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The Standard Model (SM)

gSM = gGauge T gYukawa T gHiggs
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The Standard Model (SM)

°CZSM = gGauge T gYukawa T gHiggs

0.5 Standard Model Total Production Cross Section Measurements fLdt
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The Standard Model of Particle Physics is extremely successful in explaining a wide variety of phenomena

e No evidence of new states

Yet we know that it cannot be the full story...
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The need for Beyond SM physics

e Strong CP Problem
* Hierarchy Problem

* Flavour puzzle
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e Strong CP Problem

* Hierarchy Problem

CKM matrix PMNS matrix

* Flavour puzzle

°
normal hierarchy (NH) inverted hierarchy (IH)
" A—ZII/:s Euz Am
Am?2 |
* Neutrino masses s .
Am?,
. Dark matter —_ b
 Baryon asymmetry of the Universe Hp — 1N
n
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New Physics searches

[Neubert's talk Moriond EW24] .
Increasing mass My p

Previously expected
region for
new particles

Searches for
heavy particles with
large couplings
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New Physics searches

Increasing mass My

Previously expected
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heavy particles with
large couplings
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Processes that are forbidden or suppressed in the SM < smokin gun signals of NP

M. Ardu 3



Lepton symmetries in the SM

i=1,2,3

U(g)f X U(B)e
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€iL i=1,2,3

U(g)f X U(B)e

Yukawas break the gauge interactions symmetry
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Lepton symmetries in the SM

CiL i=1,2,3

U(3)f X U(3)e

Yukawas break the gauge interactions symmetry

gYukawa D [Yl]l]fHe] + h . C : gYukawa D yafaHea + h . C
U3), X U@3), a=e,U,rt
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Lepton symmetries in the SM

i=1,2,3

U(B)f X U(3)e

Yukawas break the gauge interactions symmetry

Z Yukawa 2 [Yl]zj’/ziHej +h.c — L yukawa 2 Yol o€, +1h.c
UB3), X UQ), a=e,Urt
but not completely
U(B)f Ve U(3)e N U(l)e X U(l)ﬂ % U(l)T Mass eigenstates

because m; « Y
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Lepton symmetries in the SM

i=1,2,3

U(3)f X U(3)e

Yukawas break the gauge interactions symmetry

Z Yukawa 2 [Yl]zj’/ziHej +h.c — L yukawa 2 Yol o€, +1h.c
UB3), X UQ), a=e,Urt
but not completely
U(B)f Ve U(3)e N U(l)e X U(l)ﬂ % U(I)T Mass eigenstates

because m; « Y

Lepton Flavour Conservation and Lepton Flavour Universality (LFU) up to Yukawa/mass effects

M. Ardu 4



Neutrino masses imply Lepton Flavour Violation

The Standard Model Lagrangian (without right-handed neutrinos) is accidentally invariant under a phase rotation
of each lepton flavor

Neutrino masses break all three symmetries

M. Ardu O



Neutrino masses imply Lepton Flavour Violation

The Standard Model Lagrangian (without right-handed neutrinos) is accidentally invariant under a phase rotation
of each lepton flavor

Neutrino masses break all three symmetries

Since there is no symmetry that forbids it, lepton flavour violation in the charged sector is inevitable:
+ + _ -
- —> ey Tt — eTete h— tou™...

must happen, but at what rates?

M. Ardu O



Charged Lepton Flavour Violation (cLFV)

v
« SM+vj, predicts small cLFV
W W Br(u — ey) ~ GH(Am?)* < 107>V
H—» > > e
UZ,' Vil Uei
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Charged Lepton Flavour Violation (cLFV)

v
« SM+vj, predicts small cLFV
W W Br(u — ey) ~ GI%(AWLUZ)2 < 107>
H —> > > e
U;,' Vil Uei

 An observation of LFV would be a clear signature of new physics
* |t could shed light on the mechanism behind neutrino masses

 Many models that address unresolved puzzles (independently from neutrino masses)
predict potentially observable LFV signals

M. Ardu 6



Outline

1. LFV with muons

2. LFVin tau decays

3. LFU tests with tau decays

Hopefully covered in other theory talks

LFV and LFU violation in B and Kaon (semi)leptonic decays

LFU violation in Pion decays

R(D)/R(D*)

M. Ardu



M. Ardu

u— ey, u— 3e, UA — eA

* The possibility of extremely intense muon beams make these the most sensitive probes of LFV

* Experimental sensitivities are expected to be improved by up to five orders of magnitude

I
Next Gen l
I

' New Physics | experiments’ 1 s
107" 1 sensitivity i
10 17 L | L4 1 i I | ] | I 1 1 11 : 11 I i - 1 Jl 1 1 lL -
| : 2000 2010 2020 2030
Year

.F‘..‘IFGJ l

-

1940 1950 1960 1970 1980 1990



u— ey, u— e

e u—e+y Br(u — ey) < 3x 1071° (MEG+MEGIl) — Br(u — ey) ~ 6 x 1071* (MEGII)
Y
Y
Y

v ; L

72 ' N Y ¢
p— ( o = 7 n:!l - ¢ M m 17

~ ~ HR p—L - - ———— - €L —> > >
$ SUSY Sterile Neutrinos Scalar LFV (2HDM,...)
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u— ey, u— e

ey —>e+y Br(u — ey) < 3x 10713 (MEG+MEGIl) — Br(u — ey) ~ 6 x 10~'* (MEGII)
Y
7 g
= S }13
2 ' N Y 9
# > /\ > € — U —-:—X]-l-:— > € UR »T QGL H > \\> e co?
SUSY Sterile Neutrinos Scalar LFV (2HDM,...)

eyu—>e+eée+e Br(u— eee) < 1071% (SINDRUM) — Br(u — eee) ~ 1071° (Mu3e)

p ’ D . o e A e e 7 e
Y e
e U e U e

Type-ll seesaw Extra gauge bosons
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1 — e conversion in nuclei

» The muon gets captured by the (Z, A) nucleus and tumbles down to the 1s state

 If there are LFV interactions with nucleons, an electron can be emitted without a neutrino (conversion)

u+Z,A) - e+ (Z,A)

M. Ardu 9
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 If there are LFV interactions with nucleons, an electron can be emitted without a neutrino (conversion)

u+Z,A) - e+ (Z,A)

 The upcoming experiments (Mu2e, COMET) will deliver extremely intense muon beams allowing to
probe Br(uA — eA) ~ 10717
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quark interactions



1 — e conversion in nuclei

» The muon gets captured by the (Z, A) nucleus and tumbles down to the 1s state

 If there are LFV interactions with nucleons, an electron can be emitted without a neutrino (conversion)

u+Z,A) - e+ (Z,A)

 The upcoming experiments (Mu2e, COMET) will deliver extremely intense muon beams allowing to
probe Br(uA — eA) ~ 10717

Sensitivity to the dipole that can compete with 4 — ey searches, but also can probe contact lepton-
quark interactions
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If NP is heavy: Effective field theories

» Effective field theory = low energy limit of an UltraViolet (UV) theory when the heavy degrees are
removed
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» Effective field theory = low energy limit of an UltraViolet (UV) theory when the heavy degrees are
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Fermi theory is the low energy limit of the SM: 0 =
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If NP is heavy: Effective field theories

» Effective field theory = low energy limit of an UltraViolet (UV) theory when the heavy degrees are

removed
Y Ve Y Ve
P pcm?
Fermi theory is the low energy limit of the SM: 0 -
1 e v e
~2V2G; (B Pur ) (er°Puv)
* The Standard Model may be the low energy limit of another UV theory UV
?
A SMEFT
SUG). ® SU2), ® U(l)y
My
LEFT or WET
SUB3). ® U(l),y,
Eexp
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If NP is heavy: Effective field theories

» Effective field theory = low energy limit of an UltraViolet (UV) theory when the heavy degrees are

removed
Y Ve Y Ve
P, pcm?
Fermi theory is the low energy limit of the SM: 0 -
I e 1 e
~2V2G; (B Pur ) (er°Puv)
* The Standard Model may be the low energy limit of another UV theory T,
?
C, : Wilson Coefficients = short-distance heavy physics A SMEET
C @ SUB). ® SUR), & U(l)y
ZsmerT = £ smt z, — My
A LEFT or WET
n>4
SUB3), @ U(l),,
Eexp
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EFT and LFV observables

 Observables calculated in terms of the operator coefficients

> m >
3 ) My eU — e — af
\E/ 53/4_)@, = F(CD,ReUGﬂPR’M + C /€0 ﬁPL//t)F
4
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EFT and LFV observables

 Observables calculated in terms of the operator coefficients

S, W m,
el — el —
\E/ 53/4_)@, — F(CDpreUO‘ﬂPR’M + CD/:tLeﬁaﬁPlet)Faﬁ
Y

4 2
Br(u — ey) = 384x° _ (|C* I+ |C* )< 1.5x 1078 — _ |C | < 1078
A D.R D.L A D. X

2 = (24/2Gp) " ~ (174 GeV)? A 2 10% (if Cp ~ 1)
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EFT and LFV observables
LFV observables sensitive to large New Physics scale
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If NP is light

Well motivated BSM scenarios predict new states with light masses (sub-electroweak)
For instance, axions or ALPs are pseudo-Goldstones boson of spontaneously broken U(1)s = naturally light
ALPs arise in many extension of the SM (and can be DM candidates or mediator)

Flavour violating couplings arise when the U(1) are non-universal (e.g flaxion/axiflavon)

Loy = o Jir"

6ﬂa _
W of (

V A
Crp+ Chpl's ) J;

If produced on shell (and does not decay visibly inside the detectors) possible signatures are

T — [+ 1nv U — e+ 1nyv
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LFV ALP Searches

[Calibbi et al, 2006.04795]
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LFV ALP Searches

Illlll | Illlllll 1 I rrrrri | lllllll

[Calibbi et al, 2006.04795]
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Lepton Flavour Universality in 7 decays
- BR(z - pwv) f(mez/mrz)
BR(T —> 61/1/) f(m/%/mfz)

 Phase space and QED corrections are known with incredible precision

Ve Ves yﬂ
R;" =0.9726 gy =Je
. CLEO (1997) . CLEO (1997) 4
0.9777 =£0.0063 = 0.0087 1.0026 = 0.0055
BaBar (2010) . BaBar (2010) \\
0.9796 = 0.0016 £ 0.0036 1.0036 = 0.0020
: T €, U

HFLAV fit (2021) HFLAV fit (2021)

» Test 4 — e universality in tau decays Rﬂ

(1 4 AQED)

- 0.9762 + 0.0028 ;+ 1.0019 +0.0014
: Belle 11 (2024) Belle 11 (2024) ge? g/,t
—— | —o— !
: 0.9675 + 0.0007 + 0.0036 ; 0.9974 + 0.0019
| ; L | ] ] A | \ . ] | . ] ] | ] ] | . ] \ i A N ] | ] A ; | A N A | ] A \ | \ ] ] | ]
0.96 0.98 1.00 1.02 1.04 099 1.00 1.01 1.02 1.03 1.04 1.05
Ry 19u/ 9e|+
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Lepton Flavour Universality in 7 decays

» Can also test universality by normalizing to muon decays

PDG 2024 [ FCC estimate , B B m,? TT gT
170 68% CL contour Be — BI’(T - 61/1/) ~ BI’(//t — eI/I/) mS — X o
n by S
e Consistent with universality
| (8,/g,) = 1.0017 £ 0.0013
\m(D
/  FCC could significantly improve the precision on the tau
0.1780 mass, lifetime and decay branching ratios
289.5 290.0 290.5 291.0 291.5
T [fs]
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LFU tests with 7-s and NP models

* They can probe modified W couplings

<H> v H - H
; \*\\ N /1/
> {: Ex: Type-l seesaw / > \
< H> W ¢ /
e But can also be sensitive to new four fermion interactions
1 1/
%4
l U Ex: 331 or Left-Right Sym model
§ [ [’
1 1/
/ l / H - i
L S Ex: Two Higgs Doublet model

/
M. Ardu 19 [ [



Conclusions

 Lepton Flavour Violation must exist, as established by neutrino oscillations.

» Observation of LFV in the charged lepton sector would be a clear, smoking-gun
signature of new physics.

» Muon LFV experiments will improve sensitivities by several orders of magnitude in the

coming years.

» Tau LFV decays are being probed at Belle Il with enhanced sensitivity, and are expected in
scenarios where NP couples preferentially to the third generation.

 Lepton Flavour Universality tests provide complementary probes of NP, and in
combination with LFV searches can help discriminate among different models.

M. Ardu



LFU Violation and LFV

u@i),x ue@), —» U(l), x U(l), x U(1), By the LFU violating SM Yukawa

* Any source of additional LFU violation that is misaligned with the Yukawa leads to LFV
U(1), x U(1), x U(1), - LFV

 But NP may be:
> (approximately) aligned (Minimal Flavour Violation-like or U(2) symmetric)
» Or stem from gauge invariant extension that share the same accidental symmetry

Eg. Models with gauged L, — LJ

 LFU=LFV, but could be related. Searches are highly completementary and can distinguish NP scenarios
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T — (e,u) LFV

gYukawa D yafaHea+h.c But ye’y/,t < Vi

SM Lagrangian respect an approximate U(2) symmetry acting on the first two generation
If the NP respect this symmetry (couples dominantly to third generation), may expect preferably 7 LFV

Flavour symmetries in connection to the Flavour Puzzle may lead to residual symmetries that favor 7 — |

EXx: Lepton Flavour Triality
vom oy T
(o3 :
Q*—a Q3>£d Te — o . Y VY
T - /" K T - pMe e
-—I/-4 3 Tu=2 Te = 4 3 -2 44+
s AT 40 OT=0 mod 3
See also
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