame. For display purposes the branching
fractions of τ→ µX is set to B(τ→ µX)/B(τ→ µνν) ≃ 0.005.

mass of X which is shown in shadowed and hatched his-
tograms in Fig. 1. On the other hand the lepton momen-
tum of three-body SM Michel decay has wide continu-
ous distribution.

To evaluate the lepton momentum, we need to know
the τ flight direction. This cannot be directly measured
by the Belle detector. However, we can well approxi-
mate the τ direction with events which decay into three
charged pions and one neutrino for tag side events since
a heavy hadronic system tends to fly at almost the same
direction as τ. Since the magnitude of τmomentum can
be calculated from the beam energy and τ pair produc-
tion is back-to-back in the CM frame, we are able to
know a ’pseudomomentum’ of the τ and the lepton mo-
mentum is Lorentz boosted to the ’pseudo τ rest frame.’

4. MC study

The sensitivity and upper limits of τ → µX signals
for integrated luminosity at Belle which was 1 ab−1 are
estimated with Monte Carlo samples as follows.

4.1. Event selection
At first we select the τ+τ− pair events. The selected

events are divided into two hemispheres along the thrust
axis in the CM frame; one hemisphere must contain
one charged track, which passes lepton identification,
which is called a signal side, and another must have
three charged tracks, which is called a tag side. This
selection applies for a 2M signal MC sample and a 45M
generic MC sample.

The ratio of signal side background and tag side
events is shown in Table 1.

Table 1: The ratio of signal side background and tag side events. Main
background on signal side is τ− → µ−νν and three charged tracks
events are mainly τ− → π−π+π−ν.

Signal-side BG ratio tag side events ratio
τ− → µ−νν 97.60% τ− → π−π+π−ν 88.60%
τ− → π−ν 1.84% τ− → K−π+π−ν 3.40%
τ− → π−π0ν 0.20% τ− → π−π+π−π0ν 2.87%
τ− → K−ν 0.19% τ− → π−π0ν 1.74%
τ− → K∗ν 0.06% τ− → K−π+K−ν 1.36%
τ− → π−π0π0ν 0.06% τ− → K∗ν 0.87%
other τ decay 0.05% other τ decay 1.16%
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Figure 2: Sensitivities of τ→ µX signal depending mass of X.

4.2. Expected sensitivity and upper limit

The region in ±3σwidth of the muon momentum dis-
tribution of τ → µX in pseudo τ rest frame fitted by
gaussian distribution is defined as a signal region for
0−1.6 GeV/c2 mass of X. The number of signal Nsig and
background NBG in this region corresponding to 1ab−1 is
estimated with signal MC and generic MC respectively
with same selection criteria mentioned above. With
these numbers we estimate sensitivity with Nsig/NBG
and upper limits at 90% C.L. for 0.1− 1.6 GeV/c2 mass
of X shown in Fig. 2 and Fig. 3 respectively. For calcula-
tion we suppose expected branching fraction of τ→ µX
is set to 5.0 × 10−3 × 1/

√
2000 since upper limit set by

ARGUS were almost 5.0 × 10−3 and Belle statistics are
about 2000 times larger than ARGUS one. From this
result the upper limit will be improved at least factor of
20 with Belle statistics.

4.3. Discussion

The signal sensitivities with lower mass of X are
lower than those with heavier than 1 GeV/c2 mass of X
since their distributions are broadly distributed as shown
in Fig. 1. It causes that the τ direction is approxi-
mated with the pseudo τ flight direction. We select three
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Simulation of S and B and limit that can be set using the Belle data set (1/ab):

Mu3e. Recently, a preliminary study of the sensitivity of the Mu3e experiment on our

mode has been published in [12] based on a simulation of the phase I of the experiment

(corresponding to 2.6 ⇥ 1015 stopped µ

+). Mu3e is designed to measure the µ ! eee

decay and is going to record only candidate events for this mode. Nevertheless, Ref. [12]

proposes a search for the µ ! e a line on top of the ordinary Michel spectrum “performed

on momentum histograms derived from online reconstruction”. Since, measurements of the

µ ! e⌫⌫̄ edge are employed for absolute momentum calibration, this search is expected to

partially lose sensitivity in the case m

a

⇡ 0 we are considering here. The expected bound

is however orders of magnitude better than the present ones discussed above [12]:

Mu3e-I prospect: BR(µ ! e a) < 7⇥ 10�8 ) F

µe

& 3.3⇥ 1010 GeV. (2.9)

Furthermore, alternative momentum calibration techniques are contemplated that could

allow to reach the following ‘optimal’ sensitivity [12]:

Mu3e-I prospect (optimal): BR(µ ! e a) < 10�8 ) F

µe

& 8.8⇥ 1010 GeV. (2.10)

COMET/Mu2e. Mention the (not very exciting) prospects discussed in [13], but for

m

a

= 0 only. Can we extend that discussion?

2.2 Bounds from Tau Decays

2.2.1 Past Searches

ARGUS (1995). Other bounds on our PNGBs flavour-violating couplings can be de-

rived from tau decays into lighter SM leptons accompanied by missing energy. The domi-

nant SM background for this kind of final states are the ordinary leptonic three-body tau

decays �(⌧ ! `

i

⌫⌫̄). A dedicated analysis was performed by the ARGUS experiment at

DESY [16]:

BR(⌧ ! e a) < 2.7⇥ 10�3 (95% CL) ) F

⌧e

& 4.3⇥ 106 GeV , (2.11)

BR(⌧ ! µa) < 4.5⇥ 10�3 (95% CL) ) F

⌧µ

& 3.3⇥ 106 GeV . (2.12)

Also these bounds agree with [1].

2.2.2 Future Searches

Belle and Belle-II. The analysis presented in [16] was based on an integrated luminosity

of 472 pb�1. Improvements on these bounds can certainly be obtained by Belle and Babar

by using their ⇡ 2000 times larger dataset of ⌧ ’s. Indeed, according to a recent simulation

[18], the expected limit that can be obtained with the integrated luminosity of 1020 pb�1

collected by the Belle experiment is

Belle (1/ab) prospect: BR(⌧ ! µa) < 1.1⇥ 10�4 ) F

⌧µ

& 2.1⇥ 107 GeV. (2.13)

At Belle II up to O(1011) ⌧ ’s are expected to be produced pushing the above limits to the

following values:

Belle-II (50/ab) prospect: BR(⌧ ! µa) < 1.4⇥ 10�5 ) F

⌧µ

& 5.9⇥ 107 GeV, (2.14)
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of 472 pb�1. Improvements on these bounds can certainly be obtained by Belle and Babar

by using their ⇡ 2000 times larger dataset of ⌧ ’s. Indeed, according to a recent simulation

[18], the expected limit that can be obtained with the integrated luminosity of 1020 pb�1

collected by the Belle experiment is

Belle (1/ab) prospect: BR(⌧ ! µa) < 1.1⇥ 10�4 ) F
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Estimated by rescaling as 

ma ≈ 0 : 

p
L
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LFV decays into a leptonic familon
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<latexit sha1_base64="7yIfcV2blA9YcN5k8EvpzPvcY4s=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgxjIjgi6r3bisYB/Q1iGTZtrYTBKSjFiGLtz4K25cKOLWj3Dn35i2s9DWAxcO59zLvfeEklFtPO/byS0tr6yu5dcLG5tb2zvu7l5Di0RhUseCCdUKkSaMclI31DDSkoqgOGSkGQ6rE795T5Smgt+YkSTdGPU5jShGxkqBW6zepvRuHDRgB0mpxAM8hpl0Ebglr+xNAReJn5ESyFAL3K9OT+AkJtxghrRu+5403RQpQzEj40In0UQiPER90raUo5jobjp9YgwPrdKDkVC2uIFT9fdEimKtR3FoO2NkBnrem4j/ee3EROfdlHKZGMLxbFGUMGgEnCQCe1QRbNjIEoQVtbdCPEAKYWNzK9gQ/PmXF0njpOx7Zf/6tFS5zOLIgyI4AEfAB2egAq5ADdQBBo/gGbyCN+fJeXHenY9Za87JZvbBHzifP5rxl2k=</latexit><latexit sha1_base64="7yIfcV2blA9YcN5k8EvpzPvcY4s=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgxjIjgi6r3bisYB/Q1iGTZtrYTBKSjFiGLtz4K25cKOLWj3Dn35i2s9DWAxcO59zLvfeEklFtPO/byS0tr6yu5dcLG5tb2zvu7l5Di0RhUseCCdUKkSaMclI31DDSkoqgOGSkGQ6rE795T5Smgt+YkSTdGPU5jShGxkqBW6zepvRuHDRgB0mpxAM8hpl0Ebglr+xNAReJn5ESyFAL3K9OT+AkJtxghrRu+5403RQpQzEj40In0UQiPER90raUo5jobjp9YgwPrdKDkVC2uIFT9fdEimKtR3FoO2NkBnrem4j/ee3EROfdlHKZGMLxbFGUMGgEnCQCe1QRbNjIEoQVtbdCPEAKYWNzK9gQ/PmXF0njpOx7Zf/6tFS5zOLIgyI4AEfAB2egAq5ADdQBBo/gGbyCN+fJeXHenY9Za87JZvbBHzifP5rxl2k=</latexit><latexit sha1_base64="7yIfcV2blA9YcN5k8EvpzPvcY4s=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgxjIjgi6r3bisYB/Q1iGTZtrYTBKSjFiGLtz4K25cKOLWj3Dn35i2s9DWAxcO59zLvfeEklFtPO/byS0tr6yu5dcLG5tb2zvu7l5Di0RhUseCCdUKkSaMclI31DDSkoqgOGSkGQ6rE795T5Smgt+YkSTdGPU5jShGxkqBW6zepvRuHDRgB0mpxAM8hpl0Ebglr+xNAReJn5ESyFAL3K9OT+AkJtxghrRu+5403RQpQzEj40In0UQiPER90raUo5jobjp9YgwPrdKDkVC2uIFT9fdEimKtR3FoO2NkBnrem4j/ee3EROfdlHKZGMLxbFGUMGgEnCQCe1QRbNjIEoQVtbdCPEAKYWNzK9gQ/PmXF0njpOx7Zf/6tFS5zOLIgyI4AEfAB2egAq5ADdQBBo/gGbyCN+fJeXHenY9Za87JZvbBHzifP5rxl2k=</latexit><latexit sha1_base64="7yIfcV2blA9YcN5k8EvpzPvcY4s=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgxjIjgi6r3bisYB/Q1iGTZtrYTBKSjFiGLtz4K25cKOLWj3Dn35i2s9DWAxcO59zLvfeEklFtPO/byS0tr6yu5dcLG5tb2zvu7l5Di0RhUseCCdUKkSaMclI31DDSkoqgOGSkGQ6rE795T5Smgt+YkSTdGPU5jShGxkqBW6zepvRuHDRgB0mpxAM8hpl0Ebglr+xNAReJn5ESyFAL3K9OT+AkJtxghrRu+5403RQpQzEj40In0UQiPER90raUo5jobjp9YgwPrdKDkVC2uIFT9fdEimKtR3FoO2NkBnrem4j/ee3EROfdlHKZGMLxbFGUMGgEnCQCe1QRbNjIEoQVtbdCPEAKYWNzK9gQ/PmXF0njpOx7Zf/6tFS5zOLIgyI4AEfAB2egAq5ADdQBBo/gGbyCN+fJeXHenY9Za87JZvbBHzifP5rxl2k=</latexit>

Cij
V ⇡ Cij

A
<latexit sha1_base64="LQf26NSgH7diZfonSL2L23R++S0=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsyIoMtqNy4r2Ae045BJM21sJglJRixDceOvuHGhiFu/wp1/Y9rOQlsPXDiccy/33hNJRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtapAqTOhZMqFaENGGUk7qhhpGWVAQlESPNaFAd+817ojQV/MYMJQkS1OM0phgZK4XufvU2o3ejsAE7SEolHmAuXIRuySt7E8B54uekBHLUQver0xU4TQg3mCGt274nTZAhZShmZFTspJpIhAeoR9qWcpQQHWSTF0bwyCpdGAtlixs4UX9PZCjRephEtjNBpq9nvbH4n9dOTXweZJTL1BCOp4vilEEj4DgP2KWKYMOGliCsqL0V4j5SCBubWtGG4M++PE8aJ2XfK/vXp6XKZR5HARyAQ3AMfHAGKuAK1EAdYPAInsEreHOenBfn3fmYti44+cwe+APn8wfMg5cI</latexit><latexit sha1_base64="LQf26NSgH7diZfonSL2L23R++S0=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsyIoMtqNy4r2Ae045BJM21sJglJRixDceOvuHGhiFu/wp1/Y9rOQlsPXDiccy/33hNJRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtapAqTOhZMqFaENGGUk7qhhpGWVAQlESPNaFAd+817ojQV/MYMJQkS1OM0phgZK4XufvU2o3ejsAE7SEolHmAuXIRuySt7E8B54uekBHLUQver0xU4TQg3mCGt274nTZAhZShmZFTspJpIhAeoR9qWcpQQHWSTF0bwyCpdGAtlixs4UX9PZCjRephEtjNBpq9nvbH4n9dOTXweZJTL1BCOp4vilEEj4DgP2KWKYMOGliCsqL0V4j5SCBubWtGG4M++PE8aJ2XfK/vXp6XKZR5HARyAQ3AMfHAGKuAK1EAdYPAInsEreHOenBfn3fmYti44+cwe+APn8wfMg5cI</latexit><latexit sha1_base64="LQf26NSgH7diZfonSL2L23R++S0=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsyIoMtqNy4r2Ae045BJM21sJglJRixDceOvuHGhiFu/wp1/Y9rOQlsPXDiccy/33hNJRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtapAqTOhZMqFaENGGUk7qhhpGWVAQlESPNaFAd+817ojQV/MYMJQkS1OM0phgZK4XufvU2o3ejsAE7SEolHmAuXIRuySt7E8B54uekBHLUQver0xU4TQg3mCGt274nTZAhZShmZFTspJpIhAeoR9qWcpQQHWSTF0bwyCpdGAtlixs4UX9PZCjRephEtjNBpq9nvbH4n9dOTXweZJTL1BCOp4vilEEj4DgP2KWKYMOGliCsqL0V4j5SCBubWtGG4M++PE8aJ2XfK/vXp6XKZR5HARyAQ3AMfHAGKuAK1EAdYPAInsEreHOenBfn3fmYti44+cwe+APn8wfMg5cI</latexit><latexit sha1_base64="LQf26NSgH7diZfonSL2L23R++S0=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsyIoMtqNy4r2Ae045BJM21sJglJRixDceOvuHGhiFu/wp1/Y9rOQlsPXDiccy/33hNJRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtapAqTOhZMqFaENGGUk7qhhpGWVAQlESPNaFAd+817ojQV/MYMJQkS1OM0phgZK4XufvU2o3ejsAE7SEolHmAuXIRuySt7E8B54uekBHLUQver0xU4TQg3mCGt274nTZAhZShmZFTspJpIhAeoR9qWcpQQHWSTF0bwyCpdGAtlixs4UX9PZCjRephEtjNBpq9nvbH4n9dOTXweZJTL1BCOp4vilEEj4DgP2KWKYMOGliCsqL0V4j5SCBubWtGG4M++PE8aJ2XfK/vXp6XKZR5HARyAQ3AMfHAGKuAK1EAdYPAInsEreHOenBfn3fmYti44+cwe+APn8wfMg5cI</latexit>

µ ! ea
<latexit sha1_base64="Jjq8ykqmH4qo2ZJjk/uClJA7ZBs=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8AmlMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ69OPMNwlBQvvVmlt35yCrxCtIDQo0+9Uvf5CwLEZpmKBa9zw3NUFOleFM4LTiZxpTysZ0iD1LJY1RB/n84ik5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fLTHQd5FymmUHJFh9FmSA25Cw+GXCFzIiJJZQpbm8lbEQVZcaWVLEleMuRV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBhGd4hTdHOy/Ou/OxGC05xc4x/IHz+QPg1JBh</latexit><latexit sha1_base64="Jjq8ykqmH4qo2ZJjk/uClJA7ZBs=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8AmlMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ69OPMNwlBQvvVmlt35yCrxCtIDQo0+9Uvf5CwLEZpmKBa9zw3NUFOleFM4LTiZxpTysZ0iD1LJY1RB/n84ik5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fLTHQd5FymmUHJFh9FmSA25Cw+GXCFzIiJJZQpbm8lbEQVZcaWVLEleMuRV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBhGd4hTdHOy/Ou/OxGC05xc4x/IHz+QPg1JBh</latexit><latexit sha1_base64="Jjq8ykqmH4qo2ZJjk/uClJA7ZBs=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8AmlMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ69OPMNwlBQvvVmlt35yCrxCtIDQo0+9Uvf5CwLEZpmKBa9zw3NUFOleFM4LTiZxpTysZ0iD1LJY1RB/n84ik5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fLTHQd5FymmUHJFh9FmSA25Cw+GXCFzIiJJZQpbm8lbEQVZcaWVLEleMuRV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBhGd4hTdHOy/Ou/OxGC05xc4x/IHz+QPg1JBh</latexit><latexit sha1_base64="Jjq8ykqmH4qo2ZJjk/uClJA7ZBs=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8AmlMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ69OPMNwlBQvvVmlt35yCrxCtIDQo0+9Uvf5CwLEZpmKBa9zw3NUFOleFM4LTiZxpTysZ0iD1LJY1RB/n84ik5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fLTHQd5FymmUHJFh9FmSA25Cw+GXCFzIiJJZQpbm8lbEQVZcaWVLEleMuRV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBhGd4hTdHOy/Ou/OxGC05xc4x/IHz+QPg1JBh</latexit>

differential decay rate:

LH rotations dominate:RH rotations dominate:

Anarchical model

�(µ ! ea) ⇡ 1

16⇡

m3
µ

f2
|(VR)12|2

<latexit sha1_base64="ByQxKmAzyJAjDr+UcKvKvb1FrcE="></latexit><latexit sha1_base64="ByQxKmAzyJAjDr+UcKvKvb1FrcE="></latexit><latexit sha1_base64="ByQxKmAzyJAjDr+UcKvKvb1FrcE="></latexit><latexit sha1_base64="ByQxKmAzyJAjDr+UcKvKvb1FrcE="></latexit>

�(µ ! ea) ⇡ 1

16⇡

m3
µ

f2
|(VL)12|2

<latexit sha1_base64="tYWrcL1j6dEadJ8PYXxeBejisko="></latexit><latexit sha1_base64="tYWrcL1j6dEadJ8PYXxeBejisko="></latexit><latexit sha1_base64="tYWrcL1j6dEadJ8PYXxeBejisko="></latexit><latexit sha1_base64="tYWrcL1j6dEadJ8PYXxeBejisko="></latexit>

O(me/mµ)
<latexit sha1_base64="a0KFelfzpWuiMr2VbQtgSxMV+H8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbOiKDLoht3VrAP6AxDJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji6zv3OA5GKxuJejxPiczQQNKIYaSMF9oHHkR5ixLLbSY0H5JQHHk9PArvq1J0p4CJxC1IFBZqB/eX1Y5xyIjRmSKme6yTaz5DUFDMyqXipIgnCIzQgPUMF4kT52TT/BB4bpQ+jWJonNJyqvzcyxJUa89BM5mnVvJeL/3m9VEeXfkZFkmoi8OxQlDKoY5iXAftUEqzZ2BCEJTVZIR4iibA2lVVMCe78lxdJ+6zuOnX37rzauCrqKINDcARqwAUXoAFuQBO0AAaP4Bm8gjfryXqx3q2P2WjJKnb2wR9Ynz+AtZW/</latexit><latexit sha1_base64="a0KFelfzpWuiMr2VbQtgSxMV+H8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbOiKDLoht3VrAP6AxDJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji6zv3OA5GKxuJejxPiczQQNKIYaSMF9oHHkR5ixLLbSY0H5JQHHk9PArvq1J0p4CJxC1IFBZqB/eX1Y5xyIjRmSKme6yTaz5DUFDMyqXipIgnCIzQgPUMF4kT52TT/BB4bpQ+jWJonNJyqvzcyxJUa89BM5mnVvJeL/3m9VEeXfkZFkmoi8OxQlDKoY5iXAftUEqzZ2BCEJTVZIR4iibA2lVVMCe78lxdJ+6zuOnX37rzauCrqKINDcARqwAUXoAFuQBO0AAaP4Bm8gjfryXqx3q2P2WjJKnb2wR9Ynz+AtZW/</latexit><latexit sha1_base64="a0KFelfzpWuiMr2VbQtgSxMV+H8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbOiKDLoht3VrAP6AxDJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji6zv3OA5GKxuJejxPiczQQNKIYaSMF9oHHkR5ixLLbSY0H5JQHHk9PArvq1J0p4CJxC1IFBZqB/eX1Y5xyIjRmSKme6yTaz5DUFDMyqXipIgnCIzQgPUMF4kT52TT/BB4bpQ+jWJonNJyqvzcyxJUa89BM5mnVvJeL/3m9VEeXfkZFkmoi8OxQlDKoY5iXAftUEqzZ2BCEJTVZIR4iibA2lVVMCe78lxdJ+6zuOnX37rzauCrqKINDcARqwAUXoAFuQBO0AAaP4Bm8gjfryXqx3q2P2WjJKnb2wR9Ynz+AtZW/</latexit><latexit sha1_base64="a0KFelfzpWuiMr2VbQtgSxMV+H8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbOiKDLoht3VrAP6AxDJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji6zv3OA5GKxuJejxPiczQQNKIYaSMF9oHHkR5ixLLbSY0H5JQHHk9PArvq1J0p4CJxC1IFBZqB/eX1Y5xyIjRmSKme6yTaz5DUFDMyqXipIgnCIzQgPUMF4kT52TT/BB4bpQ+jWJonNJyqvzcyxJUa89BM5mnVvJeL/3m9VEeXfkZFkmoi8OxQlDKoY5iXAftUEqzZ2BCEJTVZIR4iibA2lVVMCe78lxdJ+6zuOnX37rzauCrqKINDcARqwAUXoAFuQBO0AAaP4Bm8gjfryXqx3q2P2WjJKnb2wR9Ynz+AtZW/</latexit>

O(✏)
<latexit sha1_base64="oJa5WcKVThA+dEVDxvB2+8plP4U=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJliEuimJCLosunFnBfuAJpTJdNIOncyEmYlQQsFfceNCEbd+hzv/xkmbhbYeGDiccy/3zAkTRpV23W+rtLK6tr5R3qxsbe/s7tn7B20lUolJCwsmZDdEijDKSUtTzUg3kQTFISOdcHyT+51HIhUV/EFPEhLEaMhpRDHSRurbR36M9Agjlt1Naz5JFGWCn/Xtqlt3Z3CWiVeQKhRo9u0vfyBwGhOuMUNK9Tw30UGGpKaYkWnFTxVJEB6jIekZylFMVJDN4k+dU6MMnEhI87h2ZurvjQzFSk3i0EzmYdWil4v/eb1UR1dBRnmSasLx/FCUMkcLJ+/CGVBJsGYTQxCW1GR18AhJhLVprGJK8Ba/vEza53XPrXv3F9XGdVFHGY7hBGrgwSU04Baa0AIMGTzDK7xZT9aL9W59zEdLVrFzCH9gff4ANqGVoQ==</latexit><latexit sha1_base64="oJa5WcKVThA+dEVDxvB2+8plP4U=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJliEuimJCLosunFnBfuAJpTJdNIOncyEmYlQQsFfceNCEbd+hzv/xkmbhbYeGDiccy/3zAkTRpV23W+rtLK6tr5R3qxsbe/s7tn7B20lUolJCwsmZDdEijDKSUtTzUg3kQTFISOdcHyT+51HIhUV/EFPEhLEaMhpRDHSRurbR36M9Agjlt1Naz5JFGWCn/Xtqlt3Z3CWiVeQKhRo9u0vfyBwGhOuMUNK9Tw30UGGpKaYkWnFTxVJEB6jIekZylFMVJDN4k+dU6MMnEhI87h2ZurvjQzFSk3i0EzmYdWil4v/eb1UR1dBRnmSasLx/FCUMkcLJ+/CGVBJsGYTQxCW1GR18AhJhLVprGJK8Ba/vEza53XPrXv3F9XGdVFHGY7hBGrgwSU04Baa0AIMGTzDK7xZT9aL9W59zEdLVrFzCH9gff4ANqGVoQ==</latexit><latexit sha1_base64="oJa5WcKVThA+dEVDxvB2+8plP4U=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJliEuimJCLosunFnBfuAJpTJdNIOncyEmYlQQsFfceNCEbd+hzv/xkmbhbYeGDiccy/3zAkTRpV23W+rtLK6tr5R3qxsbe/s7tn7B20lUolJCwsmZDdEijDKSUtTzUg3kQTFISOdcHyT+51HIhUV/EFPEhLEaMhpRDHSRurbR36M9Agjlt1Naz5JFGWCn/Xtqlt3Z3CWiVeQKhRo9u0vfyBwGhOuMUNK9Tw30UGGpKaYkWnFTxVJEB6jIekZylFMVJDN4k+dU6MMnEhI87h2ZurvjQzFSk3i0EzmYdWil4v/eb1UR1dBRnmSasLx/FCUMkcLJ+/CGVBJsGYTQxCW1GR18AhJhLVprGJK8Ba/vEza53XPrXv3F9XGdVFHGY7hBGrgwSU04Baa0AIMGTzDK7xZT9aL9W59zEdLVrFzCH9gff4ANqGVoQ==</latexit><latexit sha1_base64="oJa5WcKVThA+dEVDxvB2+8plP4U=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJliEuimJCLosunFnBfuAJpTJdNIOncyEmYlQQsFfceNCEbd+hzv/xkmbhbYeGDiccy/3zAkTRpV23W+rtLK6tr5R3qxsbe/s7tn7B20lUolJCwsmZDdEijDKSUtTzUg3kQTFISOdcHyT+51HIhUV/EFPEhLEaMhpRDHSRurbR36M9Agjlt1Naz5JFGWCn/Xtqlt3Z3CWiVeQKhRo9u0vfyBwGhOuMUNK9Tw30UGGpKaYkWnFTxVJEB6jIekZylFMVJDN4k+dU6MMnEhI87h2ZurvjQzFSk3i0EzmYdWil4v/eb1UR1dBRnmSasLx/FCUMkcLJ+/CGVBJsGYTQxCW1GR18AhJhLVprGJK8Ba/vEza53XPrXv3F9XGdVFHGY7hBGrgwSU04Baa0AIMGTzDK7xZT9aL9W59zEdLVrFzCH9gff4ANqGVoQ==</latexit>

Anisotropy (thus exp. bound) depends on the model:

BR(µ ! ea) < 2.6⇥ 10�6
<latexit sha1_base64="gBsiDfnbofDickjIbErZEpS4YZA=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6KkQoWBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0OumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqODCS2kYJ4qEeH4oSBjUyaf9wD4VBCs21gRhQfVfIR4igbDSLRZ0Cc5i5GXSqliObTk3Z8VaPasjD47AMSgBB5yDGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCk45rq</latexit><latexit sha1_base64="gBsiDfnbofDickjIbErZEpS4YZA=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6KkQoWBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0OumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqODCS2kYJ4qEeH4oSBjUyaf9wD4VBCs21gRhQfVfIR4igbDSLRZ0Cc5i5GXSqliObTk3Z8VaPasjD47AMSgBB5yDGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCk45rq</latexit><latexit sha1_base64="gBsiDfnbofDickjIbErZEpS4YZA=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6KkQoWBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0OumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqODCS2kYJ4qEeH4oSBjUyaf9wD4VBCs21gRhQfVfIR4igbDSLRZ0Cc5i5GXSqliObTk3Z8VaPasjD47AMSgBB5yDGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCk45rq</latexit><latexit sha1_base64="gBsiDfnbofDickjIbErZEpS4YZA=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6KkQoWBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0OumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqODCS2kYJ4qEeH4oSBjUyaf9wD4VBCs21gRhQfVfIR4igbDSLRZ0Cc5i5GXSqliObTk3Z8VaPasjD47AMSgBB5yDGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCk45rq</latexit>

Hierarchical model

CV/A = V †
RXRVR ± V †

LXLVL
<latexit sha1_base64="WBURvIgEuB12Pmy8ZNdSC9LZSKA=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY50RQTdCtRsXXdRip4XOOGQyaRuaeZBkhDL0K9z4K25cKOJW3Pk3ZtoRtPVAyLnn3EtyjxczKqRhfGmFhcWl5ZXiamltfWNzS9/esUSUcExaOGIR73hIEEZD0pJUMtKJOUGBx0jbG9Yyv31PuKBReCtHMXEC1A9pj2IkleTqRzU3tY4vxxfQcpt3to/6sOM2s8KOA3XVf7R6Vrh62agYE8B5YuakDHI0XP3T9iOcBCSUmCEhuqYRSydFXFLMyLhkJ4LECA9Rn3QVDVFAhJNO1hrDA6X4sBdxdUIJJ+rviRQFQowCT3UGSA7ErJeJ/3ndRPbOnZSGcSJJiKcP9RIGZQSzjKBPOcGSjRRBmFP1V4gHiCMsVZIlFYI5u/I8sU4qplExb07L1as8jiLYA/vgEJjgDFTBNWiAFsDgATyBF/CqPWrP2pv2Pm0taPnMLvgD7eMbQ2qc6w==</latexit><latexit sha1_base64="WBURvIgEuB12Pmy8ZNdSC9LZSKA=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY50RQTdCtRsXXdRip4XOOGQyaRuaeZBkhDL0K9z4K25cKOJW3Pk3ZtoRtPVAyLnn3EtyjxczKqRhfGmFhcWl5ZXiamltfWNzS9/esUSUcExaOGIR73hIEEZD0pJUMtKJOUGBx0jbG9Yyv31PuKBReCtHMXEC1A9pj2IkleTqRzU3tY4vxxfQcpt3to/6sOM2s8KOA3XVf7R6Vrh62agYE8B5YuakDHI0XP3T9iOcBCSUmCEhuqYRSydFXFLMyLhkJ4LECA9Rn3QVDVFAhJNO1hrDA6X4sBdxdUIJJ+rviRQFQowCT3UGSA7ErJeJ/3ndRPbOnZSGcSJJiKcP9RIGZQSzjKBPOcGSjRRBmFP1V4gHiCMsVZIlFYI5u/I8sU4qplExb07L1as8jiLYA/vgEJjgDFTBNWiAFsDgATyBF/CqPWrP2pv2Pm0taPnMLvgD7eMbQ2qc6w==</latexit><latexit sha1_base64="WBURvIgEuB12Pmy8ZNdSC9LZSKA=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY50RQTdCtRsXXdRip4XOOGQyaRuaeZBkhDL0K9z4K25cKOJW3Pk3ZtoRtPVAyLnn3EtyjxczKqRhfGmFhcWl5ZXiamltfWNzS9/esUSUcExaOGIR73hIEEZD0pJUMtKJOUGBx0jbG9Yyv31PuKBReCtHMXEC1A9pj2IkleTqRzU3tY4vxxfQcpt3to/6sOM2s8KOA3XVf7R6Vrh62agYE8B5YuakDHI0XP3T9iOcBCSUmCEhuqYRSydFXFLMyLhkJ4LECA9Rn3QVDVFAhJNO1hrDA6X4sBdxdUIJJ+rviRQFQowCT3UGSA7ErJeJ/3ndRPbOnZSGcSJJiKcP9RIGZQSzjKBPOcGSjRRBmFP1V4gHiCMsVZIlFYI5u/I8sU4qplExb07L1as8jiLYA/vgEJjgDFTBNWiAFsDgATyBF/CqPWrP2pv2Pm0taPnMLvgD7eMbQ2qc6w==</latexit><latexit sha1_base64="WBURvIgEuB12Pmy8ZNdSC9LZSKA=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY50RQTdCtRsXXdRip4XOOGQyaRuaeZBkhDL0K9z4K25cKOJW3Pk3ZtoRtPVAyLnn3EtyjxczKqRhfGmFhcWl5ZXiamltfWNzS9/esUSUcExaOGIR73hIEEZD0pJUMtKJOUGBx0jbG9Yyv31PuKBReCtHMXEC1A9pj2IkleTqRzU3tY4vxxfQcpt3to/6sOM2s8KOA3XVf7R6Vrh62agYE8B5YuakDHI0XP3T9iOcBCSUmCEhuqYRSydFXFLMyLhkJ4LECA9Rn3QVDVFAhJNO1hrDA6X4sBdxdUIJJ+rviRQFQowCT3UGSA7ErJeJ/3ndRPbOnZSGcSJJiKcP9RIGZQSzjKBPOcGSjRRBmFP1V4gHiCMsVZIlFYI5u/I8sU4qplExb07L1as8jiLYA/vgEJjgDFTBNWiAFsDgATyBF/CqPWrP2pv2Pm0taPnMLvgD7eMbQ2qc6w==</latexit>

Stronger exp. limit applies:

But suppressed rate:

Weaker exp. limit applies:

BR(µ ! ea) < 5.8⇥ 10�5
<latexit sha1_base64="60zTzkA5811nQeRGg4tGaPpyhqg=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6IEUdGBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0MumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqKDqpTSME0VCPD8UJAzq5NN+YJ8KghUba4KwoPqvEA+RQFjpFgu6BGcx8jJpnVmObTk358VaPasjD47AMSgBB1yAGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCrPpru</latexit><latexit sha1_base64="60zTzkA5811nQeRGg4tGaPpyhqg=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6IEUdGBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0MumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqKDqpTSME0VCPD8UJAzq5NN+YJ8KghUba4KwoPqvEA+RQFjpFgu6BGcx8jJpnVmObTk358VaPasjD47AMSgBB1yAGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCrPpru</latexit><latexit sha1_base64="60zTzkA5811nQeRGg4tGaPpyhqg=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6IEUdGBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0MumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqKDqpTSME0VCPD8UJAzq5NN+YJ8KghUba4KwoPqvEA+RQFjpFgu6BGcx8jJpnVmObTk358VaPasjD47AMSgBB1yAGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCrPpru</latexit><latexit sha1_base64="60zTzkA5811nQeRGg4tGaPpyhqg=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6IEUdGBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0MumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqKDqpTSME0VCPD8UJAzq5NN+YJ8KghUba4KwoPqvEA+RQFjpFgu6BGcx8jJpnVmObTk358VaPasjD47AMSgBB1yAGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCrPpru</latexit>

But larger rate:

Lorenzo Calibbi (Nankai)LFV into ALPs

d�(µ+ ! e+ a)

d cos ✓
=

�µ!e a

2

"
1 + 2P cos ✓

CV
eµC

A
eµ

(CV
eµ)

2
+ (CA

eµ)
2

#

<latexit sha1_base64="yTDiF770iUymABuEYf6rzSYYrvU="></latexit>



Bounds on the flavour-breaking scale f

Anarchical model Hierarchical model

µ ! e a �
<latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit>

µ ! e a
<latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit>

⌧ ! e a
<latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit>

⌧ ! µa
<latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit>

5⇥ 108 GeV
<latexit sha1_base64="wiYzluUY3yFf5Ub1buRIIQGOVX4=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkUrHHggc9VrAf0MSy2U7apbtJ2N0IJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxheTfzWA0jF4uhOjxLwBelHLGSUaCN17cMLTzMBCrvOfdU7yzwp8DU0x7hrl5yyMwVeJG5OSihHvWt/eb2YpgIiTTlRquM6ifYzIjWjHMZFL1WQEDokfegYGhGz1c+mH4zxiVF6OIylqUjjqfp7IiNCqZEITKcgeqDmvYn4n9dJdVj1MxYlqYaIzhaFKcc6xpM4cI9JoJqPDCFUMnMrpgMiCdUmtKIJwZ1/eZE0z8uuU3ZvK6VaJY+jgI7QMTpFLrpENXSD6qiBKHpEz+gVvVlP1ov1bn3MWpesfOYA/YH1+QMcrJVU</latexit><latexit sha1_base64="wiYzluUY3yFf5Ub1buRIIQGOVX4=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkUrHHggc9VrAf0MSy2U7apbtJ2N0IJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxheTfzWA0jF4uhOjxLwBelHLGSUaCN17cMLTzMBCrvOfdU7yzwp8DU0x7hrl5yyMwVeJG5OSihHvWt/eb2YpgIiTTlRquM6ifYzIjWjHMZFL1WQEDokfegYGhGz1c+mH4zxiVF6OIylqUjjqfp7IiNCqZEITKcgeqDmvYn4n9dJdVj1MxYlqYaIzhaFKcc6xpM4cI9JoJqPDCFUMnMrpgMiCdUmtKIJwZ1/eZE0z8uuU3ZvK6VaJY+jgI7QMTpFLrpENXSD6qiBKHpEz+gVvVlP1ov1bn3MWpesfOYA/YH1+QMcrJVU</latexit><latexit sha1_base64="wiYzluUY3yFf5Ub1buRIIQGOVX4=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkUrHHggc9VrAf0MSy2U7apbtJ2N0IJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxheTfzWA0jF4uhOjxLwBelHLGSUaCN17cMLTzMBCrvOfdU7yzwp8DU0x7hrl5yyMwVeJG5OSihHvWt/eb2YpgIiTTlRquM6ifYzIjWjHMZFL1WQEDokfegYGhGz1c+mH4zxiVF6OIylqUjjqfp7IiNCqZEITKcgeqDmvYn4n9dJdVj1MxYlqYaIzhaFKcc6xpM4cI9JoJqPDCFUMnMrpgMiCdUmtKIJwZ1/eZE0z8uuU3ZvK6VaJY+jgI7QMTpFLrpENXSD6qiBKHpEz+gVvVlP1ov1bn3MWpesfOYA/YH1+QMcrJVU</latexit><latexit sha1_base64="wiYzluUY3yFf5Ub1buRIIQGOVX4=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkUrHHggc9VrAf0MSy2U7apbtJ2N0IJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxheTfzWA0jF4uhOjxLwBelHLGSUaCN17cMLTzMBCrvOfdU7yzwp8DU0x7hrl5yyMwVeJG5OSihHvWt/eb2YpgIiTTlRquM6ifYzIjWjHMZFL1WQEDokfegYGhGz1c+mH4zxiVF6OIylqUjjqfp7IiNCqZEITKcgeqDmvYn4n9dJdVj1MxYlqYaIzhaFKcc6xpM4cI9JoJqPDCFUMnMrpgMiCdUmtKIJwZ1/eZE0z8uuU3ZvK6VaJY+jgI7QMTpFLrpENXSD6qiBKHpEz+gVvVlP1ov1bn3MWpesfOYA/YH1+QMcrJVU</latexit>

107 GeV
<latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="W4Vxcnu1fA6Dipx2tAhvE6sPghw=">AAAB7nicbZBLSwMxFIXv1FetVUe3boJFcCEl46YuBRe6rGAf0BlLJs20oUlmSDKFMvSfuHGhiD/Hnf/G9LHQ1gOBj3MS7s2JM8GNxfjbK21t7+zulfcrB9XDo2P/pNo2aa4pa9FUpLobE8MEV6xluRWsm2lGZCxYJx7fzfPOhGnDU/VkpxmLJBkqnnBKrLP6vh/g50Z4VYRaonvWnqG+X8N1vBDahGAFNVip2fe/wkFKc8mUpYIY0wtwZqOCaMupYLNKmBuWETomQ9ZzqIhkJioWm8/QhXMGKEm1O8qihfv7RUGkMVMZu5uS2JFZz+bmf1kvt8lNVHCV5ZYpuhyU5ALZFM1rQAOuGbVi6oBQzd2uiI6IJtS6siquhGD9y5vQvq4HuB48YijDGZzDJQTQgFt4gCa0gMIEXuAN3r3Ce/U+lnWVvFVvp/BH3ucPK0eQ2g==</latexit><latexit sha1_base64="W4Vxcnu1fA6Dipx2tAhvE6sPghw=">AAAB7nicbZBLSwMxFIXv1FetVUe3boJFcCEl46YuBRe6rGAf0BlLJs20oUlmSDKFMvSfuHGhiD/Hnf/G9LHQ1gOBj3MS7s2JM8GNxfjbK21t7+zulfcrB9XDo2P/pNo2aa4pa9FUpLobE8MEV6xluRWsm2lGZCxYJx7fzfPOhGnDU/VkpxmLJBkqnnBKrLP6vh/g50Z4VYRaonvWnqG+X8N1vBDahGAFNVip2fe/wkFKc8mUpYIY0wtwZqOCaMupYLNKmBuWETomQ9ZzqIhkJioWm8/QhXMGKEm1O8qihfv7RUGkMVMZu5uS2JFZz+bmf1kvt8lNVHCV5ZYpuhyU5ALZFM1rQAOuGbVi6oBQzd2uiI6IJtS6siquhGD9y5vQvq4HuB48YijDGZzDJQTQgFt4gCa0gMIEXuAN3r3Ce/U+lnWVvFVvp/BH3ucPK0eQ2g==</latexit><latexit sha1_base64="PF7XSJLdbxhCCpHBrYs9LZ9ak8Q=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4kLIRoR4LHvRYwX5AE8tmO2mX7iZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1PBtSHk21lb39jc2i7tlHf39g8O3aPjlk4yxaDJEpGoTkg1CB5D03AjoJMqoDIU0A5HtzO/PQaleRI/mkkKgaSDmEecUWOlnut65KnmX+a+kvgOWlPccyukSubAq8QrSAUVaPTcL7+fsExCbJigWnc9kpogp8pwJmBa9jMNKWUjOoCupTGVoIN8fvkUn1ulj6NE2YoNnqu/J3IqtZ7I0HZKaoZ62ZuJ/3ndzEQ3Qc7jNDMQs8WiKBPYJHgWA+5zBcyIiSWUKW5vxWxIFWXGhlW2IXjLL6+S1lXVI1XvgVTq10UcJXSKztAF8lAN1dE9aqAmYmiMntErenNy58V5dz4WrWtOMXOC/sD5/AFxP5Is</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit>

4⇥ 108 GeV
<latexit sha1_base64="z9Gf8dXMDGyCLOt8adRzwdIsY8c=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYI9FjzosYL9gCaWzXbTLt1Nwu5GKKFe/CtePCji1X/hzX/jts1BWx8MPN6bYWZekHCmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsYXU399gOVisXRnR4n1Bd4ELGQEayN1LOPqp5mgirkOvc17zzzpEDXtDVBPbvsVJwZ0DJxc1KGHI2e/eX1Y5IKGmnCsVJd10m0n2GpGeF0UvJSRRNMRnhAu4ZG2Gz1s9kHE3RqlD4KY2kq0mim/p7IsFBqLALTKbAeqkVvKv7ndVMd1vyMRUmqaUTmi8KUIx2jaRyozyQlmo8NwUQycysiQywx0Sa0kgnBXXx5mbQuKq5TcW+r5Xo1j6MIx3ACZ+DCJdThBhrQBAKP8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QMbEZVT</latexit><latexit sha1_base64="z9Gf8dXMDGyCLOt8adRzwdIsY8c=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYI9FjzosYL9gCaWzXbTLt1Nwu5GKKFe/CtePCji1X/hzX/jts1BWx8MPN6bYWZekHCmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsYXU399gOVisXRnR4n1Bd4ELGQEayN1LOPqp5mgirkOvc17zzzpEDXtDVBPbvsVJwZ0DJxc1KGHI2e/eX1Y5IKGmnCsVJd10m0n2GpGeF0UvJSRRNMRnhAu4ZG2Gz1s9kHE3RqlD4KY2kq0mim/p7IsFBqLALTKbAeqkVvKv7ndVMd1vyMRUmqaUTmi8KUIx2jaRyozyQlmo8NwUQycysiQywx0Sa0kgnBXXx5mbQuKq5TcW+r5Xo1j6MIx3ACZ+DCJdThBhrQBAKP8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QMbEZVT</latexit><latexit sha1_base64="z9Gf8dXMDGyCLOt8adRzwdIsY8c=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYI9FjzosYL9gCaWzXbTLt1Nwu5GKKFe/CtePCji1X/hzX/jts1BWx8MPN6bYWZekHCmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsYXU399gOVisXRnR4n1Bd4ELGQEayN1LOPqp5mgirkOvc17zzzpEDXtDVBPbvsVJwZ0DJxc1KGHI2e/eX1Y5IKGmnCsVJd10m0n2GpGeF0UvJSRRNMRnhAu4ZG2Gz1s9kHE3RqlD4KY2kq0mim/p7IsFBqLALTKbAeqkVvKv7ndVMd1vyMRUmqaUTmi8KUIx2jaRyozyQlmo8NwUQycysiQywx0Sa0kgnBXXx5mbQuKq5TcW+r5Xo1j6MIx3ACZ+DCJdThBhrQBAKP8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QMbEZVT</latexit><latexit sha1_base64="z9Gf8dXMDGyCLOt8adRzwdIsY8c=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYI9FjzosYL9gCaWzXbTLt1Nwu5GKKFe/CtePCji1X/hzX/jts1BWx8MPN6bYWZekHCmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsYXU399gOVisXRnR4n1Bd4ELGQEayN1LOPqp5mgirkOvc17zzzpEDXtDVBPbvsVJwZ0DJxc1KGHI2e/eX1Y5IKGmnCsVJd10m0n2GpGeF0UvJSRRNMRnhAu4ZG2Gz1s9kHE3RqlD4KY2kq0mim/p7IsFBqLALTKbAeqkVvKv7ndVMd1vyMRUmqaUTmi8KUIx2jaRyozyQlmo8NwUQycysiQywx0Sa0kgnBXXx5mbQuKq5TcW+r5Xo1j6MIx3ACZ+DCJdThBhrQBAKP8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QMbEZVT</latexit>

4⇥ 105 GeV
<latexit sha1_base64="tcVVqlXbMAtzQLKKn//Aj0NwMWo=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYoeCx70WMF+QBPLZrtpl+4mYXcjlFAv/hUvHhTx6r/w5r9x2+agrQ8GHu/NMDMvSDhT2nG+rcLS8srqWnG9tLG5tb1j7+41VZxKQhsk5rFsB1hRziLa0Exz2k4kxSLgtBUMryZ+64FKxeLoTo8S6gvcj1jICNZG6toHVU8zQRVynftz7zTzpEDXtDlGXbvsVJwp0CJxc1KGHPWu/eX1YpIKGmnCsVId10m0n2GpGeF0XPJSRRNMhrhPO4ZG2Gz1s+kHY3RslB4KY2kq0miq/p7IsFBqJALTKbAeqHlvIv7ndVIdXvoZi5JU04jMFoUpRzpGkzhQj0lKNB8Zgolk5lZEBlhiok1oJROCO//yImmeVVyn4t5Wy7VqHkcRDuEITsCFC6jBDdShAQQe4Rle4c16sl6sd+tj1lqw8pl9+APr8wcWYZVQ</latexit><latexit sha1_base64="tcVVqlXbMAtzQLKKn//Aj0NwMWo=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYoeCx70WMF+QBPLZrtpl+4mYXcjlFAv/hUvHhTx6r/w5r9x2+agrQ8GHu/NMDMvSDhT2nG+rcLS8srqWnG9tLG5tb1j7+41VZxKQhsk5rFsB1hRziLa0Exz2k4kxSLgtBUMryZ+64FKxeLoTo8S6gvcj1jICNZG6toHVU8zQRVynftz7zTzpEDXtDlGXbvsVJwp0CJxc1KGHPWu/eX1YpIKGmnCsVId10m0n2GpGeF0XPJSRRNMhrhPO4ZG2Gz1s+kHY3RslB4KY2kq0miq/p7IsFBqJALTKbAeqHlvIv7ndVIdXvoZi5JU04jMFoUpRzpGkzhQj0lKNB8Zgolk5lZEBlhiok1oJROCO//yImmeVVyn4t5Wy7VqHkcRDuEITsCFC6jBDdShAQQe4Rle4c16sl6sd+tj1lqw8pl9+APr8wcWYZVQ</latexit><latexit sha1_base64="tcVVqlXbMAtzQLKKn//Aj0NwMWo=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYoeCx70WMF+QBPLZrtpl+4mYXcjlFAv/hUvHhTx6r/w5r9x2+agrQ8GHu/NMDMvSDhT2nG+rcLS8srqWnG9tLG5tb1j7+41VZxKQhsk5rFsB1hRziLa0Exz2k4kxSLgtBUMryZ+64FKxeLoTo8S6gvcj1jICNZG6toHVU8zQRVynftz7zTzpEDXtDlGXbvsVJwp0CJxc1KGHPWu/eX1YpIKGmnCsVId10m0n2GpGeF0XPJSRRNMhrhPO4ZG2Gz1s+kHY3RslB4KY2kq0miq/p7IsFBqJALTKbAeqHlvIv7ndVIdXvoZi5JU04jMFoUpRzpGkzhQj0lKNB8Zgolk5lZEBlhiok1oJROCO//yImmeVVyn4t5Wy7VqHkcRDuEITsCFC6jBDdShAQQe4Rle4c16sl6sd+tj1lqw8pl9+APr8wcWYZVQ</latexit><latexit sha1_base64="tcVVqlXbMAtzQLKKn//Aj0NwMWo=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYoeCx70WMF+QBPLZrtpl+4mYXcjlFAv/hUvHhTx6r/w5r9x2+agrQ8GHu/NMDMvSDhT2nG+rcLS8srqWnG9tLG5tb1j7+41VZxKQhsk5rFsB1hRziLa0Exz2k4kxSLgtBUMryZ+64FKxeLoTo8S6gvcj1jICNZG6toHVU8zQRVynftz7zTzpEDXtDlGXbvsVJwp0CJxc1KGHPWu/eX1YpIKGmnCsVId10m0n2GpGeF0XPJSRRNMhrhPO4ZG2Gz1s+kHY3RslB4KY2kq0miq/p7IsFBqJALTKbAeqHlvIv7ndVIdXvoZi5JU04jMFoUpRzpGkzhQj0lKNB8Zgolk5lZEBlhiok1oJROCO//yImmeVVyn4t5Wy7VqHkcRDuEITsCFC6jBDdShAQQe4Rle4c16sl6sd+tj1lqw8pl9+APr8wcWYZVQ</latexit>

5⇥ 103 GeV
<latexit sha1_base64="tr8u++3ryg1Mzy2QumJ3nHKYfBE=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkWtFjwYMeK9gPaGLZbDft0t0k7E6EEurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuYFieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmeMTqwEGwVqIYkYFgzWBwNfabD0xpHkd3MEyYL0kv4iGnBIzUsffPPeCSaew692feSeYpia9ZY4Q7dskpOxPgeeLmpIRy1Dr2l9eNaSpZBFQQrduuk4CfEQWcCjYqeqlmCaED0mNtQyNitvrZ5IMRPjJKF4exMhUBnqi/JzIitR7KwHRKAn09643F/7x2CuGln/EoSYFFdLooTAWGGI/jwF2uGAUxNIRQxc2tmPaJIhRMaEUTgjv78jxpnJZdp+zeVkrVSh5HAR2gQ3SMXHSBqugG1VAdUfSIntErerOerBfr3fqYti5Y+cwe+gPr8wcU3JVP</latexit><latexit sha1_base64="tr8u++3ryg1Mzy2QumJ3nHKYfBE=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkWtFjwYMeK9gPaGLZbDft0t0k7E6EEurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuYFieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmeMTqwEGwVqIYkYFgzWBwNfabD0xpHkd3MEyYL0kv4iGnBIzUsffPPeCSaew692feSeYpia9ZY4Q7dskpOxPgeeLmpIRy1Dr2l9eNaSpZBFQQrduuk4CfEQWcCjYqeqlmCaED0mNtQyNitvrZ5IMRPjJKF4exMhUBnqi/JzIitR7KwHRKAn09643F/7x2CuGln/EoSYFFdLooTAWGGI/jwF2uGAUxNIRQxc2tmPaJIhRMaEUTgjv78jxpnJZdp+zeVkrVSh5HAR2gQ3SMXHSBqugG1VAdUfSIntErerOerBfr3fqYti5Y+cwe+gPr8wcU3JVP</latexit><latexit sha1_base64="tr8u++3ryg1Mzy2QumJ3nHKYfBE=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkWtFjwYMeK9gPaGLZbDft0t0k7E6EEurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuYFieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmeMTqwEGwVqIYkYFgzWBwNfabD0xpHkd3MEyYL0kv4iGnBIzUsffPPeCSaew692feSeYpia9ZY4Q7dskpOxPgeeLmpIRy1Dr2l9eNaSpZBFQQrduuk4CfEQWcCjYqeqlmCaED0mNtQyNitvrZ5IMRPjJKF4exMhUBnqi/JzIitR7KwHRKAn09643F/7x2CuGln/EoSYFFdLooTAWGGI/jwF2uGAUxNIRQxc2tmPaJIhRMaEUTgjv78jxpnJZdp+zeVkrVSh5HAR2gQ3SMXHSBqugG1VAdUfSIntErerOerBfr3fqYti5Y+cwe+gPr8wcU3JVP</latexit><latexit sha1_base64="tr8u++3ryg1Mzy2QumJ3nHKYfBE=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkWtFjwYMeK9gPaGLZbDft0t0k7E6EEurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuYFieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmeMTqwEGwVqIYkYFgzWBwNfabD0xpHkd3MEyYL0kv4iGnBIzUsffPPeCSaew692feSeYpia9ZY4Q7dskpOxPgeeLmpIRy1Dr2l9eNaSpZBFQQrduuk4CfEQWcCjYqeqlmCaED0mNtQyNitvrZ5IMRPjJKF4exMhUBnqi/JzIitR7KwHRKAn09643F/7x2CuGln/EoSYFFdLooTAWGGI/jwF2uGAUxNIRQxc2tmPaJIhRMaEUTgjv78jxpnJZdp+zeVkrVSh5HAR2gQ3SMXHSBqugG1VAdUfSIntErerOerBfr3fqYti5Y+cwe+gPr8wcU3JVP</latexit>

106 GeV
<latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit><latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit><latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit><latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit>

106 GeV
<latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit><latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit><latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit><latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit>

Present bounds

f > 2⇥ 107 GeV
<latexit sha1_base64="YONUWogW6tjrTc1lHeU+oJ3vDbI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhZSkCHUlRRe6rGAf0MQymU7aoTOTMDMRSii48VfcuFDErT/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0VXmtx+IVDQSd3ocE5+jgaAhxUgbqWcfhBdVT1NOFHSd+5p3mnqSw2vSmpR6dtmpOFPAReLmpAxyNHr2l9ePcMKJ0JghpbquE2s/RVJTzMik5CWKxAiP0IB0DRXIbPXT6Q8TeGyUPgwjaUpoOFV/T6SIKzXmgenkSA/VvJeJ/3ndRIfnfkpFnGgi8GxRmDCoI5gFAvtUEqzZ2BCEJTW3QjxEEmFtYstCcOdfXiStasV1Ku7tWbl+mcdRBIfgCJwAF9RAHdyABmgCDB7BM3gFb9aT9WK9Wx+z1oKVz+yDP7A+fwBL8pYA</latexit><latexit sha1_base64="YONUWogW6tjrTc1lHeU+oJ3vDbI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhZSkCHUlRRe6rGAf0MQymU7aoTOTMDMRSii48VfcuFDErT/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0VXmtx+IVDQSd3ocE5+jgaAhxUgbqWcfhBdVT1NOFHSd+5p3mnqSw2vSmpR6dtmpOFPAReLmpAxyNHr2l9ePcMKJ0JghpbquE2s/RVJTzMik5CWKxAiP0IB0DRXIbPXT6Q8TeGyUPgwjaUpoOFV/T6SIKzXmgenkSA/VvJeJ/3ndRIfnfkpFnGgi8GxRmDCoI5gFAvtUEqzZ2BCEJTW3QjxEEmFtYstCcOdfXiStasV1Ku7tWbl+mcdRBIfgCJwAF9RAHdyABmgCDB7BM3gFb9aT9WK9Wx+z1oKVz+yDP7A+fwBL8pYA</latexit><latexit sha1_base64="YONUWogW6tjrTc1lHeU+oJ3vDbI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhZSkCHUlRRe6rGAf0MQymU7aoTOTMDMRSii48VfcuFDErT/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0VXmtx+IVDQSd3ocE5+jgaAhxUgbqWcfhBdVT1NOFHSd+5p3mnqSw2vSmpR6dtmpOFPAReLmpAxyNHr2l9ePcMKJ0JghpbquE2s/RVJTzMik5CWKxAiP0IB0DRXIbPXT6Q8TeGyUPgwjaUpoOFV/T6SIKzXmgenkSA/VvJeJ/3ndRIfnfkpFnGgi8GxRmDCoI5gFAvtUEqzZ2BCEJTW3QjxEEmFtYstCcOdfXiStasV1Ku7tWbl+mcdRBIfgCJwAF9RAHdyABmgCDB7BM3gFb9aT9WK9Wx+z1oKVz+yDP7A+fwBL8pYA</latexit><latexit sha1_base64="YONUWogW6tjrTc1lHeU+oJ3vDbI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhZSkCHUlRRe6rGAf0MQymU7aoTOTMDMRSii48VfcuFDErT/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0VXmtx+IVDQSd3ocE5+jgaAhxUgbqWcfhBdVT1NOFHSd+5p3mnqSw2vSmpR6dtmpOFPAReLmpAxyNHr2l9ePcMKJ0JghpbquE2s/RVJTzMik5CWKxAiP0IB0DRXIbPXT6Q8TeGyUPgwjaUpoOFV/T6SIKzXmgenkSA/VvJeJ/3ndRIfnfkpFnGgi8GxRmDCoI5gFAvtUEqzZ2BCEJTW3QjxEEmFtYstCcOdfXiStasV1Ku7tWbl+mcdRBIfgCJwAF9RAHdyABmgCDB7BM3gFb9aT9WK9Wx+z1oKVz+yDP7A+fwBL8pYA</latexit>

ma ≈ 0

Lorenzo Calibbi (Nankai)LFV into ALPs

To be compared to the bound (from the coupling 
to electrons) from star cooling: 

f > 2⇥ 1010 GeV
<latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit><latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit><latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit><latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit>

ma < O(10) keV
<latexit sha1_base64="wy5mfF6oGUpNlAMoEzyw492k4O8=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkpSBV24KLpxZwX7gCaEyXTSDp1JwsxEKKHdufFX3LhQxK2f4M6/cdJmoa0HLhzOuZd77/FjRqWyrG+jsLS8srpWXC9tbG5t75i7ey0ZJQKTJo5YJDo+koTRkDQVVYx0YkEQ9xlp+8PrzG8/ECFpFN6rUUxcjvohDShGSkueecg9BCeXE4cjNcCIpbfjim2dTBzB4ZC0oGeWrao1BVwkdk7KIEfDM7+cXoQTTkKFGZKya1uxclMkFMWMjEtOIkmM8BD1SVfTEHEi3XT6yBgea6UHg0joChWcqr8nUsSlHHFfd2b3ynkvE//zuokKLtyUhnGiSIhni4KEQRXBLBXYo4JgxUaaICyovhXiARIIK51dSYdgz7+8SFq1qn1ard2dletXeRxFcACOQAXY4BzUwQ1ogCbA4BE8g1fwZjwZL8a78TFrLRj5zD74A+PzBxRRmLg=</latexit>



Bounds on the flavour-breaking scale f

Anarchical model Hierarchical model

µ ! e a �
<latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit>

µ ! e a
<latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit>

⌧ ! e a
<latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit>

⌧ ! µa
<latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit>

f > 8⇥ 108 GeV
<latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit><latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit><latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit><latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit>

7⇥ 106 GeV
<latexit sha1_base64="V1m1hbRwkqwkSrpOfQpqKxznCWY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoixXoseNBjBfsBTSyb7aZdutmE3YlQQnvxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxheT/3WI1Oax/IeRgnzI9KXPOSUgJG69nHVAx4xjV3nIbscTzJPRfiGNcddu+SUnRnwMnFzUkI56l37y+vFNI2YBCqI1h3XScDPiAJOBRsXvVSzhNAh6bOOoZKYrX42+2CMz4zSw2GsTEnAM/X3REYirUdRYDojAgO96E3F/7xOCuGVn3GZpMAknS8KU4EhxtM4cI8rRkGMDCFUcXMrpgOiCAUTWtGE4C6+vEyaF2XXKbt3lVKtksdRQCfoFJ0jF1VRDd2iOmogiiboGb2iN+vJerHerY9564qVzxyhP7A+fwBa5pYi</latexit><latexit sha1_base64="V1m1hbRwkqwkSrpOfQpqKxznCWY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoixXoseNBjBfsBTSyb7aZdutmE3YlQQnvxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxheT/3WI1Oax/IeRgnzI9KXPOSUgJG69nHVAx4xjV3nIbscTzJPRfiGNcddu+SUnRnwMnFzUkI56l37y+vFNI2YBCqI1h3XScDPiAJOBRsXvVSzhNAh6bOOoZKYrX42+2CMz4zSw2GsTEnAM/X3REYirUdRYDojAgO96E3F/7xOCuGVn3GZpMAknS8KU4EhxtM4cI8rRkGMDCFUcXMrpgOiCAUTWtGE4C6+vEyaF2XXKbt3lVKtksdRQCfoFJ0jF1VRDd2iOmogiiboGb2iN+vJerHerY9564qVzxyhP7A+fwBa5pYi</latexit><latexit sha1_base64="V1m1hbRwkqwkSrpOfQpqKxznCWY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoixXoseNBjBfsBTSyb7aZdutmE3YlQQnvxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxheT/3WI1Oax/IeRgnzI9KXPOSUgJG69nHVAx4xjV3nIbscTzJPRfiGNcddu+SUnRnwMnFzUkI56l37y+vFNI2YBCqI1h3XScDPiAJOBRsXvVSzhNAh6bOOoZKYrX42+2CMz4zSw2GsTEnAM/X3REYirUdRYDojAgO96E3F/7xOCuGVn3GZpMAknS8KU4EhxtM4cI8rRkGMDCFUcXMrpgOiCAUTWtGE4C6+vEyaF2XXKbt3lVKtksdRQCfoFJ0jF1VRDd2iOmogiiboGb2iN+vJerHerY9564qVzxyhP7A+fwBa5pYi</latexit><latexit sha1_base64="V1m1hbRwkqwkSrpOfQpqKxznCWY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoixXoseNBjBfsBTSyb7aZdutmE3YlQQnvxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxheT/3WI1Oax/IeRgnzI9KXPOSUgJG69nHVAx4xjV3nIbscTzJPRfiGNcddu+SUnRnwMnFzUkI56l37y+vFNI2YBCqI1h3XScDPiAJOBRsXvVSzhNAh6bOOoZKYrX42+2CMz4zSw2GsTEnAM/X3REYirUdRYDojAgO96E3F/7xOCuGVn3GZpMAknS8KU4EhxtM4cI8rRkGMDCFUcXMrpgOiCAUTWtGE4C6+vEyaF2XXKbt3lVKtksdRQCfoFJ0jF1VRDd2iOmogiiboGb2iN+vJerHerY9564qVzxyhP7A+fwBa5pYi</latexit>

2⇥ 107 GeV
<latexit sha1_base64="TzSJ1mf27T23tujIq5T5ay/R45U=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUqjHggc9VrCt0MSy2W7apZtN2J0IJbQX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7C2vrG5Vdwu7ezu7R/Yh0dtHaeKshaNRazuA6KZ4JK1gINg94liJAoE6wSjq5nfeWRK81jewThhfkQGkoecEjBSzz6pesAjprHrPGT1yTTzVISvWXvSs8tOxZkDrxI3J2WUo9mzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGiqJ2epn8w8m+NwofRzGypQEPFd/T2Qk0nocBaYzIjDUy95M/M/rphBe+hmXSQpM0sWiMBUYYjyLA/e5YhTE2BBCFTe3YjokilAwoZVMCO7yy6ukXa24TsW9rZUbtTyOIjpFZ+gCuaiOGugGNVELUTRFz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AFUbpYe</latexit><latexit sha1_base64="TzSJ1mf27T23tujIq5T5ay/R45U=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUqjHggc9VrCt0MSy2W7apZtN2J0IJbQX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7C2vrG5Vdwu7ezu7R/Yh0dtHaeKshaNRazuA6KZ4JK1gINg94liJAoE6wSjq5nfeWRK81jewThhfkQGkoecEjBSzz6pesAjprHrPGT1yTTzVISvWXvSs8tOxZkDrxI3J2WUo9mzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGiqJ2epn8w8m+NwofRzGypQEPFd/T2Qk0nocBaYzIjDUy95M/M/rphBe+hmXSQpM0sWiMBUYYjyLA/e5YhTE2BBCFTe3YjokilAwoZVMCO7yy6ukXa24TsW9rZUbtTyOIjpFZ+gCuaiOGugGNVELUTRFz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AFUbpYe</latexit><latexit sha1_base64="TzSJ1mf27T23tujIq5T5ay/R45U=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUqjHggc9VrCt0MSy2W7apZtN2J0IJbQX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7C2vrG5Vdwu7ezu7R/Yh0dtHaeKshaNRazuA6KZ4JK1gINg94liJAoE6wSjq5nfeWRK81jewThhfkQGkoecEjBSzz6pesAjprHrPGT1yTTzVISvWXvSs8tOxZkDrxI3J2WUo9mzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGiqJ2epn8w8m+NwofRzGypQEPFd/T2Qk0nocBaYzIjDUy95M/M/rphBe+hmXSQpM0sWiMBUYYjyLA/e5YhTE2BBCFTe3YjokilAwoZVMCO7yy6ukXa24TsW9rZUbtTyOIjpFZ+gCuaiOGugGNVELUTRFz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AFUbpYe</latexit><latexit sha1_base64="TzSJ1mf27T23tujIq5T5ay/R45U=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUqjHggc9VrCt0MSy2W7apZtN2J0IJbQX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7C2vrG5Vdwu7ezu7R/Yh0dtHaeKshaNRazuA6KZ4JK1gINg94liJAoE6wSjq5nfeWRK81jewThhfkQGkoecEjBSzz6pesAjprHrPGT1yTTzVISvWXvSs8tOxZkDrxI3J2WUo9mzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGiqJ2epn8w8m+NwofRzGypQEPFd/T2Qk0nocBaYzIjDUy95M/M/rphBe+hmXSQpM0sWiMBUYYjyLA/e5YhTE2BBCFTe3YjokilAwoZVMCO7yy6ukXa24TsW9rZUbtTyOIjpFZ+gCuaiOGugGNVELUTRFz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AFUbpYe</latexit>

Mu3e phase I

Belle2 (50/ab)

? ?

4⇥ 1010 GeV
<latexit sha1_base64="+RLU7X21gRWBdis6ihI3+Ht5YBk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgQkoiBV0WXeiygn1AZyyZNNOGZjJDkhHKMAs3/oobF4q49SPc+Temj4W2HrhwOOde7r0nSATXBqFvp7Cyura+UdwsbW3v7O65+wctHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawejq4nffmBK81jemXHC/IgMJA85JcZKPbdc8wyPmIYY3WcY5d4pzDwVwWvWyntuBVXRFHCZ4DmpgDkaPffL68c0jZg0VBCtuxglxs+IMpwKlpe8VLOE0BEZsK6lktjFfjZ9IofHVunDMFa2pIFT9fdERiKtx1FgOyNihnrRm4j/ed3UhBd+xmWSGibpbFGYCmhiOEkE9rli1IixJYQqbm+FdEgUocbmVrIh4MWXl0nrrIpRFd/WKvXLeRxFUAZH4ARgcA7q4AY0QBNQ8AiewSt4c56cF+fd+Zi1Fpz5zCH4A+fzB10PlqA=</latexit><latexit sha1_base64="+RLU7X21gRWBdis6ihI3+Ht5YBk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgQkoiBV0WXeiygn1AZyyZNNOGZjJDkhHKMAs3/oobF4q49SPc+Temj4W2HrhwOOde7r0nSATXBqFvp7Cyura+UdwsbW3v7O65+wctHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawejq4nffmBK81jemXHC/IgMJA85JcZKPbdc8wyPmIYY3WcY5d4pzDwVwWvWyntuBVXRFHCZ4DmpgDkaPffL68c0jZg0VBCtuxglxs+IMpwKlpe8VLOE0BEZsK6lktjFfjZ9IofHVunDMFa2pIFT9fdERiKtx1FgOyNihnrRm4j/ed3UhBd+xmWSGibpbFGYCmhiOEkE9rli1IixJYQqbm+FdEgUocbmVrIh4MWXl0nrrIpRFd/WKvXLeRxFUAZH4ARgcA7q4AY0QBNQ8AiewSt4c56cF+fd+Zi1Fpz5zCH4A+fzB10PlqA=</latexit><latexit sha1_base64="+RLU7X21gRWBdis6ihI3+Ht5YBk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgQkoiBV0WXeiygn1AZyyZNNOGZjJDkhHKMAs3/oobF4q49SPc+Temj4W2HrhwOOde7r0nSATXBqFvp7Cyura+UdwsbW3v7O65+wctHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawejq4nffmBK81jemXHC/IgMJA85JcZKPbdc8wyPmIYY3WcY5d4pzDwVwWvWyntuBVXRFHCZ4DmpgDkaPffL68c0jZg0VBCtuxglxs+IMpwKlpe8VLOE0BEZsK6lktjFfjZ9IofHVunDMFa2pIFT9fdERiKtx1FgOyNihnrRm4j/ed3UhBd+xmWSGibpbFGYCmhiOEkE9rli1IixJYQqbm+FdEgUocbmVrIh4MWXl0nrrIpRFd/WKvXLeRxFUAZH4ARgcA7q4AY0QBNQ8AiewSt4c56cF+fd+Zi1Fpz5zCH4A+fzB10PlqA=</latexit><latexit sha1_base64="+RLU7X21gRWBdis6ihI3+Ht5YBk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgQkoiBV0WXeiygn1AZyyZNNOGZjJDkhHKMAs3/oobF4q49SPc+Temj4W2HrhwOOde7r0nSATXBqFvp7Cyura+UdwsbW3v7O65+wctHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawejq4nffmBK81jemXHC/IgMJA85JcZKPbdc8wyPmIYY3WcY5d4pzDwVwWvWyntuBVXRFHCZ4DmpgDkaPffL68c0jZg0VBCtuxglxs+IMpwKlpe8VLOE0BEZsK6lktjFfjZ9IofHVunDMFa2pIFT9fdERiKtx1FgOyNihnrRm4j/ed3UhBd+xmWSGibpbFGYCmhiOEkE9rli1IixJYQqbm+FdEgUocbmVrIh4MWXl0nrrIpRFd/WKvXLeRxFUAZH4ARgcA7q4AY0QBNQ8AiewSt4c56cF+fd+Zi1Fpz5zCH4A+fzB10PlqA=</latexit>

ma ≈ 0

Lorenzo Calibbi (Nankai)LFV into ALPs

To be compared to the bound (from the coupling 
to electrons) from star cooling: 

f > 2⇥ 1010 GeV
<latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit><latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit><latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit><latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit>

ma < O(10) keV
<latexit sha1_base64="wy5mfF6oGUpNlAMoEzyw492k4O8=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkpSBV24KLpxZwX7gCaEyXTSDp1JwsxEKKHdufFX3LhQxK2f4M6/cdJmoa0HLhzOuZd77/FjRqWyrG+jsLS8srpWXC9tbG5t75i7ey0ZJQKTJo5YJDo+koTRkDQVVYx0YkEQ9xlp+8PrzG8/ECFpFN6rUUxcjvohDShGSkueecg9BCeXE4cjNcCIpbfjim2dTBzB4ZC0oGeWrao1BVwkdk7KIEfDM7+cXoQTTkKFGZKya1uxclMkFMWMjEtOIkmM8BD1SVfTEHEi3XT6yBgea6UHg0joChWcqr8nUsSlHHFfd2b3ynkvE//zuokKLtyUhnGiSIhni4KEQRXBLBXYo4JgxUaaICyovhXiARIIK51dSYdgz7+8SFq1qn1ard2dletXeRxFcACOQAXY4BzUwQ1ogCbA4BE8g1fwZjwZL8a78TFrLRj5zD74A+PzBxRRmLg=</latexit>

Future sensitivities



Bounds on the flavour-breaking scale f

Lorenzo Calibbi (Nankai)LFV into ALPs

… and hints for non-standard energy loss in star systems 
that could be fitted in this model with:

Defining as customary the familon as the phase of the flavour-breaking scalar field:

� =
f + �p

2
e

ia/f

, (4.7)

we obtain the following familon-lepton couplings:
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where

C
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. (4.9)

Here the unitary rotation matrices are defined as V †
L

y

e

V

R

⌘ y

e

diag

, and (X
L/R

)
ij

= [L/e]
i

�

ij

are diagonal matrices of the FN charges. Up to the O(1) coe�cients, LH and RH rotations

are given by (V
L/R

)
ij

⇡ ✏

|[L/e]i�[L/e]j |. Hence, flavour violating lepton-a couplings are

necessarily generated by RH rotations and possibly by LH rotations too, unless we are

considering a purely anarchical model, as in (4.4). In the latter case, since the charged

lepton hierarchy is solely due to the RH charges, RH rotations are of the order of the lepton

mass ratios, (V
R

)
ij

⇡ (V
R

)
ji

⇡ m

`i/m`j (i < j), and one gets:

(CV )
ij

= (CA)
ij

⇡ ([e]
i

� [e]
j

)
m

`i

m

`j

(i < j) [Pure Anarchy] . (4.10)

In contrast, in presence of non-universal [L]
i

, LH rotations dominate leading to

(CV )
ij

' �(CA)
ij

⇡ ([L]
i

� [L]
j

)✏|[L]i�[L]j | [Hierarchy] . (4.11)

In this case, although we expect a milder suppression from the LH rotations, the familon

couples to a V �A current, thus the weaker constraint on µ ! e a in (2.5) applies. Finally,

the coupling to electrons, relevant for the star cooling bounds, simply reads:

(CA)
11

⇡ [e]
1

� [L]
1

. (4.12)

In Table 2, we summarise present and expected future bounds (up to uncertainties stem-

ming from the unspecified O(1) coe�cients of the model) on the FN breaking scale f from

the processes discussed in the previous sections. In order to estimate the impact of the star

cooling bound of (3.1), we set [e]
1

� [L]
1

= 5. For the hierarchical case we estimated the LH

rotation employing ✏ = 0.4 as in [5]. As we can see, at least for the hierarchical model, fu-

ture searches of our LFV processes can supersede the stringent limit on f from star cooling

and possibly cross-check the favoured range (3.2) corresponding to f ⇡ 3⇥ 1010GeV.

4.3 The Majoron

[LC: Moved the Majoron models to the appendix. If any of them turns out to be interesting,

we can present it here and leave further details in the appendix, e.g. about seesaw models.]

– 8 –

ma < O(10) keV
<latexit sha1_base64="wy5mfF6oGUpNlAMoEzyw492k4O8=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkpSBV24KLpxZwX7gCaEyXTSDp1JwsxEKKHdufFX3LhQxK2f4M6/cdJmoa0HLhzOuZd77/FjRqWyrG+jsLS8srpWXC9tbG5t75i7ey0ZJQKTJo5YJDo+koTRkDQVVYx0YkEQ9xlp+8PrzG8/ECFpFN6rUUxcjvohDShGSkueecg9BCeXE4cjNcCIpbfjim2dTBzB4ZC0oGeWrao1BVwkdk7KIEfDM7+cXoQTTkKFGZKya1uxclMkFMWMjEtOIkmM8BD1SVfTEHEi3XT6yBgea6UHg0joChWcqr8nUsSlHHFfd2b3ynkvE//zuokKLtyUhnGiSIhni4KEQRXBLBXYo4JgxUaaICyovhXiARIIK51dSYdgz7+8SFq1qn1ard2dletXeRxFcACOQAXY4BzUwQ1ogCbA4BE8g1fwZjwZL8a78TFrLRj5zD74A+PzBxRRmLg=</latexit>

Anarchical model Hierarchical model

µ ! e a �
<latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit>

µ ! e a
<latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit>

⌧ ! e a
<latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit>

⌧ ! µa
<latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit>

f > 8⇥ 108 GeV
<latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit><latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit><latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit><latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit>

7⇥ 106 GeV
<latexit sha1_base64="V1m1hbRwkqwkSrpOfQpqKxznCWY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoixXoseNBjBfsBTSyb7aZdutmE3YlQQnvxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxheT/3WI1Oax/IeRgnzI9KXPOSUgJG69nHVAx4xjV3nIbscTzJPRfiGNcddu+SUnRnwMnFzUkI56l37y+vFNI2YBCqI1h3XScDPiAJOBRsXvVSzhNAh6bOOoZKYrX42+2CMz4zSw2GsTEnAM/X3REYirUdRYDojAgO96E3F/7xOCuGVn3GZpMAknS8KU4EhxtM4cI8rRkGMDCFUcXMrpgOiCAUTWtGE4C6+vEyaF2XXKbt3lVKtksdRQCfoFJ0jF1VRDd2iOmogiiboGb2iN+vJerHerY9564qVzxyhP7A+fwBa5pYi</latexit><latexit sha1_base64="V1m1hbRwkqwkSrpOfQpqKxznCWY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoixXoseNBjBfsBTSyb7aZdutmE3YlQQnvxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxheT/3WI1Oax/IeRgnzI9KXPOSUgJG69nHVAx4xjV3nIbscTzJPRfiGNcddu+SUnRnwMnFzUkI56l37y+vFNI2YBCqI1h3XScDPiAJOBRsXvVSzhNAh6bOOoZKYrX42+2CMz4zSw2GsTEnAM/X3REYirUdRYDojAgO96E3F/7xOCuGVn3GZpMAknS8KU4EhxtM4cI8rRkGMDCFUcXMrpgOiCAUTWtGE4C6+vEyaF2XXKbt3lVKtksdRQCfoFJ0jF1VRDd2iOmogiiboGb2iN+vJerHerY9564qVzxyhP7A+fwBa5pYi</latexit><latexit sha1_base64="V1m1hbRwkqwkSrpOfQpqKxznCWY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoixXoseNBjBfsBTSyb7aZdutmE3YlQQnvxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxheT/3WI1Oax/IeRgnzI9KXPOSUgJG69nHVAx4xjV3nIbscTzJPRfiGNcddu+SUnRnwMnFzUkI56l37y+vFNI2YBCqI1h3XScDPiAJOBRsXvVSzhNAh6bOOoZKYrX42+2CMz4zSw2GsTEnAM/X3REYirUdRYDojAgO96E3F/7xOCuGVn3GZpMAknS8KU4EhxtM4cI8rRkGMDCFUcXMrpgOiCAUTWtGE4C6+vEyaF2XXKbt3lVKtksdRQCfoFJ0jF1VRDd2iOmogiiboGb2iN+vJerHerY9564qVzxyhP7A+fwBa5pYi</latexit><latexit sha1_base64="V1m1hbRwkqwkSrpOfQpqKxznCWY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoixXoseNBjBfsBTSyb7aZdutmE3YlQQnvxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxheT/3WI1Oax/IeRgnzI9KXPOSUgJG69nHVAx4xjV3nIbscTzJPRfiGNcddu+SUnRnwMnFzUkI56l37y+vFNI2YBCqI1h3XScDPiAJOBRsXvVSzhNAh6bOOoZKYrX42+2CMz4zSw2GsTEnAM/X3REYirUdRYDojAgO96E3F/7xOCuGVn3GZpMAknS8KU4EhxtM4cI8rRkGMDCFUcXMrpgOiCAUTWtGE4C6+vEyaF2XXKbt3lVKtksdRQCfoFJ0jF1VRDd2iOmogiiboGb2iN+vJerHerY9564qVzxyhP7A+fwBa5pYi</latexit>

2⇥ 107 GeV
<latexit sha1_base64="TzSJ1mf27T23tujIq5T5ay/R45U=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUqjHggc9VrCt0MSy2W7apZtN2J0IJbQX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7C2vrG5Vdwu7ezu7R/Yh0dtHaeKshaNRazuA6KZ4JK1gINg94liJAoE6wSjq5nfeWRK81jewThhfkQGkoecEjBSzz6pesAjprHrPGT1yTTzVISvWXvSs8tOxZkDrxI3J2WUo9mzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGiqJ2epn8w8m+NwofRzGypQEPFd/T2Qk0nocBaYzIjDUy95M/M/rphBe+hmXSQpM0sWiMBUYYjyLA/e5YhTE2BBCFTe3YjokilAwoZVMCO7yy6ukXa24TsW9rZUbtTyOIjpFZ+gCuaiOGugGNVELUTRFz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AFUbpYe</latexit><latexit sha1_base64="TzSJ1mf27T23tujIq5T5ay/R45U=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUqjHggc9VrCt0MSy2W7apZtN2J0IJbQX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7C2vrG5Vdwu7ezu7R/Yh0dtHaeKshaNRazuA6KZ4JK1gINg94liJAoE6wSjq5nfeWRK81jewThhfkQGkoecEjBSzz6pesAjprHrPGT1yTTzVISvWXvSs8tOxZkDrxI3J2WUo9mzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGiqJ2epn8w8m+NwofRzGypQEPFd/T2Qk0nocBaYzIjDUy95M/M/rphBe+hmXSQpM0sWiMBUYYjyLA/e5YhTE2BBCFTe3YjokilAwoZVMCO7yy6ukXa24TsW9rZUbtTyOIjpFZ+gCuaiOGugGNVELUTRFz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AFUbpYe</latexit><latexit sha1_base64="TzSJ1mf27T23tujIq5T5ay/R45U=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUqjHggc9VrCt0MSy2W7apZtN2J0IJbQX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7C2vrG5Vdwu7ezu7R/Yh0dtHaeKshaNRazuA6KZ4JK1gINg94liJAoE6wSjq5nfeWRK81jewThhfkQGkoecEjBSzz6pesAjprHrPGT1yTTzVISvWXvSs8tOxZkDrxI3J2WUo9mzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGiqJ2epn8w8m+NwofRzGypQEPFd/T2Qk0nocBaYzIjDUy95M/M/rphBe+hmXSQpM0sWiMBUYYjyLA/e5YhTE2BBCFTe3YjokilAwoZVMCO7yy6ukXa24TsW9rZUbtTyOIjpFZ+gCuaiOGugGNVELUTRFz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AFUbpYe</latexit><latexit sha1_base64="TzSJ1mf27T23tujIq5T5ay/R45U=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUqjHggc9VrCt0MSy2W7apZtN2J0IJbQX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7C2vrG5Vdwu7ezu7R/Yh0dtHaeKshaNRazuA6KZ4JK1gINg94liJAoE6wSjq5nfeWRK81jewThhfkQGkoecEjBSzz6pesAjprHrPGT1yTTzVISvWXvSs8tOxZkDrxI3J2WUo9mzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGiqJ2epn8w8m+NwofRzGypQEPFd/T2Qk0nocBaYzIjDUy95M/M/rphBe+hmXSQpM0sWiMBUYYjyLA/e5YhTE2BBCFTe3YjokilAwoZVMCO7yy6ukXa24TsW9rZUbtTyOIjpFZ+gCuaiOGugGNVELUTRFz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AFUbpYe</latexit>

Mu3e phase I

Belle2 (50/ab)

? ?

4⇥ 1010 GeV
<latexit sha1_base64="+RLU7X21gRWBdis6ihI3+Ht5YBk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgQkoiBV0WXeiygn1AZyyZNNOGZjJDkhHKMAs3/oobF4q49SPc+Temj4W2HrhwOOde7r0nSATXBqFvp7Cyura+UdwsbW3v7O65+wctHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawejq4nffmBK81jemXHC/IgMJA85JcZKPbdc8wyPmIYY3WcY5d4pzDwVwWvWyntuBVXRFHCZ4DmpgDkaPffL68c0jZg0VBCtuxglxs+IMpwKlpe8VLOE0BEZsK6lktjFfjZ9IofHVunDMFa2pIFT9fdERiKtx1FgOyNihnrRm4j/ed3UhBd+xmWSGibpbFGYCmhiOEkE9rli1IixJYQqbm+FdEgUocbmVrIh4MWXl0nrrIpRFd/WKvXLeRxFUAZH4ARgcA7q4AY0QBNQ8AiewSt4c56cF+fd+Zi1Fpz5zCH4A+fzB10PlqA=</latexit><latexit sha1_base64="+RLU7X21gRWBdis6ihI3+Ht5YBk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgQkoiBV0WXeiygn1AZyyZNNOGZjJDkhHKMAs3/oobF4q49SPc+Temj4W2HrhwOOde7r0nSATXBqFvp7Cyura+UdwsbW3v7O65+wctHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawejq4nffmBK81jemXHC/IgMJA85JcZKPbdc8wyPmIYY3WcY5d4pzDwVwWvWyntuBVXRFHCZ4DmpgDkaPffL68c0jZg0VBCtuxglxs+IMpwKlpe8VLOE0BEZsK6lktjFfjZ9IofHVunDMFa2pIFT9fdERiKtx1FgOyNihnrRm4j/ed3UhBd+xmWSGibpbFGYCmhiOEkE9rli1IixJYQqbm+FdEgUocbmVrIh4MWXl0nrrIpRFd/WKvXLeRxFUAZH4ARgcA7q4AY0QBNQ8AiewSt4c56cF+fd+Zi1Fpz5zCH4A+fzB10PlqA=</latexit><latexit sha1_base64="+RLU7X21gRWBdis6ihI3+Ht5YBk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgQkoiBV0WXeiygn1AZyyZNNOGZjJDkhHKMAs3/oobF4q49SPc+Temj4W2HrhwOOde7r0nSATXBqFvp7Cyura+UdwsbW3v7O65+wctHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawejq4nffmBK81jemXHC/IgMJA85JcZKPbdc8wyPmIYY3WcY5d4pzDwVwWvWyntuBVXRFHCZ4DmpgDkaPffL68c0jZg0VBCtuxglxs+IMpwKlpe8VLOE0BEZsK6lktjFfjZ9IofHVunDMFa2pIFT9fdERiKtx1FgOyNihnrRm4j/ed3UhBd+xmWSGibpbFGYCmhiOEkE9rli1IixJYQqbm+FdEgUocbmVrIh4MWXl0nrrIpRFd/WKvXLeRxFUAZH4ARgcA7q4AY0QBNQ8AiewSt4c56cF+fd+Zi1Fpz5zCH4A+fzB10PlqA=</latexit><latexit sha1_base64="+RLU7X21gRWBdis6ihI3+Ht5YBk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgQkoiBV0WXeiygn1AZyyZNNOGZjJDkhHKMAs3/oobF4q49SPc+Temj4W2HrhwOOde7r0nSATXBqFvp7Cyura+UdwsbW3v7O65+wctHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawejq4nffmBK81jemXHC/IgMJA85JcZKPbdc8wyPmIYY3WcY5d4pzDwVwWvWyntuBVXRFHCZ4DmpgDkaPffL68c0jZg0VBCtuxglxs+IMpwKlpe8VLOE0BEZsK6lktjFfjZ9IofHVunDMFa2pIFT9fdERiKtx1FgOyNihnrRm4j/ed3UhBd+xmWSGibpbFGYCmhiOEkE9rli1IixJYQqbm+FdEgUocbmVrIh4MWXl0nrrIpRFd/WKvXLeRxFUAZH4ARgcA7q4AY0QBNQ8AiewSt4c56cF+fd+Zi1Fpz5zCH4A+fzB10PlqA=</latexit>

ma ≈ 0

Future sensitivities



Bounds on the flavour-breaking scale f

Lorenzo Calibbi (Nankai)LFV into ALPs

 ma  range

100 keV m𝜇 m𝜏

Anarchical model Hierarchical model

µ ! e a �
<latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit>

µ ! e a
<latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit>

⌧ ! e a
<latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit>

⌧ ! µa
<latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit>

f > 8⇥ 108 GeV
<latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit><latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit><latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit><latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit>

7⇥ 106 GeV
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ma ≈ 0

Future sensitivities

𝜇→e modes can 
compete with stars

𝜇→e dominates

Only 𝜏 decays!



Conclusions

Lorenzo Calibbi (Nankai)LFV into ALPs

In general, PNGBs from non-universal global U(1)  
give rise to lepton-flavour-violating decays

Very large symmetry-breaking scales can be probed

Future CLFV limits (e.g. on a leptonic familon)  
can supersede stellar bounds even in the small mass range 

We have huge room for improvement over the old limits

Essential interplay among 𝜇, 𝜏,  and astrophysical bounds
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The axiflavon setup

2

For axion masses in the natural range for axion DM,
ma ⇡ (10�3 ÷ 0.1)meV, this region will be tested in
the near future by the ADMX experiment.

The axiflavon can also be tested by precision flavor
experiments looking for the decay K+ ! ⇡+a. Indeed
the flavor violating couplings of the axiflavon to quarks
are also related to quark masses, but in contrast to E/N
are more sensitive to model-dependent O(1) coe�cients

BR(K+ ! ⇡+a) ' 1.2 ·10�10
⇣ ma

0.1meV

⌘2 ⇣sd

N

⌘2
, (3)

where sd/N ⇠ O(1). In the natural range of axion
DM this decay can be within the reach of the NA62 and
ORKA experiments, depending on the model-dependent
coe�cients. We summarize our results along with the
present and expected experimental constraints in Fig. 1
at the end of this letter.

SETUP

We assume that the masses of the SM fermions come
from the vacuum expectation value (vev) v = 174 GeV
of the SM Higgs H, while the hierarchies of the Yukawa
couplings are due to a global horizontal symmetry U(1)H .
The SM Weyl fermion fields Qi, U

c
i , D

c
i , Li, E

c
i have pos-

itive flavor-dependent charges [q]i, [u]i, [d]i, [l]i, [e]i, re-
spectively. Here Qi and Li are the quark and lepton
electroweak doublets, the remaining fields are SU(2)L
singlets, and i = 1, 2, 3 is the generation index. For sim-
plicity we assume that the Higgs does not carry a U(1)H
charge, so that the flavor hierarchies are explained en-
tirely by the fermion sector. This assumption will be
relaxed below. The U(1)H symmetry is spontaneously
broken at a very high scale by the vev V� of a com-
plex scalar field � with U(1)H charge of �1. All other
fields in the model, the FN messengers, have masses of
O(⇤) & V� � v and can be integrated out. Note that ⇤
is a scale above U(1)H breaking, implying that fermionic
FN messengers are vector-like under the U(1)H . The
Yukawa sector in the resulting e↵ective theory is then
given by

L = auijQiU
c
jH (�/⇤)[q]i+[u]j + adijQiD

c
jH̃ (�/⇤)[q]i+[d]j

+ aeijLiE
c
j H̃ (�/⇤)[l]i+[e]j + h.c. , (4)

where au,d,eij are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
p
2, gives the SM Yukawa

couplings with

yu,d,eij = au,d,eij ✏[L]i+[R]j , (5)

where [L]i = [q]i, [R]i = [u]i, [d]i in the quark sectors,
[L]i = [l]i, [R]i = [e]i in the charged lepton sector and we
have defined the small parameter ✏ ⌘ V�/(

p
2⇤).

The hierarchy of masses follows from U(1)H charge
assignments, giving yfij ⇠ V̂ijm

f
j /v, with mf

i the SM

fermion masses and V̂ij = Vij for i  j, V̂ij = 1/Vij

for i � j. Here V is the CKM matrix in the quark sector
and the PMNS matrix in the charged lepton sector. The
observed CKM structure is typically obtained for ✏ of the
order of the Cabibbo angle, ✏ ⇠ 0.23. The exact values
of U(1)H charges can be obtained from a fit to fermion
masses and mixings, and are subject to the uncertainties
in the unknown O(1) numbers au,d,eij . As we are going to
demonstrate, these uncertainties will only weakly influ-
ence the main phenomenological predictions. Note that
the pattern of masses and mixings in the neutrino sector
can also be explained in this setup, however, this sector
of the SM is irrelevant for the prediction of color and
electromagnetic U(1)H anomalies.
The field � contains two excitations, the CP-even

flavon, �, and the CP-odd axiflavon, a,

� =
1p
2
(V� + �

�
eia/V� . (6)

The flavon field � has a mass m� ⇠ O(V�), and thus is
not directly relevant for low energy phenomenology, and
can be integrated out. The axiflavon, a, is a Nambu-
Goldstone boson. It is massless at the classical level, but
receives a nonzero mass from the breaking of U(1)H by
the QCD anomaly. Its couplings to SM fermions Fi are
given by

Laff = �f
ijaFiF

c
j + h.c. , (7)

with

�u,d,e
ij = i([L]i + [R]j)

v

V�
yu,d,eij . (8)

The couplings of the axiflavon to the SM fermions
are in general not diagonal in the fermion mass eigen-
state basis due to the generation-dependency of charges
[q]i, [u]i, [d]i, [l]i, [e]i. This induces flavor changing neu-
tral currents (FCNCs), which are experimentally well
constrained and will be discussed in the next section2.
Note that several axion models with flavor-violating cou-
plings to fermions have been proposed in the literature,
see e.g. [18–26]. In the axiflavon setup they are directly
related to the SM fermion masses and thus predicted up
to O(1) uncertainties.
The axiflavon couplings to gluons and photons are con-

trolled by the color and electromagnetic anomalies,

L =
↵s

8⇡

a

fa
GG̃+

E

N

↵em

8⇡

a

fa
FF̃ , (9)

2 For flavor constraints on a heavy CP-odd flavon and possible
collider signatures see Ref. [17].
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to O(1) uncertainties.
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where G̃µ⌫ = 1
2✏µ⌫⇢�G

⇢� and we have switched to the
standard axion notation introducing fa = V�/2N . The
two anomaly coe�cients, N,E, are completely deter-
mined by the U(1)H charges of SM fermions

N =
1

2

X

i

2[q]i + [u]i + [d]i , (10)

E =
X

i

4

3
([q]i + [u]i) +

1

3
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can be directly related to the determinants of the fermion
mass matrices as [27–29]
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E

N
=

8

3
� 2

log detmd
detme

� log↵de

log detmudetmd
v6 � log↵ud

. (14)

The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
ply take flatly distributed O(1) coe�cients in the range
[1/3, 3] with random sign, resulting in a 99.9% range
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or |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 1.92| 2 [0.07, 7] [32].
Note that the restricted range is due to the suppression
of the second term in Eq. (14) since the denominator
is dominated by log detmudetmd/v

6 ⇡ �44, while the
first term in the numerator is log detmd/detme ⇡ �0.36.
Following Ref. [33], we therefore obtain a quite sharp
prediction for the axion-photon coupling, 1
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It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
v6 ! sin3� cos

3
� v

6 where tan� = vu/vd is the ratio of
Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition
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For axion masses in the natural range for axion DM,
ma ⇡ (10�3 ÷ 0.1)meV, this region will be tested in
the near future by the ADMX experiment.

The axiflavon can also be tested by precision flavor
experiments looking for the decay K+ ! ⇡+a. Indeed
the flavor violating couplings of the axiflavon to quarks
are also related to quark masses, but in contrast to E/N
are more sensitive to model-dependent O(1) coe�cients

BR(K+ ! ⇡+a) ' 1.2 ·10�10
⇣ ma

0.1meV

⌘2 ⇣sd

N

⌘2
, (3)

where sd/N ⇠ O(1). In the natural range of axion
DM this decay can be within the reach of the NA62 and
ORKA experiments, depending on the model-dependent
coe�cients. We summarize our results along with the
present and expected experimental constraints in Fig. 1
at the end of this letter.

SETUP

We assume that the masses of the SM fermions come
from the vacuum expectation value (vev) v = 174 GeV
of the SM Higgs H, while the hierarchies of the Yukawa
couplings are due to a global horizontal symmetry U(1)H .
The SM Weyl fermion fields Qi, U

c
i , D

c
i , Li, E

c
i have pos-

itive flavor-dependent charges [q]i, [u]i, [d]i, [l]i, [e]i, re-
spectively. Here Qi and Li are the quark and lepton
electroweak doublets, the remaining fields are SU(2)L
singlets, and i = 1, 2, 3 is the generation index. For sim-
plicity we assume that the Higgs does not carry a U(1)H
charge, so that the flavor hierarchies are explained en-
tirely by the fermion sector. This assumption will be
relaxed below. The U(1)H symmetry is spontaneously
broken at a very high scale by the vev V� of a com-
plex scalar field � with U(1)H charge of �1. All other
fields in the model, the FN messengers, have masses of
O(⇤) & V� � v and can be integrated out. Note that ⇤
is a scale above U(1)H breaking, implying that fermionic
FN messengers are vector-like under the U(1)H . The
Yukawa sector in the resulting e↵ective theory is then
given by

L = auijQiU
c
jH (�/⇤)[q]i+[u]j + adijQiD

c
jH̃ (�/⇤)[q]i+[d]j

+ aeijLiE
c
j H̃ (�/⇤)[l]i+[e]j + h.c. , (4)

where au,d,eij are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
p
2, gives the SM Yukawa

couplings with

yu,d,eij = au,d,eij ✏[L]i+[R]j , (5)

where [L]i = [q]i, [R]i = [u]i, [d]i in the quark sectors,
[L]i = [l]i, [R]i = [e]i in the charged lepton sector and we
have defined the small parameter ✏ ⌘ V�/(

p
2⇤).

The hierarchy of masses follows from U(1)H charge
assignments, giving yfij ⇠ V̂ijm

f
j /v, with mf

i the SM

fermion masses and V̂ij = Vij for i  j, V̂ij = 1/Vij

for i � j. Here V is the CKM matrix in the quark sector
and the PMNS matrix in the charged lepton sector. The
observed CKM structure is typically obtained for ✏ of the
order of the Cabibbo angle, ✏ ⇠ 0.23. The exact values
of U(1)H charges can be obtained from a fit to fermion
masses and mixings, and are subject to the uncertainties
in the unknown O(1) numbers au,d,eij . As we are going to
demonstrate, these uncertainties will only weakly influ-
ence the main phenomenological predictions. Note that
the pattern of masses and mixings in the neutrino sector
can also be explained in this setup, however, this sector
of the SM is irrelevant for the prediction of color and
electromagnetic U(1)H anomalies.
The field � contains two excitations, the CP-even

flavon, �, and the CP-odd axiflavon, a,

� =
1p
2
(V� + �

�
eia/V� . (6)

The flavon field � has a mass m� ⇠ O(V�), and thus is
not directly relevant for low energy phenomenology, and
can be integrated out. The axiflavon, a, is a Nambu-
Goldstone boson. It is massless at the classical level, but
receives a nonzero mass from the breaking of U(1)H by
the QCD anomaly. Its couplings to SM fermions Fi are
given by

Laff = �f
ijaFiF

c
j + h.c. , (7)

with

�u,d,e
ij = i([L]i + [R]j)

v

V�
yu,d,eij . (8)

The couplings of the axiflavon to the SM fermions
are in general not diagonal in the fermion mass eigen-
state basis due to the generation-dependency of charges
[q]i, [u]i, [d]i, [l]i, [e]i. This induces flavor changing neu-
tral currents (FCNCs), which are experimentally well
constrained and will be discussed in the next section2.
Note that several axion models with flavor-violating cou-
plings to fermions have been proposed in the literature,
see e.g. [18–26]. In the axiflavon setup they are directly
related to the SM fermion masses and thus predicted up
to O(1) uncertainties.
The axiflavon couplings to gluons and photons are con-

trolled by the color and electromagnetic anomalies,

L =
↵s

8⇡

a

fa
GG̃+

E

N

↵em

8⇡

a

fa
FF̃ , (9)

2 For flavor constraints on a heavy CP-odd flavon and possible
collider signatures see Ref. [17].
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It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
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nally we have assumed that only light fermions contribute
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the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
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sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].
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Being a QCD axion, the axiflavon is a very light par-
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Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
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fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
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breaking flavon contains the axiflavon (and the SU(2) is
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↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
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It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
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nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N
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tailed discussion below). Interestingly, these coe�cients
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tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
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4ga��aF F̃ , as

ga�� 2 [1.0, 2.2]

1016GeV

ma

µeV
, (16)

while the axion mass induced by the QCD anomaly is
given by [33]

ma = 5.7µeV
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It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
v6 ! sin3� cos

3
� v

6 where tan� = vu/vd is the ratio of
Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition

3

where G̃µ⌫ = 1
2✏µ⌫⇢�G

⇢� and we have switched to the
standard axion notation introducing fa = V�/2N . The
two anomaly coe�cients, N,E, are completely deter-
mined by the U(1)H charges of SM fermions

N =
1

2

X

i

2[q]i + [u]i + [d]i , (10)

E =
X

i

4

3
([q]i + [u]i) +

1

3
([q]i + [d]i) + [l]i + [e]i , (11)

in the minimal scenario where these are the only states
with chiral U(1)H charge assignments (see a more de-
tailed discussion below). Interestingly, these coe�cients
can be directly related to the determinants of the fermion
mass matrices as [27–29]

detmu detmd = ↵ud v
6✏2N , (12)

detmd/detme = ↵de ✏
8
3N�E , (13)

where the quantities ↵ud = det audet ad and ↵de =
det ad/det ae contain the O(1) uncertainties, given by the
anarchical coe�cients in Eq. (4). Taking fermion masses
at 109 GeV from Ref. [30], one finds detmudetmd/v

6 ⇡
5 · 10�20 and detmd/detme ⇡ 0.7, which makes it clear
that up to small model-dependent corrections we have
E = 8/3N and so are close to the simplest DFSZ axion
solution [31]. Indeed the phenomenologically relevant ra-
tio E/N is independent of ✏ and given by

E

N
=

8

3
� 2

log detmd
detme

� log↵de

log detmudetmd
v6 � log↵ud

. (14)

The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
ply take flatly distributed O(1) coe�cients in the range
[1/3, 3] with random sign, resulting in a 99.9% range

E

N
2 [2.4, 3.0] , (15)

or |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 1.92| 2 [0.07, 7] [32].
Note that the restricted range is due to the suppression
of the second term in Eq. (14) since the denominator
is dominated by log detmudetmd/v

6 ⇡ �44, while the
first term in the numerator is log detmd/detme ⇡ �0.36.
Following Ref. [33], we therefore obtain a quite sharp
prediction for the axion-photon coupling, 1

4ga��aF F̃ , as

ga�� 2 [1.0, 2.2]

1016GeV

ma

µeV
, (16)

while the axion mass induced by the QCD anomaly is
given by [33]

ma = 5.7µeV

✓
1012GeV

fa

◆
. (17)

It is remarkable that the prediction for E/N in Eq. (15)
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vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
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�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
v6 ! sin3� cos

3
� v

6 where tan� = vu/vd is the ratio of
Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition
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Compare to DFSZ and KSVZ axions:

Lorenzo Calibbi (Nankai)LFV into ALPs



The axiflavon setup

SM fermions-axiflavon couplings proportional to the Yukawas but not aligned:

flavour violating!

yfij = afij
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Or in the usual derivative form:

non-universal charges  
non-vanishing             

off-diagonal couplings

2

For axion masses in the natural range for axion DM,
ma ⇡ (10�3 ÷ 0.1)meV, this region will be tested in
the near future by the ADMX experiment.

The axiflavon can also be tested by precision flavor
experiments looking for the decay K+ ! ⇡+a. Indeed
the flavor violating couplings of the axiflavon to quarks
are also related to quark masses, but in contrast to E/N
are more sensitive to model-dependent O(1) coe�cients

BR(K+ ! ⇡+a) ' 1.2 ·10�10
⇣ ma

0.1meV

⌘2 ⇣sd

N

⌘2
, (3)

where sd/N ⇠ O(1). In the natural range of axion
DM this decay can be within the reach of the NA62 and
ORKA experiments, depending on the model-dependent
coe�cients. We summarize our results along with the
present and expected experimental constraints in Fig. 1
at the end of this letter.

SETUP

We assume that the masses of the SM fermions come
from the vacuum expectation value (vev) v = 174 GeV
of the SM Higgs H, while the hierarchies of the Yukawa
couplings are due to a global horizontal symmetry U(1)H .
The SM Weyl fermion fields Qi, U

c
i , D

c
i , Li, E

c
i have pos-

itive flavor-dependent charges [q]i, [u]i, [d]i, [l]i, [e]i, re-
spectively. Here Qi and Li are the quark and lepton
electroweak doublets, the remaining fields are SU(2)L
singlets, and i = 1, 2, 3 is the generation index. For sim-
plicity we assume that the Higgs does not carry a U(1)H
charge, so that the flavor hierarchies are explained en-
tirely by the fermion sector. This assumption will be
relaxed below. The U(1)H symmetry is spontaneously
broken at a very high scale by the vev V� of a com-
plex scalar field � with U(1)H charge of �1. All other
fields in the model, the FN messengers, have masses of
O(⇤) & V� � v and can be integrated out. Note that ⇤
is a scale above U(1)H breaking, implying that fermionic
FN messengers are vector-like under the U(1)H . The
Yukawa sector in the resulting e↵ective theory is then
given by

L = auijQiU
c
jH (�/⇤)[q]i+[u]j + adijQiD

c
jH̃ (�/⇤)[q]i+[d]j

+ aeijLiE
c
j H̃ (�/⇤)[l]i+[e]j + h.c. , (4)

where au,d,eij are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
p
2, gives the SM Yukawa

couplings with

yu,d,eij = au,d,eij ✏[L]i+[R]j , (5)

where [L]i = [q]i, [R]i = [u]i, [d]i in the quark sectors,
[L]i = [l]i, [R]i = [e]i in the charged lepton sector and we
have defined the small parameter ✏ ⌘ V�/(

p
2⇤).

The hierarchy of masses follows from U(1)H charge
assignments, giving yfij ⇠ V̂ijm

f
j /v, with mf

i the SM

fermion masses and V̂ij = Vij for i  j, V̂ij = 1/Vij

for i � j. Here V is the CKM matrix in the quark sector
and the PMNS matrix in the charged lepton sector. The
observed CKM structure is typically obtained for ✏ of the
order of the Cabibbo angle, ✏ ⇠ 0.23. The exact values
of U(1)H charges can be obtained from a fit to fermion
masses and mixings, and are subject to the uncertainties
in the unknown O(1) numbers au,d,eij . As we are going to
demonstrate, these uncertainties will only weakly influ-
ence the main phenomenological predictions. Note that
the pattern of masses and mixings in the neutrino sector
can also be explained in this setup, however, this sector
of the SM is irrelevant for the prediction of color and
electromagnetic U(1)H anomalies.
The field � contains two excitations, the CP-even

flavon, �, and the CP-odd axiflavon, a,

� =
1p
2
(V� + �

�
eia/V� . (6)

The flavon field � has a mass m� ⇠ O(V�), and thus is
not directly relevant for low energy phenomenology, and
can be integrated out. The axiflavon, a, is a Nambu-
Goldstone boson. It is massless at the classical level, but
receives a nonzero mass from the breaking of U(1)H by
the QCD anomaly. Its couplings to SM fermions Fi are
given by

Laff = �f
ijaFiF

c
j + h.c. , (7)

with

�u,d,e
ij = i([L]i + [R]j)

v

V�
yu,d,eij . (8)

The couplings of the axiflavon to the SM fermions
are in general not diagonal in the fermion mass eigen-
state basis due to the generation-dependency of charges
[q]i, [u]i, [d]i, [l]i, [e]i. This induces flavor changing neu-
tral currents (FCNCs), which are experimentally well
constrained and will be discussed in the next section2.
Note that several axion models with flavor-violating cou-
plings to fermions have been proposed in the literature,
see e.g. [18–26]. In the axiflavon setup they are directly
related to the SM fermion masses and thus predicted up
to O(1) uncertainties.
The axiflavon couplings to gluons and photons are con-

trolled by the color and electromagnetic anomalies,

L =
↵s

8⇡

a

fa
GG̃+

E

N

↵em

8⇡

a

fa
FF̃ , (9)

2 For flavor constraints on a heavy CP-odd flavon and possible
collider signatures see Ref. [17].

The axion identified with the Nambu-Goldstone boson of a broken 
global FN U(1), i.e. as the phase of the flavon field        “axiflavon”
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Axiflavon phenomenology

Despite the tiny couplings low-energy searches for rare processes are 
sensitive to flavour-violating decays to ultralight axiflavons! E.g.:

K+ ! ⇡+a B+ ! K+a µ+ ! e+a

Small rates but strong constraints! Most stringent from Kaons:

Stellar evolution bounds fa > 108 GeV [natural DM window 1010 GeV < fa < 1013 GeV]  

flavour processes mediated by the dynamical flavon very suppressed
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Axiflavon phenomenology

Stellar evolution bounds fa > 108 GeV [natural DM window 1010 GeV < fa < 1013 GeV]  

flavour processes mediated by the dynamical flavon very suppressed

Despite the tiny couplings low-energy searches for rare processes are 
sensitive to flavour-violating decays to ultralight axiflavons! E.g.:

K+ ! ⇡+a B+ ! K+a µ+ ! e+a

Small rates but strong constraints! Most stringent from Kaons:
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For axion masses in the natural range for axion DM,
ma ⇡ (10�3 ÷ 0.1)meV, this region will be tested in
the near future by the ADMX experiment.

The axiflavon can also be tested by precision flavor
experiments looking for the decay K+ ! ⇡+a. Indeed
the flavor violating couplings of the axiflavon to quarks
are also related to quark masses, but in contrast to E/N
are more sensitive to model-dependent O(1) coe�cients

BR(K+ ! ⇡+a) ' 1.2 ·10�10
⇣ ma

0.1meV

⌘2 ⇣sd

N

⌘2
, (3)

where sd/N ⇠ O(1). In the natural range of axion
DM this decay can be within the reach of the NA62 and
ORKA experiments, depending on the model-dependent
coe�cients. We summarize our results along with the
present and expected experimental constraints in Fig. 1
at the end of this letter.

SETUP

We assume that the masses of the SM fermions come
from the vacuum expectation value (vev) v = 174 GeV
of the SM Higgs H, while the hierarchies of the Yukawa
couplings are due to a global horizontal symmetry U(1)H .
The SM Weyl fermion fields Qi, U

c
i , D

c
i , Li, E

c
i have pos-

itive flavor-dependent charges [q]i, [u]i, [d]i, [l]i, [e]i, re-
spectively. Here Qi and Li are the quark and lepton
electroweak doublets, the remaining fields are SU(2)L
singlets, and i = 1, 2, 3 is the generation index. For sim-
plicity we assume that the Higgs does not carry a U(1)H
charge, so that the flavor hierarchies are explained en-
tirely by the fermion sector. This assumption will be
relaxed below. The U(1)H symmetry is spontaneously
broken at a very high scale by the vev V� of a com-
plex scalar field � with U(1)H charge of �1. All other
fields in the model, the FN messengers, have masses of
O(⇤) & V� � v and can be integrated out. Note that ⇤
is a scale above U(1)H breaking, implying that fermionic
FN messengers are vector-like under the U(1)H . The
Yukawa sector in the resulting e↵ective theory is then
given by
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where au,d,eij are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
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2, gives the SM Yukawa

couplings with

yu,d,eij = au,d,eij ✏[L]i+[R]j , (5)

where [L]i = [q]i, [R]i = [u]i, [d]i in the quark sectors,
[L]i = [l]i, [R]i = [e]i in the charged lepton sector and we
have defined the small parameter ✏ ⌘ V�/(
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The hierarchy of masses follows from U(1)H charge
assignments, giving yfij ⇠ V̂ijm
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j /v, with mf

i the SM

fermion masses and V̂ij = Vij for i  j, V̂ij = 1/Vij

for i � j. Here V is the CKM matrix in the quark sector
and the PMNS matrix in the charged lepton sector. The
observed CKM structure is typically obtained for ✏ of the
order of the Cabibbo angle, ✏ ⇠ 0.23. The exact values
of U(1)H charges can be obtained from a fit to fermion
masses and mixings, and are subject to the uncertainties
in the unknown O(1) numbers au,d,eij . As we are going to
demonstrate, these uncertainties will only weakly influ-
ence the main phenomenological predictions. Note that
the pattern of masses and mixings in the neutrino sector
can also be explained in this setup, however, this sector
of the SM is irrelevant for the prediction of color and
electromagnetic U(1)H anomalies.
The field � contains two excitations, the CP-even

flavon, �, and the CP-odd axiflavon, a,

� =
1p
2
(V� + �

�
eia/V� . (6)

The flavon field � has a mass m� ⇠ O(V�), and thus is
not directly relevant for low energy phenomenology, and
can be integrated out. The axiflavon, a, is a Nambu-
Goldstone boson. It is massless at the classical level, but
receives a nonzero mass from the breaking of U(1)H by
the QCD anomaly. Its couplings to SM fermions Fi are
given by

Laff = �f
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j + h.c. , (7)

with

�u,d,e
ij = i([L]i + [R]j)
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The couplings of the axiflavon to the SM fermions
are in general not diagonal in the fermion mass eigen-
state basis due to the generation-dependency of charges
[q]i, [u]i, [d]i, [l]i, [e]i. This induces flavor changing neu-
tral currents (FCNCs), which are experimentally well
constrained and will be discussed in the next section2.
Note that several axion models with flavor-violating cou-
plings to fermions have been proposed in the literature,
see e.g. [18–26]. In the axiflavon setup they are directly
related to the SM fermion masses and thus predicted up
to O(1) uncertainties.
The axiflavon couplings to gluons and photons are con-

trolled by the color and electromagnetic anomalies,

L =
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2 For flavor constraints on a heavy CP-odd flavon and possible
collider signatures see Ref. [17].
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For axion masses in the natural range for axion DM,
ma ⇡ (10�3 ÷ 0.1)meV, this region will be tested in
the near future by the ADMX experiment.

The axiflavon can also be tested by precision flavor
experiments looking for the decay K+ ! ⇡+a. Indeed
the flavor violating couplings of the axiflavon to quarks
are also related to quark masses, but in contrast to E/N
are more sensitive to model-dependent O(1) coe�cients
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where sd/N ⇠ O(1). In the natural range of axion
DM this decay can be within the reach of the NA62 and
ORKA experiments, depending on the model-dependent
coe�cients. We summarize our results along with the
present and expected experimental constraints in Fig. 1
at the end of this letter.
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from the vacuum expectation value (vev) v = 174 GeV
of the SM Higgs H, while the hierarchies of the Yukawa
couplings are due to a global horizontal symmetry U(1)H .
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c
i , D

c
i , Li, E

c
i have pos-
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spectively. Here Qi and Li are the quark and lepton
electroweak doublets, the remaining fields are SU(2)L
singlets, and i = 1, 2, 3 is the generation index. For sim-
plicity we assume that the Higgs does not carry a U(1)H
charge, so that the flavor hierarchies are explained en-
tirely by the fermion sector. This assumption will be
relaxed below. The U(1)H symmetry is spontaneously
broken at a very high scale by the vev V� of a com-
plex scalar field � with U(1)H charge of �1. All other
fields in the model, the FN messengers, have masses of
O(⇤) & V� � v and can be integrated out. Note that ⇤
is a scale above U(1)H breaking, implying that fermionic
FN messengers are vector-like under the U(1)H . The
Yukawa sector in the resulting e↵ective theory is then
given by
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c
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c
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where au,d,eij are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
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2, gives the SM Yukawa

couplings with

yu,d,eij = au,d,eij ✏[L]i+[R]j , (5)

where [L]i = [q]i, [R]i = [u]i, [d]i in the quark sectors,
[L]i = [l]i, [R]i = [e]i in the charged lepton sector and we
have defined the small parameter ✏ ⌘ V�/(
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fermion masses and V̂ij = Vij for i  j, V̂ij = 1/Vij

for i � j. Here V is the CKM matrix in the quark sector
and the PMNS matrix in the charged lepton sector. The
observed CKM structure is typically obtained for ✏ of the
order of the Cabibbo angle, ✏ ⇠ 0.23. The exact values
of U(1)H charges can be obtained from a fit to fermion
masses and mixings, and are subject to the uncertainties
in the unknown O(1) numbers au,d,eij . As we are going to
demonstrate, these uncertainties will only weakly influ-
ence the main phenomenological predictions. Note that
the pattern of masses and mixings in the neutrino sector
can also be explained in this setup, however, this sector
of the SM is irrelevant for the prediction of color and
electromagnetic U(1)H anomalies.
The field � contains two excitations, the CP-even

flavon, �, and the CP-odd axiflavon, a,

� =
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(V� + �
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eia/V� . (6)

The flavon field � has a mass m� ⇠ O(V�), and thus is
not directly relevant for low energy phenomenology, and
can be integrated out. The axiflavon, a, is a Nambu-
Goldstone boson. It is massless at the classical level, but
receives a nonzero mass from the breaking of U(1)H by
the QCD anomaly. Its couplings to SM fermions Fi are
given by
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j + h.c. , (7)

with

�u,d,e
ij = i([L]i + [R]j)
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The couplings of the axiflavon to the SM fermions
are in general not diagonal in the fermion mass eigen-
state basis due to the generation-dependency of charges
[q]i, [u]i, [d]i, [l]i, [e]i. This induces flavor changing neu-
tral currents (FCNCs), which are experimentally well
constrained and will be discussed in the next section2.
Note that several axion models with flavor-violating cou-
plings to fermions have been proposed in the literature,
see e.g. [18–26]. In the axiflavon setup they are directly
related to the SM fermion masses and thus predicted up
to O(1) uncertainties.
The axiflavon couplings to gluons and photons are con-

trolled by the color and electromagnetic anomalies,

L =
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FIG. 1: The axiflavon band (light brown) projected on the axion parameter space: mass vs. photon coupling defined in Eq. (16).
The standard KSVZ/DFSZ band is shown in light yellow. The grey exclusion region is obtained from the combination of
various axion constraints that are summarized in the legend. The dashed colored lines show the projected reach of future axion
experiments. The solid blue line is the exclusion reach from current flavor experiments for an axiflavon model with sd/N = 1
(cf. Eq. (21)). The dashed blue line depicts the expected reach of future flavor experiments for the same choice of parameters.

corresponding to the U(1)H breaking happens before in-
flation, the energy density stored in the axion oscillations
can be easily related to the present Dark Matter (DM)
abundance [8–10]:

⌦DMh2 ⇡ 1⇥ 10�7

✓
eV

ma

◆7/6

✓2 . (18)

For a given axion mass below roughly . 10�5�10�4 eV it
is then always possible to choose a misalignment angle ✓
to get the correct dark matter abundance ⌦DMh2 ⇡ 0.12.
The axion domain wall problem is automatically solved
in this setup, but interesting constraints can arise from
isocurvature perturbations [40].

We show in Fig. 1 present and future bounds on the
axiflavon both from axion searches and from flavor ex-
periments in terms of its mass ma and its coupling to
photons ga�� . In this plane one can appreciate how the
allowed range of E/N is considerably reduced compared
to the standard axion window [32]. Assuming that the
axiflavon is also accounting for the total DM abundance
we give the corresponding value of ✓ for a given mass.

In the high mass region with ma ⇠ 0.1�10 meV strin-
gent bounds on the axiflavon comes from its coupling to
fermions and are hence independent of ga�� . A mild lower
bound on the axiflavon decay constant fa can be derived
from axiflavon coupling to electrons which a↵ects white
dwarf cooling [41]. This bound cuts o↵ our parameter
space at around ma . 10 meV.

A stronger bound comes from the flavor-violating cou-
pling of the axiflavon to down and strange quarks, asd,
leading to (bounds from kaon decays are more restrictive
than the bounds from kaon mixing)

�(K+ ! ⇡+a) ' mK

64⇡
|�d

21 + �d⇤
12|2B2

s

✓
1� m2

⇡

m2
K

◆
, (19)

where mK,⇡ are the kaon and pion masses, and Bs =
4.6(8) is the nonperturbative parameter related to the
quark condenstate [42]. The 90% CL combined bound
from E787 and E949, BR(K+ ! ⇡+a) < 7.3 · 10�11 [43],
gives

1

2
|�d

21 + �d⇤
12| < 1.4 · 10�13. (20)

Defining |�d
21 + �d⇤

12| ⌘ 2sd
p
mdms/(2Nfa), this gives

fa & sd

N
⇥ 7.5 · 1010 GeV , (21)

where sd/N ⇠ O(1) are model-dependent coe�cients
controlled by the particular flavor charge assignments,
and quark masses are taken at µ ⇠ 2GeV. Similarly in
the B sector we find

�(B+ ! K+a) ' mB

64⇡
|�d

32 + �d⇤
23|2

�
fK
0 (0)

�2
�BK , (22)

with fK
0 (0) = 0.331 [44] and the shorthand notation

�BK =

✓
mB

mb �ms

◆2✓
1� m2

K

m2
B

◆3

. (23)
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corresponding to the U(1)H breaking happens before in-
flation, the energy density stored in the axion oscillations
can be easily related to the present Dark Matter (DM)
abundance [8–10]:

⌦DMh2 ⇡ 1⇥ 10�7

✓
eV

ma

◆7/6

✓2 . (18)

For a given axion mass below roughly . 10�5�10�4 eV it
is then always possible to choose a misalignment angle ✓
to get the correct dark matter abundance ⌦DMh2 ⇡ 0.12.
The axion domain wall problem is automatically solved
in this setup, but interesting constraints can arise from
isocurvature perturbations [40].

We show in Fig. 1 present and future bounds on the
axiflavon both from axion searches and from flavor ex-
periments in terms of its mass ma and its coupling to
photons ga�� . In this plane one can appreciate how the
allowed range of E/N is considerably reduced compared
to the standard axion window [32]. Assuming that the
axiflavon is also accounting for the total DM abundance
we give the corresponding value of ✓ for a given mass.

In the high mass region with ma ⇠ 0.1�10 meV strin-
gent bounds on the axiflavon comes from its coupling to
fermions and are hence independent of ga�� . A mild lower
bound on the axiflavon decay constant fa can be derived
from axiflavon coupling to electrons which a↵ects white
dwarf cooling [41]. This bound cuts o↵ our parameter
space at around ma . 10 meV.

A stronger bound comes from the flavor-violating cou-
pling of the axiflavon to down and strange quarks, asd,
leading to (bounds from kaon decays are more restrictive
than the bounds from kaon mixing)
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where mK,⇡ are the kaon and pion masses, and Bs =
4.6(8) is the nonperturbative parameter related to the
quark condenstate [42]. The 90% CL combined bound
from E787 and E949, BR(K+ ! ⇡+a) < 7.3 · 10�11 [43],
gives
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Defining |�d
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p
mdms/(2Nfa), this gives

fa & sd

N
⇥ 7.5 · 1010 GeV , (21)

where sd/N ⇠ O(1) are model-dependent coe�cients
controlled by the particular flavor charge assignments,
and quark masses are taken at µ ⇠ 2GeV. Similarly in
the B sector we find
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Increased sensitivity ~70x is expected at NA62!
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(cf. Eq. (21)). The dashed blue line depicts the expected reach of future flavor experiments for the same choice of parameters.

corresponding to the U(1)H breaking happens before in-
flation, the energy density stored in the axion oscillations
can be easily related to the present Dark Matter (DM)
abundance [8–10]:

⌦DMh2 ⇡ 1⇥ 10�7
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For a given axion mass below roughly . 10�5�10�4 eV it
is then always possible to choose a misalignment angle ✓
to get the correct dark matter abundance ⌦DMh2 ⇡ 0.12.
The axion domain wall problem is automatically solved
in this setup, but interesting constraints can arise from
isocurvature perturbations [40].

We show in Fig. 1 present and future bounds on the
axiflavon both from axion searches and from flavor ex-
periments in terms of its mass ma and its coupling to
photons ga�� . In this plane one can appreciate how the
allowed range of E/N is considerably reduced compared
to the standard axion window [32]. Assuming that the
axiflavon is also accounting for the total DM abundance
we give the corresponding value of ✓ for a given mass.

In the high mass region with ma ⇠ 0.1�10 meV strin-
gent bounds on the axiflavon comes from its coupling to
fermions and are hence independent of ga�� . A mild lower
bound on the axiflavon decay constant fa can be derived
from axiflavon coupling to electrons which a↵ects white
dwarf cooling [41]. This bound cuts o↵ our parameter
space at around ma . 10 meV.

A stronger bound comes from the flavor-violating cou-
pling of the axiflavon to down and strange quarks, asd,
leading to (bounds from kaon decays are more restrictive
than the bounds from kaon mixing)
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where mK,⇡ are the kaon and pion masses, and Bs =
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from E787 and E949, BR(K+ ! ⇡+a) < 7.3 · 10�11 [43],
gives

1

2
|�d

21 + �d⇤
12| < 1.4 · 10�13. (20)

Defining |�d
21 + �d⇤

12| ⌘ 2sd
p
mdms/(2Nfa), this gives

fa & sd

N
⇥ 7.5 · 1010 GeV , (21)

where sd/N ⇠ O(1) are model-dependent coe�cients
controlled by the particular flavor charge assignments,
and quark masses are taken at µ ⇠ 2GeV. Similarly in
the B sector we find

�(B+ ! K+a) ' mB

64⇡
|�d

32 + �d⇤
23|2

�
fK
0 (0)

�2
�BK , (22)

with fK
0 (0) = 0.331 [44] and the shorthand notation

�BK =

✓
mB

mb �ms

◆2✓
1� m2

K

m2
B

◆3

. (23)

Axiflavon can be complementary tested at axion and flavour experiments!

3

where G̃µ⌫ = 1
2✏µ⌫⇢�G

⇢� and we have switched to the
standard axion notation introducing fa = V�/2N . The
two anomaly coe�cients, N,E, are completely deter-
mined by the U(1)H charges of SM fermions
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([q]i + [d]i) + [l]i + [e]i , (11)

in the minimal scenario where these are the only states
with chiral U(1)H charge assignments (see a more de-
tailed discussion below). Interestingly, these coe�cients
can be directly related to the determinants of the fermion
mass matrices as [27–29]

detmu detmd = ↵ud v
6✏2N , (12)

detmd/detme = ↵de ✏
8
3N�E , (13)

where the quantities ↵ud = det audet ad and ↵de =
det ad/det ae contain the O(1) uncertainties, given by the
anarchical coe�cients in Eq. (4). Taking fermion masses
at 109 GeV from Ref. [30], one finds detmudetmd/v

6 ⇡
5 · 10�20 and detmd/detme ⇡ 0.7, which makes it clear
that up to small model-dependent corrections we have
E = 8/3N and so are close to the simplest DFSZ axion
solution [31]. Indeed the phenomenologically relevant ra-
tio E/N is independent of ✏ and given by

E

N
=
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log detmd
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� log↵de

log detmudetmd
v6 � log↵ud

. (14)

The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
ply take flatly distributed O(1) coe�cients in the range
[1/3, 3] with random sign, resulting in a 99.9% range

E

N
2 [2.4, 3.0] , (15)

or |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 1.92| 2 [0.07, 7] [32].
Note that the restricted range is due to the suppression
of the second term in Eq. (14) since the denominator
is dominated by log detmudetmd/v

6 ⇡ �44, while the
first term in the numerator is log detmd/detme ⇡ �0.36.
Following Ref. [33], we therefore obtain a quite sharp
prediction for the axion-photon coupling, 1

4ga��aF F̃ , as

ga�� 2 [1.0, 2.2]

1016GeV

ma

µeV
, (16)

while the axion mass induced by the QCD anomaly is
given by [33]

ma = 5.7µeV

✓
1012GeV

fa

◆
. (17)

It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
v6 ! sin3� cos

3
� v

6 where tan� = vu/vd is the ratio of
Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition
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It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
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to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
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We also note that the same prediction for E/N holds
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tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
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Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
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Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].
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Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition
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FIG. 1: The axiflavon band (light brown) projected on the axion parameter space: mass vs. photon coupling defined in Eq. (16).
The standard KSVZ/DFSZ band is shown in light yellow. The grey exclusion region is obtained from the combination of
various axion constraints that are summarized in the legend. The dashed colored lines show the projected reach of future axion
experiments. The solid blue line is the exclusion reach from current flavor experiments for an axiflavon model with sd/N = 1
(cf. Eq. (21)). The dashed blue line depicts the expected reach of future flavor experiments for the same choice of parameters.

corresponding to the U(1)H breaking happens before in-
flation, the energy density stored in the axion oscillations
can be easily related to the present Dark Matter (DM)
abundance [8–10]:
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✓2 . (18)

For a given axion mass below roughly . 10�5�10�4 eV it
is then always possible to choose a misalignment angle ✓
to get the correct dark matter abundance ⌦DMh2 ⇡ 0.12.
The axion domain wall problem is automatically solved
in this setup, but interesting constraints can arise from
isocurvature perturbations [40].

We show in Fig. 1 present and future bounds on the
axiflavon both from axion searches and from flavor ex-
periments in terms of its mass ma and its coupling to
photons ga�� . In this plane one can appreciate how the
allowed range of E/N is considerably reduced compared
to the standard axion window [32]. Assuming that the
axiflavon is also accounting for the total DM abundance
we give the corresponding value of ✓ for a given mass.

In the high mass region with ma ⇠ 0.1�10 meV strin-
gent bounds on the axiflavon comes from its coupling to
fermions and are hence independent of ga�� . A mild lower
bound on the axiflavon decay constant fa can be derived
from axiflavon coupling to electrons which a↵ects white
dwarf cooling [41]. This bound cuts o↵ our parameter
space at around ma . 10 meV.

A stronger bound comes from the flavor-violating cou-
pling of the axiflavon to down and strange quarks, asd,
leading to (bounds from kaon decays are more restrictive
than the bounds from kaon mixing)
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where mK,⇡ are the kaon and pion masses, and Bs =
4.6(8) is the nonperturbative parameter related to the
quark condenstate [42]. The 90% CL combined bound
from E787 and E949, BR(K+ ! ⇡+a) < 7.3 · 10�11 [43],
gives
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where sd/N ⇠ O(1) are model-dependent coe�cients
controlled by the particular flavor charge assignments,
and quark masses are taken at µ ⇠ 2GeV. Similarly in
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in the minimal scenario where these are the only states
with chiral U(1)H charge assignments (see a more de-
tailed discussion below). Interestingly, these coe�cients
can be directly related to the determinants of the fermion
mass matrices as [27–29]

detmu detmd = ↵ud v
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where the quantities ↵ud = det audet ad and ↵de =
det ad/det ae contain the O(1) uncertainties, given by the
anarchical coe�cients in Eq. (4). Taking fermion masses
at 109 GeV from Ref. [30], one finds detmudetmd/v

6 ⇡
5 · 10�20 and detmd/detme ⇡ 0.7, which makes it clear
that up to small model-dependent corrections we have
E = 8/3N and so are close to the simplest DFSZ axion
solution [31]. Indeed the phenomenologically relevant ra-
tio E/N is independent of ✏ and given by
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The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
ply take flatly distributed O(1) coe�cients in the range
[1/3, 3] with random sign, resulting in a 99.9% range
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2 [2.4, 3.0] , (15)

or |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 1.92| 2 [0.07, 7] [32].
Note that the restricted range is due to the suppression
of the second term in Eq. (14) since the denominator
is dominated by log detmudetmd/v

6 ⇡ �44, while the
first term in the numerator is log detmd/detme ⇡ �0.36.
Following Ref. [33], we therefore obtain a quite sharp
prediction for the axion-photon coupling, 1
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while the axion mass induced by the QCD anomaly is
given by [33]
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It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
v6 ! sin3� cos
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6 where tan� = vu/vd is the ratio of
Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition

3

where G̃µ⌫ = 1
2✏µ⌫⇢�G

⇢� and we have switched to the
standard axion notation introducing fa = V�/2N . The
two anomaly coe�cients, N,E, are completely deter-
mined by the U(1)H charges of SM fermions

N =
1

2

X

i

2[q]i + [u]i + [d]i , (10)

E =
X

i

4

3
([q]i + [u]i) +

1

3
([q]i + [d]i) + [l]i + [e]i , (11)

in the minimal scenario where these are the only states
with chiral U(1)H charge assignments (see a more de-
tailed discussion below). Interestingly, these coe�cients
can be directly related to the determinants of the fermion
mass matrices as [27–29]

detmu detmd = ↵ud v
6✏2N , (12)

detmd/detme = ↵de ✏
8
3N�E , (13)

where the quantities ↵ud = det audet ad and ↵de =
det ad/det ae contain the O(1) uncertainties, given by the
anarchical coe�cients in Eq. (4). Taking fermion masses
at 109 GeV from Ref. [30], one finds detmudetmd/v

6 ⇡
5 · 10�20 and detmd/detme ⇡ 0.7, which makes it clear
that up to small model-dependent corrections we have
E = 8/3N and so are close to the simplest DFSZ axion
solution [31]. Indeed the phenomenologically relevant ra-
tio E/N is independent of ✏ and given by

E

N
=

8

3
� 2

log detmd
detme

� log↵de

log detmudetmd
v6 � log↵ud

. (14)

The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
ply take flatly distributed O(1) coe�cients in the range
[1/3, 3] with random sign, resulting in a 99.9% range

E

N
2 [2.4, 3.0] , (15)

or |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 1.92| 2 [0.07, 7] [32].
Note that the restricted range is due to the suppression
of the second term in Eq. (14) since the denominator
is dominated by log detmudetmd/v

6 ⇡ �44, while the
first term in the numerator is log detmd/detme ⇡ �0.36.
Following Ref. [33], we therefore obtain a quite sharp
prediction for the axion-photon coupling, 1

4ga��aF F̃ , as

ga�� 2 [1.0, 2.2]

1016GeV

ma

µeV
, (16)

while the axion mass induced by the QCD anomaly is
given by [33]

ma = 5.7µeV

✓
1012GeV

fa

◆
. (17)

It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
v6 ! sin3� cos

3
� v

6 where tan� = vu/vd is the ratio of
Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition

K+ ! ⇡+a
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FIG. 1: The axiflavon band (light brown) projected on the axion parameter space: mass vs. photon coupling defined in Eq. (16).
The standard KSVZ/DFSZ band is shown in light yellow. The grey exclusion region is obtained from the combination of
various axion constraints that are summarized in the legend. The dashed colored lines show the projected reach of future axion
experiments. The solid blue line is the exclusion reach from current flavor experiments for an axiflavon model with sd/N = 1
(cf. Eq. (21)). The dashed blue line depicts the expected reach of future flavor experiments for the same choice of parameters.

corresponding to the U(1)H breaking happens before in-
flation, the energy density stored in the axion oscillations
can be easily related to the present Dark Matter (DM)
abundance [8–10]:

⌦DMh2 ⇡ 1⇥ 10�7

✓
eV

ma

◆7/6

✓2 . (18)

For a given axion mass below roughly . 10�5�10�4 eV it
is then always possible to choose a misalignment angle ✓
to get the correct dark matter abundance ⌦DMh2 ⇡ 0.12.
The axion domain wall problem is automatically solved
in this setup, but interesting constraints can arise from
isocurvature perturbations [40].

We show in Fig. 1 present and future bounds on the
axiflavon both from axion searches and from flavor ex-
periments in terms of its mass ma and its coupling to
photons ga�� . In this plane one can appreciate how the
allowed range of E/N is considerably reduced compared
to the standard axion window [32]. Assuming that the
axiflavon is also accounting for the total DM abundance
we give the corresponding value of ✓ for a given mass.

In the high mass region with ma ⇠ 0.1�10 meV strin-
gent bounds on the axiflavon comes from its coupling to
fermions and are hence independent of ga�� . A mild lower
bound on the axiflavon decay constant fa can be derived
from axiflavon coupling to electrons which a↵ects white
dwarf cooling [41]. This bound cuts o↵ our parameter
space at around ma . 10 meV.

A stronger bound comes from the flavor-violating cou-
pling of the axiflavon to down and strange quarks, asd,
leading to (bounds from kaon decays are more restrictive
than the bounds from kaon mixing)

�(K+ ! ⇡+a) ' mK

64⇡
|�d

21 + �d⇤
12|2B2

s

✓
1� m2

⇡

m2
K

◆
, (19)

where mK,⇡ are the kaon and pion masses, and Bs =
4.6(8) is the nonperturbative parameter related to the
quark condenstate [42]. The 90% CL combined bound
from E787 and E949, BR(K+ ! ⇡+a) < 7.3 · 10�11 [43],
gives

1

2
|�d

21 + �d⇤
12| < 1.4 · 10�13. (20)

Defining |�d
21 + �d⇤

12| ⌘ 2sd
p
mdms/(2Nfa), this gives

fa & sd

N
⇥ 7.5 · 1010 GeV , (21)

where sd/N ⇠ O(1) are model-dependent coe�cients
controlled by the particular flavor charge assignments,
and quark masses are taken at µ ⇠ 2GeV. Similarly in
the B sector we find

�(B+ ! K+a) ' mB

64⇡
|�d

32 + �d⇤
23|2

�
fK
0 (0)

�2
�BK , (22)

with fK
0 (0) = 0.331 [44] and the shorthand notation

�BK =

✓
mB

mb �ms

◆2✓
1� m2

K

m2
B

◆3

. (23)

Axiflavon can be complementary tested at axion and flavour experiments!

3

where G̃µ⌫ = 1
2✏µ⌫⇢�G

⇢� and we have switched to the
standard axion notation introducing fa = V�/2N . The
two anomaly coe�cients, N,E, are completely deter-
mined by the U(1)H charges of SM fermions

N =
1

2

X

i

2[q]i + [u]i + [d]i , (10)

E =
X

i

4

3
([q]i + [u]i) +

1

3
([q]i + [d]i) + [l]i + [e]i , (11)

in the minimal scenario where these are the only states
with chiral U(1)H charge assignments (see a more de-
tailed discussion below). Interestingly, these coe�cients
can be directly related to the determinants of the fermion
mass matrices as [27–29]

detmu detmd = ↵ud v
6✏2N , (12)

detmd/detme = ↵de ✏
8
3N�E , (13)

where the quantities ↵ud = det audet ad and ↵de =
det ad/det ae contain the O(1) uncertainties, given by the
anarchical coe�cients in Eq. (4). Taking fermion masses
at 109 GeV from Ref. [30], one finds detmudetmd/v

6 ⇡
5 · 10�20 and detmd/detme ⇡ 0.7, which makes it clear
that up to small model-dependent corrections we have
E = 8/3N and so are close to the simplest DFSZ axion
solution [31]. Indeed the phenomenologically relevant ra-
tio E/N is independent of ✏ and given by

E

N
=

8

3
� 2

log detmd
detme

� log↵de

log detmudetmd
v6 � log↵ud

. (14)

The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
ply take flatly distributed O(1) coe�cients in the range
[1/3, 3] with random sign, resulting in a 99.9% range

E

N
2 [2.4, 3.0] , (15)

or |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 1.92| 2 [0.07, 7] [32].
Note that the restricted range is due to the suppression
of the second term in Eq. (14) since the denominator
is dominated by log detmudetmd/v

6 ⇡ �44, while the
first term in the numerator is log detmd/detme ⇡ �0.36.
Following Ref. [33], we therefore obtain a quite sharp
prediction for the axion-photon coupling, 1

4ga��aF F̃ , as

ga�� 2 [1.0, 2.2]

1016GeV

ma

µeV
, (16)

while the axion mass induced by the QCD anomaly is
given by [33]

ma = 5.7µeV

✓
1012GeV

fa

◆
. (17)

It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
v6 ! sin3� cos

3
� v

6 where tan� = vu/vd is the ratio of
Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition
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can be directly related to the determinants of the fermion
mass matrices as [27–29]
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5 · 10�20 and detmd/detme ⇡ 0.7, which makes it clear
that up to small model-dependent corrections we have
E = 8/3N and so are close to the simplest DFSZ axion
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tio E/N is independent of ✏ and given by
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The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
ply take flatly distributed O(1) coe�cients in the range
[1/3, 3] with random sign, resulting in a 99.9% range

E

N
2 [2.4, 3.0] , (15)

or |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 1.92| 2 [0.07, 7] [32].
Note that the restricted range is due to the suppression
of the second term in Eq. (14) since the denominator
is dominated by log detmudetmd/v

6 ⇡ �44, while the
first term in the numerator is log detmd/detme ⇡ �0.36.
Following Ref. [33], we therefore obtain a quite sharp
prediction for the axion-photon coupling, 1
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while the axion mass induced by the QCD anomaly is
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It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
v6 ! sin3� cos

3
� v

6 where tan� = vu/vd is the ratio of
Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition

Natural DM window
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Model-Independent Bounds

2

where 2N is the domain wall number. Clearly
o↵-diagonal couplings generically arise when PQ
charges are not diagonal in the same basis as
Yukawas yf , and depend on this misalignment
parametrized by the unitary rotations Vf . With-
out specifying the origin of Yukawa couplings, i.e.
in the absence of a theory of flavor, one should be
agnostic and try to use experimental data to con-
strain flavor-violating axion couplings as best as
possible, as proposed in e.g. [23]. It is clear from
Eq. (3) that any given coupling CV,A

fi 6=fj
can be O(1)

while all others being zero, provided a suitable set
of PQ charges and appropriate flavor structure SM
Yukawas. For example, one can realize a situation
where CV

bs = CA
bs ⇠ 1 and all other CV,A

fi 6=fi
= 0, by

taking XqL = XuR = 1, (XdR)2 6= (XdR)3, with
down Yukawas yd such that the only non-vanishing
rotation is in the 2-3 RH sector, sRd

23

⇠ 1. More-
over, while one would generically expect axial and
axialvector couplings to be of the same order, vec-
tor couplings can be suppressed in a situation where
XfR = �XfL and VfR = VfL , which can arise in
models where PQ charges are compatible with a
grand unified structure (see Ref. (??) for a recent
example in SO(10)), and Yukawas are hermitian,
positive definite matrices (see e.g. Ref. (??) for a
realization of this scenario in SO(10)).
In the next sections, we will discuss the flavor phe-

nomenology of flavor-violating axion couplings and
use the corresponding observables to derive bounds
on the e↵ective vector and axial couplings FV,A

fi 6=fj
defined by

FV,A
fifj

=
2fa

CV,A
fifj

. (4)

Bounds from Meson Decays and Mixing In
this section we briefly review and update the bounds
on flavor-violating axion couplings obtained from
meson decays and meson mixing.
The decay rate for a pseudoscalar meson P

1

de-
caying to a light meson P

2

and a massless axion is
given by

�P1!P2+a =
1

16⇡

M3

1

(FV
q1q2)

2

�3[f
+

(0)]2 , (5)

where Mi are the meson masses, � = 1 �
M2

2

/M2

1

, and the form factors in the limit of
zero momentum transfer f

+

(0) are defined as
hP

2

(p0)|q
1

�µq
2

|P
1

(p)i = f
+

(0)(p + p0)µ. They are
taken from Lattice data [27] (previous results using
light cone sum rules from Ref. [28] are very similar)
and summarized in Table I. A rough estimate of the
bound on FV

q1q2 can be obtained by approximating
the total width of the charged pseudoscalar meson
with the SM prediction for its semi-leptonic decay
and neglecting form factors, giving

FV
q1q2 . v2

m`Vq1q0
1/

q
BRexp

P1!P2a
, (6)

f+(0) fP [MeV]
sd 1 155.6(0.4)
cu 0.74(6)(4) 211.9(1.1)
bd 0.27(7)(5) 190.9(4.1)
bs 0.32(6)(6) 227.2(3.4)

TABLE I. Form factors f+(0) and decay constants fP
entering

where v = 174GeV is the electroweak breaking
scale, m` is the mass of the relevant lepton (mµ for
K+ andD+ decays andm⌧ for B+ decays) and Vq1q0

is the relevant CKM matrix element (Vus for K+ de-
cays, Vcs forD+ decays and Vcb for B+ decays). The
experimental bounds on the branching ration of the
invisible two-body charged meson decay BRexp

P1!P2a
can be obtained from experiments looking for the
corresponding SM process where the axion is re-
placed by a neutrino pair. Using the 90% CL exper-
imental bounds BR(K+ ! ⇡+a) < 7.3 · 10�11 [29],
BR(B+ ! K+/⇡+a) < 4.9 · 10�5 [30] (note that
no bound exist for D-mesons, so we can only take
BR(D+ ! ⇡+a) < 1), we obtain the constraints in
Table ??, which agrees well with the above scal-
ing argument. Include bound from K ! ⇡⇡a,
B ! K⇤a Can improve D+ by calculating SM
or removing observed channels? Discussion, future
prospects: NA62, Belle II....

FV
q1q2 [GeV] FA

q1q2 [GeV]
sd 6.9 · 1011 2.3 · 106
cu 3.3 · 105 2.4 · 106
bd 1.0 · 108 1.4 · 106
bs 1.2 · 108 3.0 · 105

TABLE II. Lower bounds on FV
q1q2 from meson decyays

and FA
q1q2 from meson mixing.

We now turn to bounds on axial couplings ob-
tained from meson mixing, which are constrained by
the contribution from tree-level axion exchange con-
tributing to neutral meson mass di↵erence. discuss
theoretical problems in expression. For simplicity
we follow Ref. [23] and use the the following rough
estimate for the contribution to the neutral meson
mass di↵erence

�Mnew

P ⇡ 5

6

f2

PMP

(FA
q1q2)

2

, (7)

where fP are the meson decay constants summa-
rized in Table I and MP is the neutral meson mass.
To constrain this new contribution we use the re-
sult of the UTFit collaboration [31, 32], which pro-
vide 95 % CL intervals for New Physics contribu-
tions to �F = 2 mixing amplitudes for sd, bs and
bd transitions. The upper limits (which provide the
most conservative bounds) read Csd

95

= 2.07, Cbd
95

=
1.28, Cbs

95

= 1.252. We use these constraints together
with the measured neutral meson mass di↵erences
�M exp

P to bound the axion contribution by requir-

(Feng, Moroi, Murayama, 
Schnapka ’97)

from meson decays to PS + axion from neutral meson mixing
BR(D+ ! ⇡+a) < 1

<latexit sha1_base64="XOM2ChnWkTDrv2pwynWwQv3UpTY="></latexit>

BR(B+ ! K+/⇡+a) < 4.9 · 10�5
<latexit sha1_base64="w7klRKZjJTKBalMBEhLHYnN1V3E="></latexit>

(no dedicated search) 

(CLEO ’01)
�MK ⇡ f2

KMK�
FA
sd

�2
<latexit sha1_base64="Y6gvsr/K6VBClXpbLx8USZozhjs="></latexit>

Le↵ =
@µa

FV
ij

f i�
µfj +

@µa

FA
ij

f i�
µ�5fj

<latexit sha1_base64="qyRRsdF/bEINjyid/MnIy03/0XQ="></latexit>

Constrain effective couplings as good as possible

Björkeroth, 
Chun, King ’18

Hadron decays into ALPs

borrowed from R. Ziegler
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Plenty of Room for Improvement

Recast D ! ⌧⌫, ⌧ ! ⇡⌫
<latexit sha1_base64="C8o4jIleANBuXwkZqzTTnkoOTco="></latexit>

BR(D+ ! ⇡+a) < 1.3 · 10�4
<latexit sha1_base64="F5Uzy4EswbaCZwvAENgrW8RbbFQ="></latexit>

CLEO ‘08

Camalich, Vuong, RZ, Zupan, in progress…

(see also Kamenik, Smith ’11)

Use  BR(K+ ! ⇡+⇡0a)  3.8 · 10�5
<latexit sha1_base64="l+Z9kI8LQao8dwhKL8J90LXpN5w="></latexit>

E787 ‘01
gain

FA
sd

<latexit sha1_base64="X2EDw5sB4m1+v1Du1qroE7420AE="></latexit>

⇥10
<latexit sha1_base64="6wqnYcEoCNMIW9iHs+Dr+sgK+5k="></latexit>

(wrt       mixing)K�
<latexit sha1_base64="pc6HtHvQylqn3ibuxv+cB7+Mnn8=">AAACOXicZVDLTgIxFO34RHyBLt2MEhI3khk00SXRjYkbNAImQkincwcb+5i0HZRM+AO3+jN+iUt3xq0/YIGJQbhJm5Nze05OTxAzqo3nfTgLi0vLK6u5tfz6xubWdqG409QyUQQaRDKp7gKsgVEBDUMNg7tYAeYBg1bweDHat/qgNJXi1gxi6HDcEzSiBBtL3VwddQslr+KNx50HfgZKKJt6t+jst0NJEg7CEIa1vve92HRSrAwlDIb5dqIhxuQR9+DeQoE56E46jjp0y5YJ3Ugqe4Rxx2y+PC0J+zTWmeh5opq2TDHXesADa8WxedCzuxH5t5s2TgPJwpl0JjrrpFTEiQFBJuGihLlGuqOu3JAqIIYNLMBEUfs/lzxghYmxjebbAp6I5ByLMG1DrIfjmzIphrZUf7bCedCsVvzjSvX6pFQ7z+rNoT10gA6Rj05RDV2iOmoggiL0gl7Rm/PufDpfzvfk6YKTaXbRv3F+fgFWgK28</latexit>

Recast B ! K/K⇤⌫⌫
<latexit sha1_base64="IEOyoZ48Um/C0u/qfdGBtMAbiTo="></latexit>
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FIG. 5: (color online) The sB distribution for (from top
to bottom) B+

→ K+νν, B0
→ K0νν, B+

→ K∗+νν,
and B0

→ K∗0νν events after applying the full signal selec-
tion. The expected combinatorial (shaded) plus mES-peaking
(solid) background contributions are overlaid on the data
(points). The signal MC distributions (dashed) are normal-
ized to branching fractions of 20× 10−5 for B+

→ K+νν and
50×10−5 for the other channels. Events to the left of the ver-
tical lines are selected to obtain SM-sensitive limits, while the
full spectra are used to determine partial branching fractions.

over the full sB spectrum. Tables IV and V summa-
rize the number of observed data events within the sB
signal region (0 < sB < 0.3), expected backgrounds,
B → K(∗)νν signal efficiencies, branching fraction cen-
tral values, and branching fraction limits at the 90% CL.
Combining the signal channels, we determine upper lim-
its of B(B → Kνν) < 3.2 × 10−5 and B(B → K∗νν) <
7.9×10−5. Since we see a small excess over the expected
background in the K+ channel, we report a two-sided
90% confidence interval. However, the probability of ob-
serving such an excess within the signal region, given
the uncertainty on the background, is 8.4% which cor-
responds to a one-sided Gaussian significance of about
1.4 σ. Therefore, this excess is not considered significant.

Using the same procedure as when combining signal
decay channels, the B → Kνν branching fraction cen-
tral values are combined with a previous semileptonic-tag
BABAR analysis that searched within a statistically inde-
pendent data sample [15]. We obtain combined BABAR

upper limits at the 90% CL of

B(B+ → K+νν) < 1.6× 10−5,

B(B0 → K0νν) < 4.9× 10−5, and

B(B → Kνν) < 1.7× 10−5.

(4)

The combined central value is B(B → Kνν) =
(0.8+0.7

−0.6) × 10−5, where the uncertainty includes both
statistical and systematic uncertainties. These combined
results reweight the sB distribution to that of the ABSW
theoretical model (dashed curve in Fig. 5), which de-
creases the signal efficiencies published in Ref. [15] by
approximately 10%. The B → K∗νν central values also
can be combined with the semileptonic-tag results from
a previous BABAR search [16]. In order to obtain approxi-
mate frequentist intervals, the likelihood functions in the
previous search are extended to include possibly negative
signals. We obtain combined BABAR upper limits at the
90% CL of

B(B+ → K∗+νν) < 6.4× 10−5,

B(B0 → K∗0νν) < 12 × 10−5, and

B(B → K∗νν) < 7.6× 10−5.

(5)

The combined central value is B(B → K∗νν) =
(3.8+2.9

−2.6)× 10−5.
Since certain new-physics models suggest that en-

hancements are possible at high sB values, we also
report model-independent partial branching fractions
(∆Bi) over the full sB spectrum by removing the low-sB
requirement. The ∆Bi values are calculated in intervals
of sB = 0.1, using Eq. (3) (with the Nobs

i , Npeak
i , N comb

i ,

and εsigi values found within the given interval) multiplied
by the fraction of the signal efficiency distribution inside
that interval. Figure 6 shows the partial branching frac-
tions. The signal efficiency distributions are relatively
independent of sB, which are also illustrated in Fig. 6.
To compute model-specific values from these results, one
can sum the central values within the model’s dominant
interval(s) (with uncertainties added in quadrature) and
divide the sum by the fraction of the model’s distribu-
tion that is expected to lie within the same sB intervals.
These partial branching fractions provide branching frac-
tion upper limits for several new-physics scenarios at the
level of 10−5.
The B → K(∗)νν decays are also sensitive to the short-

distance Wilson coefficients |Cν
L,R| for the left- and right-

handed weak currents, respectively. These couple two
quarks to two neutrinos via an effective field theory point
interaction [33]. Although |Cν

R| = 0 within the SM, right-
handed currents from new physics, such as non-SM Z0

penguin couplings, could produce non-zero values. Using
the parameterization from Ref. [1],

ϵ ≡
√

|Cν
L|2 + |Cν

R|2

|Cν
L,SM|

, η ≡
−Re(Cν

LC
ν∗
R )

|Cν
L|2 + |Cν

R|2
, (6)

=
m2

⌫⌫

m2
B

<latexit sha1_base64="Ne0JvHUm/BAtk0EFSmZtclXljeI="></latexit>BaBar 1303.7465
m2

⌫⌫ = m2
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FIG. 7. Limits on (MDM†
D)↵�/v

2 from flavor-conserving non-majoron (gray region) and flavor-violating observables (colored
lines), dashed lines denoting future reach, adopted from Ref. [16]. We set MR/TeV = 11, f = 1TeV, and assume a matrix

texture that gives (MDM†
D)↵� =

q
(MDM†

D)↵↵(MDM†
D)�� , see text for details. The majoron mass is assumed to be between

100MeV and GeV in the left figure and between MeV and 100MeV in the right figure.

C. Majoron dark matter

Returning to the “standard” high-scale seesaw scenario
with huge hierarchy v ⌧ f it is clear that a massive
majoron can be long-lived even on cosmological scales,
e.g. from Eq. (9),

�(J ! ⌫⌫) ⇠ 1

400Gyr

⇣ m
J

MeV

⌘✓
109 GeV

f

◆
2

. (54)

In this region of parameter space majorons can form
DM [26, 28, 30–35], with a production mechanism that
can be unrelated to the small decay couplings [9, 26, 92,
93].
The defining signature of majoron DM is a flux of neu-

trinos from DM decay with E
⌫

' m
J

/2 and a known
flavor composition [9]. For m

J

>⇠ MeV these neu-
trino lines could be potentially observable via charged-
current processes in detectors such as Borexino or Super-
Kamiokande [9], while lower masses are more di�cult to
probe [94].
The loop-level couplings generate the much more con-

strained decays J ! ff̄ 0, ��, which however depend on
the matrix K and are hence complementary to the neu-
trino signature, as discussed in detail in Ref. [9]. This
analysis used only the Set II of diagrams to calculate
J ! ��, namely the expression proportional to tr(K),
Eq. (19). The new full expression presented in Sec. III B
leads in general to a suppression of the diphoton rate
and a more involved dependence on the K matrix entries
(Fig. 4). We omit a full recasting of existing DM! ��
limits onto our J ! �� expression since it is not very

illuminating, but stress that this diphoton suppression
makes the neutrino modes even more dominant.

V. CONCLUSION

Majorons, the Goldstone bosons of spontaneously bro-
ken lepton number, were proposed in the early 1980s in
models for Majorana neutrino masses. Since then exper-
iments have indeed found evidence for non-zero neutrino
masses, although it is not clear yet whether they are of
Majorana type. With the motivation for majorons as
strong as ever, we have set out in this article to com-
plete the program that was started almost 40 years ago
and calculate all majoron couplings to SM particles. The
couplings to neutrinos (tree level) as well as charged lep-
tons and diagonal quarks (one loop) were known pre-
viously. Here we presented the two-loop couplings to
gauge bosons (J��, J�Z, JZZ, JWW , Jgg) and flavor-
changing quarks (Jdd0, Juu0). Phenomenologically rel-
evant of these are currently only the majoron coupling
to photons as well as the Jdd0 couplings behind the rare
decays K ! ⇡J and B ! KJ .
Standard seesaw e↵ects in an EFT approach are en-

coded in the matrix M
D

M�2

R

M†
D

, which drives for ex-
ample ` ! `0�. Majoron couplings on the other hand de-
pend on the matrix M

D

M†
D

/f , which is parametrically
larger in the seesaw limit and can indeed give better con-
straints in parts of the parameter space. For example,
while ⌧ ! `� and other ⌧ LFV is unlikely to be observ-
able in the seesaw model, ⌧ ! `J can be observably large
and deserves more experimental attention.

Majoron results

Heeck Patel ‘19
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photons. It proves convenient to phrase our discussion in
terms of the dimensionless parameters

K
↵�

⌘ (M
D

M†
D

)
↵�

vf
, (42)

as they capture the majoron couplings in most cases [9].
The o↵-diagonal entries of M

D

M†
D

are directly con-
strained by the lepton flavor violating (LFV) decays
` ! `0J [17, 64, 65]. For m

`

0 ⌧ m
`

, the partial widths
read

�(` ! `0J)

�(` ! `0⌫
`

⌫̄
`

0)
' 3

16⇡2

v2

m2

`

|K
``

0 |2 (43)

and involve a left-handed final-state lepton, leading to an
anisotropic decay [9]. The constraints in the tau sector
are Br(⌧ ! `J) < O(10�3) [66] and lead to [9]

|K
⌧e

| < 6⇥ 10�3 , |K
⌧µ

| < 9⇥ 10�3 , (44)

which can be improved by Belle and Belle-II [67–69]. In
the muon sector, the best constraints on a majoron with
anisotropic emission come from µ ! eJ [70] (to be im-
proved with Mu3e [71]) and µ ! eJ� [72]. The latter is
also sensitive to m

J

= 0 and provides a limit

|K
µe

| < 10�5 . (45)

The diagonal couplings K
``

of a massless majoron are
constrained by astrophysics, stellar cooling in particular,
and imply

|K
ee

�K
µµ

�K
⌧⌧

| < 2⇥ 10�5 , (46)

tr(K) < 5⇥ 10�6 , (47)

from the electron [73] and nucleon coupling [74], respec-
tively. The bound on the trace tr(K) is particularly
powerful since it provides upper bounds on all entries of
the positive-definite K [9] by means of the inequality of
Eq. (7). This then puts an upper bound on the majoron
coupling to muons and taus which is far better than any
direct bound on these couplings. It also ensures that rare
decays such as K ! ⇡J and Z ! �J [53, 54, 75, 76] are
unobservably suppressed for a massless majoron. Two-
loop couplings are hence irrelevant for massless majorons.

Overall we see that a massless majoron gives seesaw-
parameter constraints of order M

D

M†
D

/(vf) <⇠ 10�5–
10�6. While this is far o↵ the “natural” value
M

D

M†
D

/(vf) ⇠ M
⌫

/v ⇠ 10�13, it can be realized by
assuming certain matrix structures in M

D

that suppress
M

⌫

' �M
D

M�1

R

MT

D

but not M
D

M†
D

, to be discussed in
more detail in Sec. IVB. As we have seen, the relevant
couplings of a massless majoron are those to nucleons
and electrons, but even µ ! eJ could be observable.

The phenomenology becomes more interesting for non-
zero majoron mass, specifically values above ⇠ 10 keV
in order to kinematically evade the stellar cooling con-
straints. This is shown in Fig. 6 for majoron masses
above 1MeV. In addition to the one-loop lepton-flavor-
violating decays that probe K

↵�

we now also have
relevant constraints from the two-loop quark-flavor-
violating decays, esp. K ! ⇡J and B ! KJ (limits

|K e|
( eJ)

Mu3e

|K |
( J)

Belle

tr(K)

(B KJ)

Belle II

tr(K)

gJ , SN1987

tr(K)
gJNN, SN1987

tr(K)

(K J)

NA62
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10-6

10-4
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L
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o

n
K

=
(M

D
M

D†
)

/(
f

v)

FIG. 6. Upper limits on combinations of K↵� =
(MDM†

D)↵�/(vf) for majoron masses above MeV. The shaded
regions exclude |K↵� | or tr(K) by non-observed rare decays,
the dashed lines show the potential future reach, see text
for details. K ! ⇡J and B ! KJ further scale with
log(MR/mW ), which has been set to 11 here. The black re-
gion is a very naive estimate of SN1987 constraints on the
di-photon coupling, setting for simplicity K`` = tr(K)/3.
The yellow region is the SN1987 constraint on the JNN cou-
pling [77]. The o↵-diagonal entries have to satisfy |K↵� | <
tr(K)/2, see Eq. (7).

and future sensitivity taken from Ref. [60], based on
Refs. [57, 78, 79]). These decays probe the quantity
tr(M

D

log(M
R

/m
W

)M†
D

), but to simplify comparison
with the other limits we set log(M

R

/m
W

) = 11 to obtain
a limit on tr(K). It should be kept in mind, however, that
a larger log-enhancement can make these rare processes
even more relevant. Also potentially relevant are the two-
loop majoron couplings to photons via the e↵ective cou-
pling g

J��

from Sec. III B. Astrophysical limits on this
coupling are extremely strong for m

J

<⇠ 100MeV [80];
since g

J��

is m2

J

suppressed for m
J

<⇠ MeV, the re-
gion where the photon coupling is important is between
MeV and 100MeV. This is unfortunately precisely the
mass region where the light quarks that run in the J–�–
� loops should be replaced by hadrons; as a very naive
way to incorporate this we simply set m

u

= m
d

= m
⇡

and m
s

= m
K

in Eq. (19). The g
J��

limit in Fig. 6
should therefore not be taken too seriously. In light of
these uncertainties we do not discuss how the g

J��

cou-
pling depends on the various diagonal K

``

, but rather set
them all equal to tr(K)/3 to allow a comparison to the
other limits. It is clearly possible to suppress g

J��

signif-
icantly in the region of interest by choosing hierarchical
K

``

, as shown in Fig. 4.
Also illustrated in Fig. 6 are SN1987 constraints on

the majoron–nucleon coupling, Eq. (12), adopted from
Ref. [77], which reach up tom

J

⇠ 250MeV and constrain
tr(K) between 5⇥ 10�5 and 0.06.

As can be appreciated from Fig. 6, even the strong
astrophysical constraints on majorons do not rule out
flavor-violating rare decays, with significant experimen-
tal progress expected in the near future. Even the two-
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Figure 4: Constraints on |s`µe| (lower panel), |s`⌧e| (upper left panel) and |s`⌧µ| (upper right

panel) as a function of the ALP mass derived from the experimental bounds listed in Table 1. We

consider a benchmark scenario where a`ii = 1 are the only flavor-conserving tree-level couplings,

while c�� is induced at one-loop level, cf. Eq. (41). The other couplings are neglected in our

analysis.
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FIG. 2. Present experimental constraints on the e↵ective ALP coupling to muons and electrons (ceµ) assuming universal
couplings c``/f = 1/TeV (left panel) and c``/f = 10�4/TeV (right panel). The parameter space for which �ae and �aµ can
be explained is shown in yellow and orange, respectively (see Sec. IV).
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FIG. 3. Present experimental constraints on the e↵ective ALP couplings to muons and taus (left panel) and electrons and
taus (right panel), assuming c``/f = 1/TeV. The parameter space for which �ae and �aµ can be explained is shown in yellow
and orange, respectively (see Sec. IV).

we have taken into account the macroscopic ALP decay
length, which implies that only a fraction of all decays
can be reconstructed in the detector [5]. Together with
the ma-dependence of the ALP lifetime governed by (6)
this explains the slopes of the relevant contours in Fig. 2
(see [15] for more details). Note also that in the presence
of a tree-level coupling c�� 6= 0 constraints from a ! ��

decays would be strengthened, whereas the bounds de-
rived from µ ! 3e decay would get weaker.

For ALP masses ma > mµ, the most important bound

follows from the search for µ ! e� by MEG [21]. The
right panel of Fig. 2 shows the corresponding bounds for a
much smaller value of the flavor-diagonal lepton coupling
c``/f = 10�4

/TeV. While the µ ! e+invisible constraint
remains largely una↵ected, the remaining constraints get
relaxed by about a factor of 104 compared with the left
panel. In the intermediate mass range 2me < ma < mµ,
the reason is that the fraction of events reconstructed in
the detector scales (approximately) with ⌧

�1

a / (c``/f)2

[5]. For heavier masses ma > mµ the ALP lifetime is

cee/f = 1TeV
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