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Motivation

Neutrino masses/oscillations <+— /E e, /EIM /ET

Lepton family numbers are not conserved:

why not u — ey, 7T— uy, u— 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

~

e In the SM + massive neutrinos:

2
ka

2 0,
Mg,

['(ly — 4 316! .
( 8Y) _ Z Uai Uy

F(fa — EBVD) B 32—7T

k=1,3 N
Cheng Li 77, ’80; Petcov 77
—> BR(yx — ey) ® BR(1 — ey) ~ BR(1 — pvy) = 107%° + 1075

Large mixing, but huge suppression due to small neutrino masses

—> In presence of NP at the TeV we can expect large effects
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Why are we searching for CLFV?

e.g. SUSY
lo Vi Z I::> lo

Borzumati Masiero ‘86;
Hisano et al. 95

2

N o0 k
Do — Lovw) — 32m | &~ PP MG, [(lo — Lgvi) — GEmygy

« Unambiguous signal of New Physics

e Stringent test of NP coupling to leptons

e [t probes scales far beyond the LHC reach
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... and we have experiments
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Sought for more than 70 years...
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... and we have experiments

2017
2018

MEG II
Mu3e

MuZe

COMET
DeeMe

Belle II: t,B

Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams

pN->eN
Sensitivity: 10 10" 10 10"
.
(1x10™) Sensitivity: o 1072 10" or smaller
CRES I . sitivity: 10 or smaller
2010 2013 2030 20

Data Taking
(Approved Experiments)

- - Proposed Future Running
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Motivation

Definitely worth to keep searching, but...

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

(14 »

Assume there is a light, invisible, new particle “a

with FV couplings to leptons

Light: Invisible:

e Neutral
m < m m
M2 e Feebly coupled (long-lived)

CLFV modes would thenbe y —ea, t— pua, u— eya, etc.

Interesting interplay with cosmo/astro:

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

Why should a be light and feebly-coupled?

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

Examples:
Global symmetry: PNGB:
Wilczek ‘82
 Lepton Number Majoron Fllaftsis 99
Feng et al. 97
e Peccei-Quinn Axion LC Goertz Redigolo
Ziegler Zupan ‘16
e Flavour symmetry Familon Di Luzio et al. ‘17. ’19

Equivalent possibility: light Z' of a local U(1), e.g. Li-L; (with g «1)

Heeck ‘16
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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

General couplings to leptons:

ot a —
Lo = T (CF: vty + CF Civuysty)
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Lepton-flavour-violating ALPs

General couplings to leptons:
Shift symmetry (PNGB!) — m, from (small) explicit U(1) breaking
* 0Ma
|4 A
Love = 27, (C5 Civuly + Ci5 Liryuysts)
a

T~ U(1)-breaking scale — coupling suppression
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Lepton-flavour-violating ALPs

General couplings to leptons:

ot a -
Lo = T (CF: vty + CF Civuysty)

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 Gy  Froggatt Nielsen ‘79
] ) ] Leurer Seiberg Nir 92, 03

e Gy forbids Yukawa couplings at the renormalisable level

o Gypspontaneously broken by the vev(s) of one or more scalars (the “flavons”)

* Yukawas arise as higher dimensional operators

nf
Lyvuk. = (%) Jrifr;H

fr fr

<¢> <M —> €= <§b>/ M small expansion parameter (M=UV scale)

nz; dictated by the symmetry

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

LFV into ALPs Lorenzo Calibbi (Nankai)



Froggatt-Nielsen U(1)

Quark sector

¢ qi (1% d; h y;f] — a;"j E[Q]i—F[u]j
UQ@) || -1 ] lgli | [uli | ld]s | O —> a _ d e[Q]rl-[d]j

Rotation matrices VLf ty f V}!{c — Y/

U,d ~ ¢ J u’d A u,aj; —|(u,al;
siag — (V[ )ij ~e elldlimlalsl(edy oy llusdli=Tu.dly]

Successful predictions for VXM = yuydi

Vud = Ves = Vi = 1 Vb = Vig = Vs X Ve

(independent of charge assignment)

Example:
([q]lv [Q]2, [C]]S) — (37270) ([u]lv [u]27 [u]3) — (57270) ([d]lv [d]Qv [d]3) — (47272)

S € 3 el € e
Y., ~ el € € Y ~ b e €
e € 1 et €2 €2

— ($)/M ~ 0.23
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Froggatt-Nielsen U(1)

Lepton sector

) ot @ [L];+e];
gb Lz €; h : “J *J M
U(l) -1 [L]z [6]Z 0 ) ) U2 <(I)> [L]i+[L];

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

RH charges then responsible for charged leptons hierarchy

Examples: Altarelli Feruglio Masina Merlo ‘12

e Anarchy (L)1, (L2, [L]3) = (

Charged lepton hierarchy: ([6]1, [6]27 [6]3) — (8 — [L]l, 4 — [L]27 2 — [L]S)
(withe ~ 0.2)
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Froggatt-Nielsen U(1)

Lepton sector

_ e (@)
qb Lz €; h : “J “J M
U(l) -1 [L]z [e]z 0 y iy " <(I)> [L]i+[L];
miﬂ':"@'jm(ﬁ)

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

RH charges then responsible for charged leptons hierarchy

Examples:

012

) 004
0.10f !
0.08f 003
o 006f :

] A 002}
004}

[ i
002 : 001

000

Si11913

Feruglio ‘17
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Leptonic FN “familon”

PNGB of a spontaneously-broken leptonic FN U(1)

oM i ii =
¢ = (f -+ ,0¢) Eaff = —a (C‘} gif)/y,gj + CA] €i7M75€j)

1
V2 f

Cyia=VaXpVr £ V] XV

U(1)rn charges
L and R rotations \.

to the lepton mass basis

[6]1 [L]l
i Xp = le]o Xp = [L]2
ViY VR =Yg, <l Hs

flavour non-universal charges
~flavour-violating couplings

(VL)ij ~ EHL]z’_[L]j" (VR)M ~ ¢lleli—lel;|

Lepton-flavour-violating decays into an (invisible) PNGB:

/L%@CL T — €Q T%,UCL
2
3 2
1 mgi m,

Dt = t0) = 1o~ (IOV1 +1C4P) |1

>
my

)
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Majoron

_ . 1 _
@I se@ L=Lsy+iNIN — (YNNcDTL +- §MNNNC + h.c.)

L-breaking term

B 0 YJT\Z;U/\/? My > Ynv B U2 T
M= ( Yvu/v2 My > = M=t My iy

Spontaneous breaking of the lepton number:

Jnt+o J/ N
o = e’ My =\ V2

PNGB: Majo@ Chikashige Mohapatra Peccei ‘80

Couplings to SM fermions:
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Majoron

_ . 1 _
@I se@ L=Lsy+iNIN — (YNNcDTL +- §MNNNC + h.c.)

L-breaking term

0 YT”U/\/_ My > Ynv B b2 S
M= (YNU/\/_ My > = Mw= oy i My

Spontaneous breaking of the lepton number:

fN_I_O o/ IN
V2N

—> My = AN fn/V2

PNGB: Majoron! Chikashige Mohapatra Peccei ‘80
Couplings to SM fermions:
Tq

vV _ A _ T3 T

cy, =0, City = —1o250 Tr (YaY)
1 1

cy, = (Y YT) CA, = ”T(Y Y*) (YaYi)i,

G aem2 VT TR T 16 A N

Pilaftsis 94
@erlcally flavour-violating, (D Garcia-Cely Heeck 17
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LFV decays into ALPs: model-independent approach

oHa —
Lo = 27, (CV Civuly + Cé? livuysls)

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

2

1 m?i m?

Feng et al. 97

Goal: constrain the effective LFV scalessing experimental data

. Which experiments?
. What are the future prospects?
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https://arxiv.org/abs/hep-ph/9709411

Past searches: y —» e a

 Jodidio et al. (TRIUMF) 1986

Ordinary u — evv

Search for RH currents with 1.8x107 polarized u*

d°T I, ((3—2x)— P2z —1)cosh)
— — 22r) — | L — COS xr
dxr dcosf a ‘
r = 2E./m,
2.0 1 T 1 F 1
¢ (a)+&(a®) _

8= effects 7]
= | | MUON POLARIMETER
S Berkeley - Northwestern-TRIUME
° cosf= | |
5 (backward) ; T iz e wires
a -=== Vert
© 12 —
3
S O —
X
Rosl ) -
= eaff(gc’rs ~{t~ /Unpolorized
o 0.6 —
3
© 04 | cos 8- 7]

| (forward)
02— —
|
00 a5 os , Very good e+ momentum resolution
Reduced positron energy x (~70 KeV at the e.p.)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.1967

Past searches: y —» e a

 Jodidio et al. (TRIUMF) 1986 Search for RH currents with 1.8x10’ polarized u*

_ ~ interpreted in terms of 4 — ea too
Ordinary u — evv

d°T - ~ ()
p T Do T, ((3—2z)— P(2x — 1) cosf) z° Ee a 31gna} for mg= O:
r = 2E./m,, monochromatic et at m,/2
2.0 1 T I 1
d(a)+&(a® | . o
8= effects ~ /] Unless it couples (V-A) like in the SM:
§ 1.6 — (o o) oV oA
@ dI’ — e a I
© COSQz"'I H — n—ea eu~eu
] 4 (backward) . d cos 6 2 b2b COSH(C’;@V +(C4)?
© 12 —
S of- 3 for the isotropic case, they set the limit
o
X
S osf- - 4 = BR(uT —eta)<26x107°
"g effects “l < Unpolarized
q>) 0.6t —
2 L thus one gets
e | cosB:=1 7
ol | (forward) . 9
00555 5 5% 55 c

Reduced positron energy x
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.1967

Past searches: y —» e a

« TWIST 2014 Precise measurement of Michel parameters plus dedicated search
for 4 — ea in the whole m, range considering anisotropy of the signal

Limits (with 5.8x10°% u*):

Mass of XO (in MeV/cz)
— 80 70 60 50 40 30 20
o~ %8 90% C.I., A=-1|V-A (SMrlike) Decay Signal 90% C.L. |p-value
S 15 (in ppm)
X 1(5) A=0 Average 9
Z 0 p=37.03 MeV/c| 26 0.66
b= %(5) 90%C.I., A=0 Isotropic Endpoint 21 0.81
X5 A=—-1 Average 10
g 12 @) = 37.28 MeV/c| 26 0.60
S 0k Endpoint 0.80
S %(5) 90% C.l, A=+1| V+A (RH curr.) A= 11 Average 6
A s p=19.13 MeV/c| 6 0.59
1 : Endpoint 10 0.90

%20 25 30 35 40 45 50
Signal Momentum (MeV/c)

For V-A coupl. and mg= O: @% ea) < 5.8 x@

= F,, > 1.2x10” GeV
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https://arxiv.org/abs/1409.0638

Past searches: y > ey a

e Crystal Box 1988

PHYSICAL REVIEW D VOLUME 38, NUMBER 7

1 OCTOBER 1988

Search for rare muon decays with the Crystal Box detector

TABLE I. Types of events generated with the Monte Carlo

program.
CHDARA:IFBTER Process Trigger
o wt ey ey
ut—etyw e-v, 1-y
pt—etyy e-y-y, e-y
/ + _setete— g0
NaiT) R X H
CRYSTALS ; ' put—etete vy e-e-e
ut —etvy 1-e
ut—etyf (f=familon) e-y
o U - -
BB % T v
R T_p—ny 1-y
\) to“
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.38.2077

Past searches: y > ey a

e Crystal Box 1988

Analysis for massless familon mg= O
(with 1.4x10'* stopped u*) yields:

QR(,LL —eavy)<1.1x1077 (90% CLD

aem

BR(uy — eavy) = 5

Z(Zmin, Ymin) BR(t — e a)
Hirsch et al. ‘09

! (z —1)(2 — 2y —y)
z mins Ymin) —
(#min, Yimin) /x oy y* (1 -z —y)

min,>Ymin

r=2E./m, y=2E,/m,

Crystal Box energy thresholds:

Ee>38MeV , E,>33MeV = ZTyin = Ymin = 0.72

= F,, > 9.8x10° GeV

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

2000 |
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@
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https://arxiv.org/abs/0902.0525
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.38.2077

Past searches: tr—>ea,tr—> ua

e ARGUS 1995

Z. Phys. C 68, 25-28 (1995)

A search for the lepton-flavour violating decays
T — e, T — U

ARGUS Collaboration
With 472 pb!:

0.06

NN BLALEL BN B B IR ] ™)

N O 7T — ea )

3 005 -

R T— ua

! 0.04 [ k

Lo 3

K 0.03 _'

Py : )

3 X i

~ 002 -

T - :

001 .

A : :

Q S PRI RPRPEN AN IR EUPETES B TN IPEPIT

0 02 04 06 08 1 12 14 16
o Mass [GeV/c?]
0 BR(T = ea) <2.7x107% (95% CL) = F,. > 4.3x10° GeV,
Ma =

“ BR(T — pa) <45x107% (95% CL) = F,,>3.3x10° GeV.
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https://link.springer.com/article/10.1007/BF01579801

Summary of the model-independent bounds

Bounds on ALP-electron couplings from energy loss in star systems
(red giants, white dwarfs) due to processes like:

e +X — e +a+ X

If a lighter than As 9
Tinside the star ' ° < 0(10) keV  =—> Feo 2 3.7 x 10 GeV

Bertolami at al ‘14

Comparison in the case m, ~ 0

Process Limit on the BR Decay constant Lower Bound (95% CL)
Star cooling - FA 3.7 x 10 GeV
IL—ea <2.6x107% (90% CL)  F, (VorA) 5.0 x 10° GeV
1w—ea <1.3x107% (90% CL)  F. (V+ A) 7.0 x 107 GeV
1w—ea <58x107° (90% CL)  F,. (V—A) 1.0 x 10° GeV
[ —eary < 1.1x 107 (90% CL) Fe 8.1 x 10% GeV
T —ea < 2.7x 1073 (95% CL) Fr. 4.3 x 109 GeV
T — pa < 4.5 %1073 (95% CL) Fyp 3.3 x 10° GeV
I 2&4 = L
C’ij’ \/\CV 2 4 CA 2
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https://arxiv.org/abs/1406.7712

Summary of the model-independent bounds

Bounds on ALP-electron couplings from energy loss in star systems
(red giants, white dwarfs) due to processes like:

e +X — e +a+ X

Hints (~30) for non-standard WD cooling require: F ;}3 ~ 6 x 10° GeV
Giannotti at al ‘17

Comparison in the case m, =~ (

Process Limit on the BR Decay constant Lower Bound (95% CL)
Star cooling - FA 3.7 x 10 GeV
IL—ea <2.6x107% (90% CL)  F, (VorA) 5.0 x 10° GeV
1w—ea <1.3x107°% (90% CL)  F,. (V+ A) 7.0 x 107 GeV
1w—ea <58x107° (90% CL)  F,. (V — A) 1.0 x 10° GeV
[ —eary < 1.1x 107 (90% CL) Fe 8.1 x 10% GeV
T —ea < 2.7x 1073 (95% CL) Fr. 4.3 x 109 GeV
T — pa < 4.5 %1073 (95% CL) Fyp 3.3 x 10° GeV
I 2&4 = L
C’ij’ \/\CV 2 4 CA 2
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https://arxiv.org/abs/1708.02111

Summary of the model-independent bounds

Hints (~30) for non-standard WD cooling require:

Bounds on ALP-electron couplings from energy loss in star systems
(red giants, white dwarfs) due to processes like:

e +X — e +a+ X
F2 ~ 6x10° GeV

Giannotti at al ‘17

Comparison in the case m, ~ 0

Process Limit on the BR Decay constant Lower Bound (95% CL)
Star cooling - FA 3.7 x 10 GeV
IL—ea <2.6x107% (90% CL)  F, (VorA) 5.0 x 10° GeV
1w—ea <1.3x107°% (90% CL)  F,. (V+ A) 7.0 x 107 GeV
1w—ea <58x107° (90% CL)  F,. (V — A) 1.0 x 10° GeV
[ —eary < 1.1x 107 (90% CL) Fe 8.1 x 10% GeV
T —ea < 2.7x 1073 (95% CL) Fr. 4.3 x 109 GeV
T — pa < 4.5 %1073 (95% CL) Fyp 3.3 x 10° GeV

e Prospects at upcoming LFV exps? Can we test ALPs with LFV beyond stars?

o Only within specific models we can relate Fee, Fle, €tc.

LFV into ALPs
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https://arxiv.org/abs/1708.02111

Future prospects: Mu3de

Mu3e: The ,u"' — etete” search slide borrowed from A. Papa

e The Mu3e experiment aims to search for y+ = et e+ e with a sensitivity of ~10-15 (Phase |)
up to down ~10-16 (Phase Il). Previous upper limit BR(u+ = etete ) <1 x1012@90 C.L. by
SINDRUM experiment)

e Observables (Ee, te, vertex) to characterize u— eee events

Signature Background

o7 @€
Q
_|_

N

o
‘\

Recurl pixel layers

CTTTTT T T I T T TTiTTT] CTTTTT T T I T I I T TTTT T ]

Scintillator tiles Inner pixel layers

M Beam Target “

i

YYYYY

Scintillating fibres

\

/
\ / Outer pixel layers
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Future prospects: Mu3de

« Mu3e prospect for 4y — e a (Perrevoort ’18)

Potential search for performed on momentum histograms
filled with online reconstructed short tracks

12>_<1()6 x10°
% &F + BG: SM decays % = ‘ * Signal: m =60MeV
- - - B — —
S (- s I
5 [ g [
A 2 0.8
= 0.8_— = Ot r
5 5 |
o[ ot t
0.6/ 0.6/ r ‘
[ - }
0.4 0.4 ji
02F \¥ 0L !%
0'—| PRI R T T N AN T N A NN 0._ P E—— l

1 | 1 1 1 I | | |
0 20 40 60 80 100 20 40 60 80 100
p [MeV] p [MeV]

)

(a) Simulated background events. (b) Simulated u — eX signal events.

Perrevoort (Mud3e) ‘18
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https://arxiv.org/abs/1812.00741
https://arxiv.org/abs/1812.00741

Future prospects: Mu3de

« Mu3e prospect for 4y — e a (Perrevoort ’18)

Potential search for performed on momentum histograms
filled with online reconstructed short tracks

Expected limit for phase I (2.6x10!° y*):

i 1072

Mu3e Phase I SIM: 2.6><10'5u stops
—f— TWIST 2014

=——}— Mu3e online reco. (ext.calib.)
=—f—Mu3e online reco. (sim. calib.)

[E—
<
N

[
-
n

[E—
<
N

Branching Fraction at 90% C

[a—
S
\]

[a—
-
%

||||T|| | |||||||

N\

~ Mu3e: Work in progress
10_9|IIII|IIII|IIIIIIIII|IIII|IIIIIIIIIIIIIIlIIIIlII

10 20 30 40 50 60 70 80 90
my [MeV] Perrevoort (Mu3e) ‘18

B

)

0: BR(p—ea)<107® = F, = 9x10" GeV.

Q

Maq
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https://arxiv.org/abs/1812.00741
https://arxiv.org/abs/1812.00741

Future prospects: COMET/MuZ2e

U — e conversion in nuclei experiments

M’roton beam

Spectrometer

Secondary beamline

Proton Beam

Production solen°id/ Detector Solenoid
- . ——— ~» Transport Solenoid == X
T T \\\\\\\\\‘\\ \ 1
- A \.m"'”” ) =
\ ‘ o N Y - 7'~ - A= =

e = SES y g
e M TS o, —
- o e —
/& X
L 2V RSO
1 : X

Muon
Stopping Target
" 1 detector for Muon transport Pion production
David Hitlin e e N /

Beijing CLFV School
June 3-7, 2019
Lecture 1
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Future prospects: COMET/MuZ2e

e Prospect at y — e conversion experiments (Garcia i Tomo et al. ’11)

Spectrum of 4 — ea emission in orbit (for Al):

015, Ma 0
o I
E 0.10+- ]
r ] 4
S | o 7 | =l 10714+ M d / N
5lg | | sld uon decay
— | f r ] — e . o N
0.05 | le in orbit \
L ] \
j & " |
[ 1 \
1
r 1 \
1
: ] 1
0.00¢ | , , , | , , , | , , , | . , , | , , , | | 10—18 T S S S B S O \“I [
0 20 40 60 80 100 100 101 102 103 104 105
E.MeV)

E.(MeV)
Sensitivity in terms of the y — e conv. limit:

Phase-spface —_ /
correction factor
B(,u N BJ) N NRR,ue Fcapture_ - NRR,ue 15
fJ F(M% el/,uye) fJ

—

Fraction of y — ea
events in the signal region

Lorenzo Calibbi (Nankai)
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https://arxiv.org/abs/1110.2874

Future prospects: COMET/MuZ2e

e Prospect at y — e conversion experiments (Garcia i Tomo et al. ’11)

Spectrum of 4 — ea emission in orbit (for Al):

015, Ma® 0 n
TE 0.10" |
T.s 14 /' N
slg | | g|g 107 Muon decay
~1 oo ole in orbit A
: j & : 10_167 “‘\ i
0.00;“““““““““““; S8l “‘\‘_
0 20 40 60 80 100 10 100 101 102 103 104 105
E.(MeV) E.MeV)
Sensitivity in terms of the y — e conv. limit:
27 lIl Al) 10—17
Phase-space \
correction factor = T—_ N T N
B(,u N BJ) RR capture RR,ue 15 2%x10 6
— I::> x10-
fr T(u— el/ﬂye) fr
A/ »/
2x1071° (E. > 100 MeV)

Fraction of y — ea
events in the signal region
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https://arxiv.org/abs/1110.2874

Future prospects: COMET/MuZ2e

e Prospect at y — e conversion experiments (Garcia i Tomo et al. ’11)

Spectrum of 4 — ea emission in orbit (for Al):

f = n f 10719¢ m====s
0s. Ma 0 - i
— 10" -
' I 1 n
E 0.10+ - >
= = v
= | [ = | 10714 M d / AN
Sl I 5lg uon decay
— | f r ] — e . o N
005" ] B in orbit
L i \
j & " |
[ 1 \
1
r 1 \
1
- ] \
0007 | . . . | . . . | . . . | . . . | . . . | L 10—18 | . . . . | . . . . | . . . . | . . . . | . . . \“I | .
0 20 40 60 80 100 100 101 102 103 104 105
E.(MeV) E.(MeV)

Sensitivity in terms of the y — e conv. limit:

JVRR e Fca ture “RR e
B(p —eJ) ~ a b ~ £21.5 -6
(= ed) fr T(u— ev,ie) VB =>  2x10

Possible bound at the level of Jodidio et al.
Limited by the y — e conv. signal region (only the tail included):@ated sea@
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https://arxiv.org/abs/1110.2874

Future prospects: MEG II

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

MEG: Signature and experimental setup

e The MEG experiment aims to search for y+ = e+ y with a sensitivity of ~10-13 (previous
upper limit BRu+ = ety) < 1.2 x 1011 @90 C.L. by MEGA experiment)

e Five observables (Ey, Ee, teg, Feg, Peg) to Ccharacterize u— ey events

Signature
‘4—0 Y
COBRA Magnet
\ Drift chamber
et M+71‘ v Muon Beam - / Iﬂs : z
.(—l Q 0 2 V Stopping Target € Timing counter
V@ | = ”ﬁ ‘='” = ]
I
e’ u A Liaul
) 4—0 iquid Xenon ]
S\ oV Scintillation Detector| i
Y slide borrowed from A. Papa
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Future prospects: MEG II

 Prospect at MEG I

What about a Jodidio-like search at MEG II for mqa= O with a forward calorimeter?

Poor theorists’ estimate of the sensitivity of a dedicate run
(2 weeks dedicated run with 10° y*/s):

< 90% CL bound >

107>

" Jodidio et al.

Expandable
Bellpws

Steering

Degrader

Insertion
System in | g

BR(u—e a)
=
\

BRpNEREST
»

ek

-
4
\

! R T
~1.5 m from the target, radius ~ 10 cm AE, [MeV]

< Positron energy resolution —>

AE,=1MeV: BR(p —ea) <3 x1077 (10" u")
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Future prospects: B-factories/Belle-II

e Belle prospect for r — u a (Yoshinobu Hayasaka ’17)

Simulation of S and B and limit that can be set using the Belle data set (1/ab):

2.2F & 12f 1/ab
2F < 1.1
N m -
Z 1.8¢ ‘5 -
D 1.6; E 0.9
1.4F 5 08-
oL e 8 0.7- T — ja
0 500 1000 1500 0O 500 1000 1500
m, [GeV/c] m, [GeV/c’]
Yoshinobu Hayasaka (Belle) ‘17
Belle (1/ab) prospect: BR(T — pa) <1.1x107* = F,, 221 x10" GeV
mag= 0 :

Belle-II (50/ab) prospect: BR(7 — pa) <1.4x107° = F, 259 x 10" GeV

\ Estimated by rescaling as \/Z
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https://www.sciencedirect.com/science/article/pii/S2405601417301505?via=ihub
https://www.sciencedirect.com/science/article/pii/S2405601417301505?via=ihub

LFV decays into a leptonic familon

[ —> €4 differential decay rate:

dF(/L+ — et CL) F,u—ma

dcos 6 2

= 1+ 2P cosf

cV c4
e~ e
(CY)? +(C4)?

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

Cyia = ViXRVR

ViX V;

Anarchical model

RH rotations dominate:
1) A~ (YU
Cy =04
Stronger exp. limit applies:
BR(i — ea) < 2.6 x 107°

But suppressed rate:

1 m3
167 JQM‘(VR)H‘2

O(me/my)

['(p — ea) &

Hierarchical model

LH rotations dominate:
v Ao ]
CV ~ _CA
Weaker exp. limit applies:

BR(p — ea) < 5.8 x 107°

But larger rate:

[ — ea) =

LFV into ALPs
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Bounds on the flavour-breaking scale f

Present bounds

m, =~ 0 Anarchical model Hierarchical model
p—ea f>2x10"GeV 5 x 10° GeV
L—eay 107 GeV 4 x 10° GeV
T —ea 5 x 103 GeV 10° GeV
T — la 4 x 10° GeV 10° GeV

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

f>2x101YGeV

m, < O(10) keV

LFV into ALPs Lorenzo Calibbi (Nankai)




Bounds on the flavour-breaking scale f

Future sensitivities

m, =~ 0 Anarchical model Hierarchical model
uw—ea f>8x 108 GeV  Musephasel 4 x 101 GeV
nw—eay ? 7
T — €ea
T — ua 7 % 10° GeV Belle2 (50/ab) 2 x 107 GeV

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

f>2x101YGeV

m, < O(10) keV
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Bounds on the flavour-breaking scale f

Future sensitivities

m, =~ 0 Anarchical model Hierarchical model
uw—ea f>8x 108 GeV  Musephasel 4 x 101 GeV
nw—eay ? 7
T — €ea
T — ua 7 % 10° GeV Belle2 (50/ab) 2 x 107 GeV

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

fa~3x1019GeV

m, < O(10) keV
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Bounds on the flavour-breaking scale f

Future sensitivities

m, =~ 0 Anarchical model Hierarchical model
uw—ea f>8x 108 GeV  Musephasel 4 x 101 GeV
nw—eay ? 7
T — €ea
T = ua 7 % 10% GeV Belle2 (50/ab) 2 x 10" GeV
Mq Tange @e dominates

u—e modes can e g '
compete with stars nly = ec@

LFV into ALPs Lorenzo Calibbi (Nankai)




Conclusions

In general, PNGBs from non-universal global U(1)

give rise to lepton-flavour-violating decays

We have huge room for improvement over the old limits

Essential interplay among u, 7, and astrophysical bounds

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

LFV into ALPs Lorenzo Calibbi (Nankai)
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The axiflavon setup Zie feirzzu anf(go
Ziegler Zupan ‘16

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”

1 .
d=—"—(Vp+¢)e¥Ve
\@( ®+9)

Couplings gluons and photons via colour and electromagnetic anomalies:

Qg a E oey a =

L=—"—"G0GGH FF = Vs /2N
8T fq "N 87 f, Ja ©/
Anomaly coefficients given by FN charges:
1 Usual axion mass induced
QCD N = 5 Z 2|ql; + |ul; + [d];, by the QCD anomaly:
4 . 10'2GeV
EM. k= 3 (lg)i + [u]s) + 3 (lgls + 1d]:) + [1]: + le]s me = 5.7 ueV ( 7 © )
[no contributions from messengers, vectorilike under U(1)]

LFV into ALPs Lorenzo Calibbi (Nankai)


https://arxiv.org/abs/hep-ph/1612.08040
https://arxiv.org/abs/hep-ph/1612.08040

The axiflavon setup

Eaem a/ ~

FF fo = Vo /2N

Qg G _ ~
— 2 GG+ =
L 81 fq JrN 87 fq

Key observation: FN U(1) to reproduce observed Yukawas is necessarily
anomalous and the coefficients are linked to the quark masses:

det m,, det myg = aq V% | ~ —0.4 O(1)

det mgqg
det md/det Me = Qe E%N_E : ::> E | § _9 log det me log avge
N 3 lOg det muéiet mg log oyl
g = deta, det ag, age = detagy/ det ae v
Ibanez Ross 94, Bineutry Lavignac Ramond ‘94 ‘96 ~ —44 0(1)
Sharp prediction for the coupling to photons %gawaF F :
independent of U(1) charges and little sensitive to O(1)s:
E 54 3.0 - 11.0,2.2] m,
N © 2:4,3.0] P Jary 1016GeV ueV
Compare to DFSZ and KSVZ axions: 1012CeV
Mg = 5.7 ueV ( )
IE/NI € [0.3,2.7] IE/NI € [0, 6] 7
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The axiflavon setup

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”

1 .
d=—"—(Vp+¢)e¥Ve
\@( ®+9)

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

ol ()T Niafuifry + e My =i(lfeli + [frl) v
Yij = Y \ g aff = LiJRj ij L R ym

, , . flavour v1olat1ng!
Or in the usual derivative form:

oHa

Lajr = 3= ( Vg Fovufi + Chyy fm%fg)

non-universal charges
» non-vanishing

Cl 0=V XEVE £ VITX]V]

off-diagonal couplings
— \[ |
Jr/L)1
vityivl =v/ Xhy, = ( fnke )
R/LI3

diag
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Axiflavon phenomenology

Stellar evolution bounds fo > 108 GeV [natural DM window 1010 GeV < f, < 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.:

Kt —w7n%a BT - K'a ut —eta

Small rates but strong constraints! Most stringent from Kaons:

2
DKt — 7ta) ~ S\ + A412B2(1- F
( S Tra) 647r| 21+ A m%(

- \/msmd Rsd
fo N

NS+ A
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Axiflavon phenomenology

Stellar evolution bounds fo > 108 GeV [natural DM window 1010 GeV < f, < 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.:

Kt —w7n%a BT - K'a ut —eta

Small rates but strong constraints! Most stringent from Kaons:

2 e\ 2
BR(KT — 7+ :1.2.1—10( Ma ) (d)
R( T a) 0 0.1 meV N

fisd/N ~ O(l)

KRsd

N X 7.5 .10 GeV

BR(KT — 7ta) < 7.3-1071 fa 2
E787, E949

Increased sensitivity ~70x is expected at NA62!
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Axiflavon phenomenology

Axiflavon can be complementary tested at axion and flavour experiments!

O/r
1073 1072 107! 10V
107°F o | : i |
I 4 :: :
I 1 il 1 .
: 3 ! i ! : 1 Superradiance
107! 2 : P 2 SN1987A
""""""" ['"'"""""T""E’:’: STt 7 3HESS., Fermi—LAT
13 : : ! o : 4 Globular Cluster
1077 I : L ' 5 ADMX
o l I oo 6 White dwarfs
NG 1 ] l '
1 aFF = 10715 l | 6
1 9a~yy - | I t K*— rta
e I i ADMX-I
8 1017 e Em=mTII | ADMX-HF
. ! CASPEr—II
--h--:: ______ : IAXO
9=t AT e
10 . | ABRA—-Res
! KSVZ+DFSZ | ABRA-Broad
g2 : Axiflavon i
B | : | | 1 | |
10710 1078 1076 10~ 1072
m, (eV)
1012GeV
Mg = 5.7 ueV (
fa
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Axiflavon phenomenology

Axiflavon can be complementary tested at axion and flavour experiments!

1073 1072 10! 10°

107 i ]
| A T
1 1 1 ! 1 Superradiance
10711+ 2 l > L 5 I :
_____________ 'r“““-"“""l“-“:':-:' ] 2SNIOSTA
" ! K , 3 HESS., Fermi—-LAT
10-131 i ! i i 4 Globular Cluster
- . 5 ADMX
I P
> ] o 6 White dwarfs
1 n Q 15 ! :
1 15| 6
4ga’y'yaFF = 10 : v K*— n*a
S A I I ADMX-II
8 1017 e Em=mTII | ADMX-HF
. ! CASPEr-II
I S ! IAXO
[ P S ! ABRA-Res
i KSVZ+DFSZ ! ABRA-Broad
: Axiflavon :
10_21 B | : | | : | |
10710 1078 107° 10~ 1072
m, (V)
1012GeV
Mg = 5.7 ueV (
Ja
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Axiflavon phenomenology

Axiflavon can be

complementary tested at axion and flavour experiments!
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Hadron decays into ALPs

Model-Independent Bounds

Constrain effective couplings as good as possible

m;'L2c08

from meson decays to PS + axion
BR(D" — 7"a) <1 (no dedicated search)
BR(BT — Kt /n%a) <4.9-107° (CLEO *01)

Log = iﬂ? Fit fi + ?,j fit s fi
q1 q2 [GeV] q1 g2 [GeV]
sd|| 6.9-10"" 2.3-10°
oy |eull 33100 24107 G o e
e bd| 1.0-108 1.4 -10° o
3.0-10°

from neutral meson mixing

fKMK

(F4)°
borrowed from R. Ziegler

AMg ~

LFV into ALPs
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Hadron decays into ALPs

borrowed from R. Ziegler

Plenty of Room for Improvement

Camalich, Vuong, RZ, Zupan, in progress...

° BR(K* — n7%) < 3.8-1075 wrs7- ?:
Use BR(KT™ - n"n"a) < 3.8-107° E787°01 “ P4 x10 |

K —mixing)

® Recast D — 7v, 7 — TV cLeo 08

BR(D" — nta) <1.3-107*

(see also Kamenik, Smith '11)

(wrt total width)

® Recast B — K/K*vU  BaBar 13 -

S 100
.q> .

s . F
c 50
wr
107\\\ t T
5:780 vy

BR(B — Ka) < 1.6-107°

150 B*—~K**
10 SRR SOOI :

B
28?3"—>K*"v7 |
15

10E gt

0 010203040506070809 1

BaBar 1303.7465 "

BR(B = K"a) <1.0- 107" ——Pp | 000!
! - ."

B, mixing)

(:IEB‘E:]L[(:’ (:]Lli:f; Eijxxvrzlzyl 7frliiij p— frylii ~ () 17(3:£g;i(3[[];) (\Rfrt13s
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Majoron results

r — ¢
pon Heeck Patel ‘19
(B->KJ)
1 . -
Belle IU
< ==ff— === ===~
\\'m;_ |Kw|
= (T-NJ)
< 0.01% J,. :
Q /
2 o oele.
]
< o | Mp = =1 TeV, (MoMbley = [(MoMbee (MoMb),,1'™
5 | tr(K)
:E : GUNN, SN1987 |
5 (u-ed) i 0.010,
-6 B ] | [
10 M_u_3_? ____________ - »
A R R S 0'0015
0.001 0.010 0.100 1 10 o ’
Majoron mass m, in GeV 3 ’
S 107
§ L
107
107

_7 n M| n N | n
1077 1078 10

N

104 0001 0010

(MpMp)ee! V2
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CLFV from short-lived ALPs

Bauer et al. ’'19
Cornella et al. ‘19

>
=,
ay
2
10720 :u_ﬁ_rrr(f(\ ST BT 10719 ' ' - -
1073 102 107t 1 101 100* 102 102 107! 1 10
m, |GeV m, [GeV]
o [GeV] Cee/f = 1TeV
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