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The Standard Model




What is the Standard Model?

The Standard Model (SM) is the quantum field theory that currently
describes properties and interactions of all the particles we know

¢ Based on the gauge symmetries:
(local field transformations under which the Lagrangian is invariant)

weak isospin
colour N - P weak hypercharge
ISU(S)(% X ISU(Q)L X U(l)YI
strong electroweak
interactions iInteractions

® [ts predictions have been tested by many experiments over
several decades to an impressive degree of accuracy

e But we know that something is missing: neutrino masses,
dark matter, matter-antimatter asymmetry...
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What is the Standard Model?

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
I Il 1
mass = =2.2 MeV/c2 : =1.28 GeV/c2 J =124.97 GeV/c2
charge i 0
spin 0 H
higgs
) =47 Mevic? =96 MeV/c2 =4.18 GeVi/c?
X Rz Rz
=0.511 MeV/c2 | _=1105.66 MeV/c2 | )
* 5
8 0
Z ........... ~
0 Mo They mediate
P <0.17 MeV/c2 {'=80.39 GeVi/c? e
O o 1o , 0 L & forces
They make Ve Vi O o
| =
up matter LL] electron muon tau < O
| : : : W boson L
1 neutrino neutrino neutrino (D ~
\ Fermions Bosons

—

(spin 1/2) (spin 1) (spin 0)

Lepton Flavour Violation Lorenzo Calibbi (Nankai)



What are fermion flavours?

Standard Model of Elementary Particles

You are here three generations of matter interactions / force carriers
\ (fermions) (bosons)
| 1l
mass | = =128 GeVic2 | =173.1 GeV/c? =124.97 GeVic2
charge 0
spin 0 H
higgs
=4.7 MeV/c? =96 MeV/c2 =4.18 GeV/c?
14 -3 =%
strange bottom
=0.511 MeV/c2 2105.66 MeV/c2 =1.7768 GeV/c2
-1 1 -1 L
| | AN
electron muon tau 02
21 : m 3
= \ <10evicz <0.17 MeVi/c2 <18.2 MeV/c2 9
O 18]
0 0 0
LLI electron muon tau < uQ_!
—1 _\neutrino/ /1 neutrino /| neutrino QRS

There are 3 families (or “flavours”) of fermions with same spin and charges...
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What are fermion flavours?

... but they have (very) different masses!

neutrinos de s@ )He
i
U-e cC® 1@
fermion
e® Le Te mass
gt o ot ol o oot ),
=, < < < <

(for a comparison protons and neutrons ~ 1 GeV)

3rd generation mass > 2nd generation > 1st generation

Why? We don’t know...

see for reviews: Zhi-zhong Xing arXiv:1909.09610, J. Zupan arXiv:1903.05062
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https://arxiv.org/abs/1909.09610
https://arxiv.org/abs/1903.05062

Where do fermion masses come from?

The SM Lagrangian is invariant under SU(3),. X SU(2); X U(1)y
but the vacuum (ground state) of the Higgs field ® is not:

unbroken V(o) A V() A broken
symmetry | symmetry

vacuum expectation value (vev):

The vev of the Higgs field spontaneously breaks the symmetry:
SU(S)C X SU(Q)L X U(l)y — SU(B)C X U(l)em

> giving mass to electroweak bosons and fermions
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Where do fermion masses come from?

In the SM, fermion masses (hence the flavour sector) has origin in
the Yukawa interactions among the Higgs and the fermion fields:

—Ly = (Ya)ij Qriur; @+ (Ya)i; Qridr; @+ (Yo)ij Lrier; ® + hec,

1
3;??5;}-?)( _/ (i, j=1,2,3 flavour indices

If (O) = v/\/z # 0, these terms become mass matrices:

(V)

—>  (my)i = ﬂ(yf)ija f=u,de

We can diagonalize the fermion masses with two unitary matrices:

N T _
Y = VfoWT, [ =u,d,e M‘;fr;i - ]111
flavour diagonal __ / JAAS M

This defines a rotation of the fermion fields to the physical mass basis:

ur — Wlug, urp, — Vlup, etc
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Where do fermion masses come from?

In the SM, fermion masses (hence the flavour sector) has origin in
the Yukawa interactions among the Higgs and the fermion fields:

Ly = (Ya)ij Qriur; @+ (Ya)ij Qridr; @+ (Yo)ij Lrier; ® + h.c.

30(;11][1 up type quarks (u,¢,?) \ ‘dOWﬂ type quarks (d:S)b)\ ‘ charged leptons (e, 4, 7) \ices
X

I EE— ] S:
O  Fermion mass terms require a é\@
we “le.ft-han(fled” fermion to cogple V.5 rices:
with a “right-handed” fermion: R
mff LR \@ é Jj V=1
flavour dia SV,p 7«;[ Wr=1

This defines a rotation of the fermion fields to the nhvsical mass basis:

In the original formulation of the SM:
no right-handed neutrinos <= neutrino have no mass!

Lepton Flavour Violation Lorenzo Calibbi (Nankai)



Can SM interactions change flavour?

In the SM, fermion masses (hence the flavour sector) has origin in
the Yukawa interactions among the Higgs and the fermion fields:

—Ly = (Ya)ij Qriur; @+ (Ya)i; Qridr; @+ (Yo)ij Lrier; ® + hec,

Rotations to the fermion mass basis: Y =V¢Yy WT, f=u,d,e

Unitary rotation matrices, couplings to photon and Z remain flavour-diagonal:

e fyufA" (9r foyufr +9r frRYWfR)ZH

Couplings to the Higgs are also flavour-conserving (aligned to the mass matrix):

m s —
TffoRh

NO (tree-level) flavour-changing neutral currents
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Can SM interactions change flavour?

In the SM, fermion masses (hence the flavour sector) has origin in
the Yukawa interactions among the Higgs and the fermion fields:

—Ly = (Ya)ij Qriur; @+ (Ya)i; Qridr; @+ (Yo)ij Lrier; ® + hec,

Rotations to the fermion mass basis: Y =V¢Yy WT, f=u,d,e

Flavour violation only occurs in charged currents:

Lo = % (" (ViVa)dr, + 7" (ViVe)er) W + hee.

Vexm = VIV Upnins = V)V,

But, if neutrinos are massless, we can rotate them as we want and choose:

VI/ :Ve

NO lepton flavour violation (Ye only ‘direction’ in the leptonic flavour space)
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Can SM interactions change flavour?

In the SM, fermion masses (hence the flavour sector) has origin in
the Yukawa interactions among the Higgs and the fermion fields:

—Ly = (Ya)ij Qriur; @+ (Ya)i; Qridr; @+ (Yo)ij Lrier; ® + hec,

Rotations to the fermion mass basis: Y =V¢Yy WT, f=u,d,e

Flavour violation only occurs in charged currents:

L. = i (ELWM(VJVd)dL ) For example: C.
V2 W=
Verv = ViiVe sy %@ A
But, if neutrinos are massless, we can 1 u/VCKM)lg =V, loose:

VI/: e

NO lepton flavour violation (Ye only ‘direction’ in the leptonic flavour space)
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Summary: fermion interactions in the Standard Model

Quark interactions:

courtesy of Jure Zupan
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Charged Lepton Flavour Violation




Properties of the lepton sector in the Standard Model

SM interactions: lepton flavour universal
and (with massless neutrinos) lepton flavour conserving

Lepton flavour numbers are (individually)

conserved in the Standard Model:

Vu

W%< :

B> +@+ v 7

/ L: . = . + . + . lepton number

number of leptons Le: 0 = 14 + 14 + 0 electron number
minus number of

L:1 = 0 + 0 + 1 muon number

antileptons

Standard muon decay

. — lifetime 107%s !
(lepton flavour conserving)
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Properties of the lepton sector in the Standard Model

SM interactions: lepton flavour universal
and (with massless neutrinos) lepton flavour conserving

Lepton flavour numbers are (individually)
conserved in the Standard Model:

—>

F
il
+

Le:0 = 14 + 0
L1 = 0 + O

Lepton flavour violating (LFV)
decay (never observed!)
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Why searching for CLFV?

Neutrino have masses and oscillate (change flavour)!

Solar

S
b T

Neutrino oscillation between three generations

Lepton flavour numbers are not conserved!
(<= Upmns = V,)V. # 1)

Why shouldn’t we observe also charged LFV (CLFV) processes:
w— ey, T— Wy, W — eee, etc.”?
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Why searching for CLFV?

e Neutrinos oscillate — we have to introduce neutrino mass terms:

Dirac: Lp=—-Y.)ijVri of Lpj+hec = (m));= \%(Yu)m
: Cij e T M Cijv?
or Majorana: £ — (LS, 72®) (2" 7oL ;) + hie. = (m)")i; = :

* PMNS becomes ‘physical’: neutrino mass eigenstates couple to
charged leptons of different flavours

e In the SM + massive neutrinos: le/ <1eV
2

C(la = £g7) _ 30 Ly,
[(ly — (gvi) 32 2 Uarl

Petcov "77; Cheng Li 77, ’80 MW ~ &( GeV )

%
—> BR(u — ey) ~BR(T — ev) ~ BR(T — 1) = 107°% = 10754 "%%
//
Huge suppression because neutrinos much lighter than the W boson -

—> but in presence of new physics particles, we can have larger effects
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Why searching for CLFV?

new physics
y particles M
<‘ Xon/ Xon

e.g. supersymmetry

ly vy ls I::> lo (1 Vi ls

Borzumati Masiero ‘86;
Hisano et al. ‘95

2
F(goz — 657_) _ 3_04 Z Uakng m’;k F(goz — 657) N ‘5045|2
[(la = bpvr) 327 k=1,3 My ['(le — Lgry)  GF m%USﬁ

SUSY flavour
mixing param.

« Unambiguous signal of New Physics

e Stringent test of NP coupling to leptons

e [t probes scales far beyond collider exps.

—> For a pedagogical introduction (exp + th) cf. LC and Signorelli ‘17
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https://inspirehep.net/files/ce85406a79c9b422b7c719ee342da72b

CLFV has not been found for more than 70 years...

A
&
Mﬂﬁ‘Belle/BaBar
B,

i m B Belle Il (50/ab)

¢

90% - CL bound

@
A
00 A

oA A M.EG

7
SINDRUM SINDRUM HA B

]
MEG plan

Mu3e()

Comet/MuZ2e A

| |
1980 2000 2020-2030
Year adapted from A. Schoning
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CLFV has not been found for more than 70 years...

m A Stopped cosmic-ray muons

A
Stopped M’
pion beams ﬂﬁ‘Belle/BaBar

A A
ot o _

Belle Il (50/ab) A

2

90% - CL bound
2

Stopped
muon beams

Mu3e(Q

Comet/MuZ2e A

| |
1980 2000 2020-2030
Year adapted from A. Schoéning
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... and we have new experiments!

LFV observable Present bounds Expected future limits
BR(u — e7) 1.5 x 1071 MEG II NEW! | 6 x 1014 MEG II [29]

BR(u — eee) 1.0 x 10~ SINDRUM (1988) [30] 10716 Mu3e [31]

CR(u — e,Au) 7.0x 10713 SINDRUM II (2006) [32] -

CR(u — e, Al) - 6 x 10~  COMET /MuZ2e [33, 34]
BR(Z — ep) 2.62 x 1077 ATLAS (2022) [35] 1078-1071% FCC-ee/CEPC [36]
BR(1T — e7) 3.3 x107% BaBar (2010) [37] 9x 1072  Belle II [25, 38|
BR(7 — eee) 2.7 x 107%  Belle (2010) [39] 4.7 x 10710 Belle II [25, 38]
BR(1T — eup) 2.7 x 107%  Belle (2010) [39] 4.5 x 10710 Belle II [25, 38|
BR(1 — me) 8.0 x 1078  Belle (2007) [40] 7.3 x 10710 Belle II [25, 38
BR(7 — pe) 1.8 x 107%  Belle (2011) [41] 3.8 x 10719  Belle II [25, 38|
BR(Z — er) 5.0 x 107% ATLAS (2021) [42] 107 FCC-ee/CEPC [36]
BR(7 — wy) 4.2 x 1078 Belle (2021) [43] 6.9 x 107°  Belle II [25, 38]
BR(7T — ppup) 2.1 x 107  Belle (2010) [39] 3.6 x 10710 Belle II [25, 38
BR(1 — uee) 1.8 x 1078 Belle (2010) [39) 2.9 x 10710 Belle IT [25, 38|
BR(7 — ) 1.1 x 107 Babar (2006) [44] 7.1 x 10719 Belle II [25, 38]
BR(1T — pu) 1.2 x 1078  Belle (2011) [41] 5.5 x 10710  Belle II [25, 38
BR(Z — ur) 6.5 x 107% ATLAS (2021) [42] 107% FCC-ee/CEPC |[36]

Table 2: Present 90% CL upper limits (95% CL for the Z decays) and future expected sensitivities

for the set of LF'V transitions relevant for our analysis.
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https://arxiv.org/abs/2504.15711

Experimental searches for CLFV




Current/upcoming experiments

talk by Toshiyuki Iwamoto @ FPCP2020

cLFV experlments Ig the world
; = Mu3e Coincidence measurement:

DC beam needed to minimize
backgrounds from accidental
coincidences

BKG < (Rate)?

_» CERN | LHCb/ATLAS/CMS

—
EK

S / 1. Belle Il __i“
I H E P C iADS . ‘! e .
L (B ES I | |) (M AC E) T s ) |

Fermilab J-PARC

Single e- measurement:
pulsed beam needed
Many pion-induced
backgrounds after
w520 | proton pulse

==/ | wait it out with 26 ns
lifetime
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Current/upcoming experiments: MEG II

slide borrowed from A. Papa

The MEGII experiment at PSI: Signal and backgrounds

¢ Searching for py+ — e+ y with a sensitivity of ~ 6 10-14

¢ Best upper limit on the BR (u+ = et y) set by the MEG experiment (4.2 10-13 @90% C.L.)

¢ Positive muons from a continuous beam are usually stopped in a (thin) target to fully exploit the clear signature of a decay at rest
e Five observables (Ey, Ee, Atey, Bey, @ey) to identify a p— ey event and reject background events

Precise expectation for a signal event, poor correlated for RMD events, not correlated for Accidental events

Signal

Ey~ Ee~ my/2
Atey~ 0
A@ey ~ T

Backgrounds

RMD Accidental

+ + QV + —|-‘v

(RMD, AlF and
Breamstrahlung)

Lepton Flavour Violation
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Current/upcoming experiments: MEG II

Signature

Longitudinal view Transverse view

6. .
\
..... o A7
> 107 ,u+ /s / utstopping target
=3 2. &
AN 6-|-
' \\/" '\\ 4. '

—_—

No events observed beyond expected background, they set the limit :

BR(u™ — ey) < 1.5 x 10"° (MEG 11 2025)
(and they keep taking data)
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https://arxiv.org/abs/2504.15711

Current/upcoming experiments: Mu3e

slide borrowed from A. Papa

Mu3e: The ut — eTeTe™ search

e The Mu3e experiment aims to search for y+ = e+ e+ e- with a sensitivity of ~10-1° (Phase |)
up to down ~10-16 (Phase Il). Previous upper [imit BR(u+ = etete ) <1 x 10-12@90 C.L. by
SINDRUM experiment)

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

Signature Background
. i °¢
N
Q—_)
N\
% Q.
2
[ 7 x
et pt N
@) X
N M
@,
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Current/upcoming experiments: Mu3e

\ Z

1 Beam Target é

i

S
Ignature . 4
@
_|_
et Iy
0«—0\
@ _
Recurl pixel layers
7 AN < ,
Scintillator tiles Inner pixel layers : :

YYYYY

Scintillating fibres

A\

A

/

Outer pixel layers

|
[
[
[

Scintillating tiles cintillating fibers

Mu3e recently started running, first results
are expected within a few years!
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.... and more searches for muon LFV are under construction

[ — e conversion in muonic atom
J. Steinberger and H. Wolfe, Phys. Rev. (1955)

Signal
-- Monoenergetic electron E, =~ 105 MeV

Experimental status

U Au—- e Au 7.0 x 10713 SINDRUM (2006) N /A

u"Ti->e Ti 4.3x10712 siNDRUM (2006) N/A

p"Al-e” Al N/A a few X 10717 COMET, Mu2e

Probe to various LFV operators

ILFV

Q

LFV ILFV

7 (X) e u X) e u LA+ e MU e
| £
4 ! ¢ w w
|
q q q ' a q - 9 g g
q
SUSY, Type-11 SeeSaw extra dimension models, Majorana v, sterile v composite, leptogluon

extended Higgs models
slide borrowed from M. Yamanaka
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.... and more searches for muon LFV are under construction

u — e conversion in nuclei experiments

. -y, , | (4) electron spectrom
(1) proton t get /A

eter

’0‘;';

Proton Beam
il Transport Solenoid
/‘i.‘—.‘:- . :. _._-',. ;‘ '_w- @

’ TR —-—
_ B T

/ , 1

Production Target

Muon
Stopping Target

I (5 straw chamber

(5) electron calorimeter |

Calorimeter
Tracker

Lepton Flavour Violation
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What about tau CLFV?

Tau vs muons:

Tau lifetime much shorter:
T, ~2x107% > 7, ~3x107"s

* We can not produce “tau beams”, stop them and observe the decays

e Taus only produced at colliders, e.g. ete- — vt (Belle II), pp — vt~ (LHC)

Tau much heavier:
m, ~ 0.106 GeV < m, =~ 1.77 GeV

e m: > my : only lepton that can decay into hadrons

e In principle, many LFV decay modes one can search for
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Current/upcoming experiments: Belle II

e+ 4 GeV 3.6 A |

= & ) Belle Il
— e — ~ - A
\ 9 N >

- 7 GeV 2.6 A |

/ -
‘/Newbeam pipe Supel’KEKB

' & bellows
‘ N

‘]

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject

Damping ring ”\\
Vi &

Low emittance gun

Positron source

é

" New positron target /

capture section

Low emittance electrons

to inject *

Belle I

Currently running: within ~10 years, Belle II

will collect more than 10! ete™ — 17~ events

Lepton Flavour Violation
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Belle II prospects for tau CLFV

Belle II Snowmass, arXiv:2207.06307
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1 L Aa " Y AAXAA & &% & | v BaBar
, 4
Lc)> 10"8:_'.00 ’0"’0 4 .’ te 000’ tot 0’ * ¢ ’_:ABe"e
32 = ¢ 4 = :
é - 5% g ‘., ¥ is T M oaa ’< Belle Il (5 ab™)
n vy, <= Belle Il (50 ab™
10_9__ . _sm .. . LI B — LI __\
; L I s . . .l i ... I - 5] " . o -E
I - n = I. U mpEN 2 |
L - ]
= ol B
10—10 R I I I A I A ) A I A I O O
r\z.zﬁogrwb&‘bb\o’@Qst """

'
,,,,,

230y

(limited by ISR bg)

mqa)qmqumqq)q q)qw

CEhhSope33 30 kil ki iRoh kb /R0 3030

+ o+ 4

20033324558 kL LLTROME R XX &

VI3 OIOY DY mqwqm'qmia)& 2%

R Q) q, *
/Q/Q/Q/Qq

Expected sensitivities

Lepton Flavour Violation

Lorenzo Calibbi (Nankai)



Belle II prospects for tau CLFV

Belle II Snowmass, arXiv:2207.06307

Q - 0 0 0 =
> - W ™) I 1\/ 11! lhih RANI\/ —
< B
8 1 0_5 | | LFV observable Present bounds Expected future limits
e = BR(u — ey) 4.2 x 10713 MEG (2016) [28] 6 x 10714 MEG II [29]
u>_ ~ ., °| BR(sp—eee) 1.0 x 10712 SINDRUM (1988) [30] 10716 Mu3e [31]
] - CR(p — e,Au) 7.0x107'3 SINDRUM II (2006) [32] -
g 105 * CR(p — e, Al) — 6 x 10717 COMET/MuZ2e [33, 34]
e = BR(Z —en)  2.62x 107 ATLAS (2022) [35] 107710\  FCC-ee/CEPC [36] LEO
= o BR(T — e7) 3.3x 10™8 BaBar (2010) [37] 9 x 107\ Belle II [25, 38] TLAS
= B 3 BR(7T — eee) 2.7x 1078  Belle (2010) [39] 4.7 x 10710\ Belle II [25, 38]
8_ 1077t .1 BR(T — eup) 2.7x 1078  Belle (2010) [39] 4.5 x 10719 \Belle II [25, 38] MS
Q C Ay BR(7 — me) 8.0 x 1078  Belle (2007) [40] 7.3 x 10710 Belle II [25, 3§ HCb
B - ¥ g BR(T — pe) 1.8 x 1078  Belle (2011) [41] 3.8 x 10719 Belle II [25, 38] SaBar
G . B BR(Z — e7) 5.0 x 1076  ATLAS (2021) [42] 10~° FCC-ee/CEPC [36]
o 107°E=_ | BRr—w) 42 x 10~%  Belle (2021) [43] 6.9 x 100 Belle II [25, 38] Belle
S = BR(T — ppp) 2.1 x 1078  Belle (2010) [39] 3.6 x 10710 Belle IT [25, 38] Belle Il (5 ab")
o B BR(7 — pee) 1.8 x 1078 Belle (2010) [39] 2.9 x 10710 JBelle II [25, 38] Belle Il (50 ab-1)
9 BR(T — mpu) 1.1 x 107 Babar (2006) [44] 7.1 x 10719 [ Belle II [25, 38]
10°=1 .| BR(r— ) 1.2x 1078 Belle (2011) [41] 5 x 1010 / Belle 11 [25, 3¢]
— BR(Z — ur) 6.5x 107 ATLAS (2021) [42] 10-y FCC-ee/CEPC [36]
B | Table 2: Present 90% CL upper limits (95% CL for the Z decays) and future expected sensitivities
10—10 |for the set of LF'V transitions relevant for our analysis.

(limited by ISR bg)

Lepton Flavour Violation Lorenzo Calibbi (Nankai)



Testing high-energy new physics




Heavy New Physics: Effective Field Theory approach

Standard Model Fermi theory
p Ve 7 Ve
| €< M 2
classic 9 G Y
example: >\N\< X Mz,
Vn W & Vi e
High-energy new physics SMEFT
SM SM

E < My cox
ANP p-=====-- ANP g A2 Ml\;P

NP? NP
SM SM

SM effective field theory (SMEFT): we parametrize heavy NP introducing

D > 4 operators purely made of SM fields, respecting SM symmetries
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CLFV from heavy new physics (SMEFT)

| 1
. - = 5)OBd) o — 6)()(6)
If NP scale A»mw : £ = Loy + 5 Ea CORP + 13 Ea CLOO) 4. .

Dimension-6 effective operators that can induce CLFV

4-leptons operators Dipole operators
Qe (LzyuLr)(Ley"Lr) Qew (Lro" er)Ti ®W,,
Qee (ervuer)(ery"er) Qes (LLo"er)®B.
Qe (LyuLr)(eéry"er)

2-lepton 2-quark operators

Qyy) (LynLo)(Qiy"Qr) Qeu (LryuLr)(ary"ur)
Qty (LyurrLo) (@ 1Qr) Qe (ervuer) @Ry ur)
Qeq (ery"er)(QryuQr) Qredq (Lier)(drQ1)

Qua (Levule)(dry"dr) Qbenn (L er)ean(QY ur)
Qed (€rYuer)(dry"dr) Q) (L{ouver)ear(Qr0" ur)
Lepton-Higgs operators
*0 (®7i Dy ®)(Ley" L) ot (®%i Dl ®)(Lr7v" L)

Qae (®%i D, ®)(erv"er) Qews (LLer®)(®T®)

Grzadkowski et al. ’10; Crivellin Najjari Rosiek ‘13
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CLFV from heavy new physics (SMEFT)

. 1 506) 4 1 6)()(6)
If NP scale A»mw : g_£SM+K2a:qg QL +F2a:cg Q) ...

Example: LFV 4-lepton operator
Coo ,_ _

. O ey (e er)

Qee

5 2
Qre B m,, |ng‘
- —> BR(u — eeé) =
(ks ) = 76875, Al

(1
gfg to be confronted with:
y _\ex 12
Qu BR(u — eee)®™P < 1.0 x 10
Q )
] —> constraint on C/A?!

Grzadkowski et al. ’10; Crivellin Najjari Rosiek ‘13
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CLFV probes very high-energy scales
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CLFV probes very high-energy scales
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E.g., dipole and 4-fermion operators: ﬁ(équL)(Qqu) A_eze(éL’YuML)(éL’Y“eL)
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LFV selection rules from residual symmetries

Very high energies ( » LHC’s c.o.m. E ) can be tested

u — e conversion in nuclei seems to be the most powerful probe

BUT...

it is important to look for any channels:

non-trivial symmetries might forbid certain processes allowing others
N(ﬂ —a, )y — ﬂ)

Gf — ZN(a’:B9 }/)

residual symmetry
for charged leptons
and charges

muonium to
anti-muonim
conversion

LC Hagedorn Schmidt Vandeleur '25
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https://arxiv.org/abs/2505.24350

LFV selection rules from residual symmetries

MACE will increase the sensitivity on the
|AL,| = |AL,| =2 process
Mu (ute™) - Mu(ue™)

no by about three order of magnitude
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https://arxiv.org/abs/2505.24350
https://arxiv.org/abs/2410.18817

LFV selection rules from residual symmetries

« Many models of neutrino masses and mixing introduce discrete flavour
symmetries (e.g. Aa4)

o After symmetry breaking, a residual Abelian symmetry (Zn) in the charged
lepton sector is often preserved (at least approximately)

e A residual symmetry imply selection rules on the possible LFV operators

e u—e decays may be forbidden such that r and muonium CLFV is stronger
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Summary

CLFV does not occur within the Standard Model

Hence, CLFV processes are among the cleanest
and most stringent tests of new physics

Present/future CLFV experiments can test new physics
up to very large energies: of the order of 10’ — 10° GeV

We might have indirect evidence of new particles or
interactions in the upcoming years!

For a pedagogical introduction to CLFV, check out:
LC and Signorelli arXiv:1709.00294
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https://inspirehep.net/files/ce85406a79c9b422b7c719ee342da72b
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