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Outline of the talk

= Standard Model and its Drawbacks: a (very short) overview

= Lepton Flavor Violation:

- why are we interested in (charged) LFV?

= cLFV from heavy New Physics:
- Bringing a Realistic Flavor Model Back to Life

= Outlooks:

- what if the NP is not so heavy?
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The Standard Model

3SM=3Q+3y+th
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The Standard Model

3SM=3Q+3y+th
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The Standard Model and its drawbacks

. Strong CP problem
Tk Flavor puzzle
: Dark Matter g
-

» Baryon asymmetry of the Universe
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The Standard Model and its drawbacks

* Neutrino masses: who ordered that?

Quantum Mechanics
at work!

Normal hierarchy Inverted hierarchy
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Neutrinos in focus: entering the precision Era
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NUFIT 6.0 (2024)

Normal Ordering (Ax? = 0.6)

Inverted Ordering (best fit)

Jiangmen Underground Neutrino Observatory

bfp £1o 30 range bfp £1lo 30 range
ﬁ; sin? 019 0.30770017 0.275 — 0.345 0.30875 017 0.275 — 0.345
o | 012/° 33.6870 70 31.63 — 35.95 33.6870 70 31.63 — 35.95
—~
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Am%z +0.025 +0.024
aoyr | T29345005 42463 2606 | —2.5101055 2584 — —2.438
Normal Ordering (best fit) Inverted Ordering (Ax* = 6.1)
bfp £1o 30 range bfp £1lo 30 range
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TR 7.4979-19 6.92 — 8.05 7.4979-19 6.92 — 8.05

Am%e +0.021 +0.020
vz | T2013T00ls 42451 2578 | 248410755 —2.547 — —2.421
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Neutrinos in focus: entering the precision Era
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NUFIT 6.0 (2024)

Normal Ordering (Ax? = 0.6)

Inverted Ordering (best fit)
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Neutrino masses and LFV
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Neutrino masses and LFV
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Neutrino masses and LFV

|
|
‘\

- Neutrino masses/mixing < ]/e,]/ﬂ,% |
Lepton family numbers are not conserved |

Thus, the lepton flavor violation in the charged sector is inevitable.
Why not cLFV?

u—ey, T—>uy, u-—eee, ...
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cLFV in the Standard Model

i

The PMNS dictates how the

RH-neutrinos couple to
charged leptons of
different flavors

SM+ RH-neutrinos
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cLFV in the Standard Model

2

The PMNS dictates how the

RH-neutrinos couple to
charged leptons of
different flavors

SM+ RH-neutrinos

suppressed by tiny
neutrino masses

> B(u — ey) = Bt — ey) & Bt — py) = 107> + 1074
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Why are we interested in cLFV?

~

The PMNS dictates how the

RH-neutrinos couple to
charged leptons of
different flavors

Cheng Li ‘77, '80; Petcov '77

~ *An observation of LFV would be an unambigous signal of New Physics

-+ It could be related to the mechanism behind the neutrino masses
. Stringent bounds on NP coupling to leptons
. Probes scales beyond the LHC reach
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We are interested, indeed... a long list of experiments

Roma, 01/07/2025
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We are interested, indeed... a long list of experiments

LFV obs. Present bounds (90% CL) Expected future limits

BR(p — e7) 4.2 x 10713 MEG (2016) [64] 6 x 1071* MEG-II [65]

BR(p — eee) 1.0 x 1072 SINDRUM (1988) [66] 10-1%  Mu3e [67]

CR(x — e,Au) 7.0 x 10" SINDRUM II (2006) [68] - -

CR(p — e, Al) - = 6 x 10717  COMET/Muz2e [69, 70]

BR(1 — ey) 3.3x107%  BaBar (2010) [71] 3x 1077  Belle-II [72

BR(1 — eee) 2.7x107%  Belle (2010) [73 5x 10719 Belle-II 72

BR(r — eup)  2.7x107%  Belle (2010) [73] 5x 10719  Belle-II [72

BR(1 — me) 8.0 x 1078  Belle (2007) [74 4x 10719 Belle-II 72

BR(r — pe) 1.8 x 107%  Belle (2011) [75] 3 x 10719  Belle-II [72

BR(T — p) 4.2 x 107%  Belle (2021) [76 1072  Belle-II |72

BR(T — ppp) 2.1 x 1075 Belle (2010) [73] 4 x 10719  Belle-II [72

BR(7 — pee) 1.8 x 1075 Belle (2010) [73] 3x 1071  Belle-II [72

BR(7 — mp) 1.1 x 10-7  Babar (2006) [77] 5x 10719 Belle-II 72

BR(7 — pu) 1.2 x 1075  Belle (2011) [75] 2 x 1071 Belle-II [72

Mode LEP bound (95% CL) LHC bound (95% CL) CEPC/FCC-ee exp.
BR(Z — pe) 1.7x107% [2] 7.5 x 1077 [3] 107810710
BR(Z — Te) 9.8 x 107% |2 5.0 x 107% [4, 5 1077
BR(Z — Tu) 1.2x 107> [6 6.5x 107% [4, 5 10~7
L. Calibbi, X. Marcano, J. Roy (2021)
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cLFV in SM effective field theory

The Effective Field Theory represents the low-energy approximation of an Ultraviolet (UV) theory, obtained by
integrating out the heavy degrees of freedom

Energy
1 It the New Physics scale A > My, ,
SMEFT the SM can be seen as the EFT of another UV theory
SUB), ® SUR), ® U(1),
e
Eexp vy Vs vy Vs
p 2 2
o, P <miy
As the Fermi theory is the low energy limit of the SM 4
v e p e

-2y/2Gp (v_,,raPLu) (er*P,v,)
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cLFV in SM effective field theory

d 20
Loff = Lgpm + ZZAn_4@§)+H.C. , ford>4,

n=1 1

Dimension-6 effective operators that can induce CLFV

4-leptons operators Dipole operators
Qe (LeyuLr)(Ly*Ly) Qew (LLo* er)Tr®Wo,
Qee (éR’YﬂeR)(éR'Y“eR) QeB (ELG“VGR)(I)BMV
Qre (LryuLr)(ery"er)

2-lepton 2-quark operators

Q) (LryuLr)(Qry QL) Qeu (LeyuLr)(ary ur)
Qg (LeyurrLr)(Qry* QL) Qe (€ryuer)(ury ur)
Qeq (éry"er)(QLyuQL) Qtedq (Lzer)(drQY)

Qed (LLyuLr)(dry"dr) Qber (L} er)ear(QLur)
Qed (éryuer)(dry"dr) Qs (L¢ouver)ear(QLo"* ur)

Lepton-Higgs operators

o0 (®'i D, ®)(Lry"Ly) o (®'i D! ®)(Lrrry" L)
Qae (@4 D, ®)(erY"er) Qed3 (Lrer®)(®'®)

Grzadkowsi et al. '10; Crivellin Najjari Rosiek '13
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cLFV in SM effective field theory

qg(n)

 ZeffS gSM"‘(ZZ n4@f")+Hc>, ford>4,

n=1 1

Coe Coy Cor
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U(2) applied to neutrinos: Version 2.0

Pattern | Charges LO mass matrix in terms of )\
S1 A (1,0, —2) NEYRY.
S2 A (17 17 _2) )\4 )\4 )\4
D1 A (11_2) A4 \4 )\
D2 A (2,—-2)

)\12 )\8 )\8
S3 A (2,1, —-2) A8 A4 )4
S4 A (2,2,—2) N8 A4 A
4 1 4
D3A | (0,1) 8 1/)\4)\1
D4 A (17 O) )\4 1 )\4
A4 %0
S1B (1a07 _2) )\4 )\4 )\5
S2 B (1,1, —2) \5 A5 )6
A8 \6 )7
D1 B (1,—2) N6 M )5
D2 B (2,—-2) RECEY:
A8 A2\
D5 B (0,0) A2 2%\
AT X NS
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.. how discussed in Rettaroli's talk

Viable fit to neutrino @
observables in possible [f ’\%
U(2) flavor models o

=9

Mirko Rettaroli —
oz RomaTre
Roma Tre University —
Department of Mathematics and Physics n
FLASY 2025 - July 1, 2025 ma
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Input values and upper bounds

— = — —= - = — — = =
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Input values and upper bounds

{/ ) T - | 7 - R )

- Anomalous magnetic moment of the lepton 7 Tree-level radiative LFV
(Aay = a®? — asM) decays Branching Ratios
dm, v 1 3 2
7 my v 1
Aa, = ———=R |6, ( )_ : 2 |
¢ (e B\Cy— Cpy) = | Copl™ + €5,
e 2 A\ * ) T g, A\ a
g y,
Observables Exp.-SM /Bound Wilson Coef. in 1/A? [TeV 7]
Aay, 249 x 10~ Muon g R[C],] =1.0x107?
—13 —10
B(u — ey) <4.2x10 MEG Cep (uey| < 2:1 %10
B(t — uy) <4.2x107°  mEemEEE o] < 2.65 x 1070
B(t — ev) <33x10°8 BaBar/BELLE 7 (Te)l < 2.35 x 107
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Input values and upper bounds

At the current level of precision there is
not tension between the SM prediction and
the experimental world average

F,l SND06 « e——— § after the latest announcement ‘
CMD-2 : from Muon (g-2) [June, 3rd]
M- S :
BaBar  — — E
BESIII e i :
SND20 e §
1 V| DI PR—— 7/
T Ot H :
: Lattice HVP Avg. 1
WP25
FNAL-25
FNAL-23 :
FNAL-21 - ’
{ BNL-06
—40 ~30 —920 ~10 10 20
10 SM __ exp . . ' :
107 x (a# U ) Aliberti et al '25
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Input values and upper bounds

{/ ) T - | 7 - R )

- Anomalous magnetic moment of the lepton 7 Tree-level radiative LFV
(Aay = a®? — asM) decays Branching Ratios
dm, v 1 3 2
7 my v 1
Aa, = ———=R |6, ( )_ : 2 |
¢ (e B\Cy— Cpy) = | Copl™ + €5,
e 2 A\ * ) T g, A\ a
g y,
Observables Exp.-SM /Bound Wilson Coef. in 1/A? [TeV 7]
Aay, 249 x 10~ Muon g R[C],] =1.0x107?
—13 —10
B(u — ey) <4.2x10 MEG Cep (uey| < 2:1 %10
B(t — uy) <4.2x107°  mEemEEE o] < 2.65 x 1070
B(t — ev) <33x10°8 BaBar/BELLE 7 (Te)l < 2.35 x 107
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PrediCTionS on The (g — 2)e T

Aa,Rb p— a,exp —_— a,SM’Rb p— (—|—4.8 1T 3.0) X 10_13 ) L. Morel, Z. Yao, P. Cladé and S. Guellati-Khélifa {2020}

ACLCS — aexp . aSM,CS — (_8.8 + 3.6) X 10—13 ] R.H. Parker, C. Yu, W. Zhong, B. Estey and H. Miiller {2018}

10_2 it T T TTT T TTTTT : T TTTT T T TTTT1 T T TTTII0 T |. mEEE [T T TTITIII I .......-
10-3L (9-2), as input ‘| --Rb e A-Scenario

. :1;. . —Cs e B-Scenario

. 10°¢ * 10 6.5% 10" 55x%10-13
3 AN AR 3
4@ 10—7 L ‘ r;} - 0.8
— -8 R &
1() :’; .":.i . v S 06—
N ? : = 0 4:
102 y £
- 02
10-10 s
~ | 10-14 | ""1"'_13 | ""'1'(')'_12 |
10-11 . 0
12 E hae
10_ ] 1. 1L 1111l ] ] L L 1Ll ] 1. 1L 1111l 1 ] L L1 1. 1L 1111l ] ] L L1 ] 1. 1L 1111l ] ] L LIl ] 1. 1 1111l ]

10-13 10-13 10-11 1079 10~7
| Aa]
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Predictions on the (g — 2), .

Aa,gb a,exp SM ’Rb p— (—|—4 . 8 -1 3 . O) x 1 O o 1 3 ) L. Morel, Z. Yao, P. Cladé and S. Guellati-Khélifa [2020}
ACLSS — agxp — GSM,CS — ( —_ 8 . 8 -+ 3 . 6) X 1 O —13 . R.H. Parker, C. Yu, W. Zhong, B. Estey and H. Miiller {2018}
1072

10-3L (9-2), as input --Rb e A-Scenario

: : RS —Cs e B-Scenario
10=4L L e o T RTES
‘/ )
|
’ - |
‘ C! m \/COS 23 €, A" \
f A-Scenario, — | ~ —e 142 . - :
7 M, SN 67 cos 0556 ,, — sin 953%,”)
Y m 1 — cos bth3) €, /12
B-Scenario , ce | ~ 221 %) ,
G m, sin 0%, 6 .,
- : 3 [Aae] . ~
10 T S L S | T . Y- A
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| Aa]
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With 0(1) WCs, € oue) 18

€

u — eyinlight of (g — 2)

suppressed by at most an

©(10™%) with respect to
G

A-Scenario

B-Scenario

/
6.,

%/

HU

/
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%/

pp

/
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%/

HU

/
6 e

%/

pp

1 m
~ — + cot 05,
\/ cos Ok, \ "u

L [T R
m, cos 0556 ,, — sSin 03,6,

1 m
~ — + cot 05,
\/ cos Ok \ "u
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e
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G oA
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LFV decays in light of (g — 2)

1072

® (g —2),as input (A) ® (g —2),as input (A)

® (g —2),as input (B)

® (g —2),as input (B)

® B3(u — ey)constraint (A) ® (i — ey)constraint (A)
1012 i S i i ® B(;1 — ey) constraint (B) ® B(;1 — ev) constraint (B)
1071 1077 1077 107° 1073
.| .,
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LFV decays in light of (g — 2)

/ \
HURsER ML, €L I
L Y
Crivellin, Hoferichter, Schmidt-Wellenburg ‘18

Impossible combined explanation of

(old) AMM of muon and LFV constraints
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LFV decays in light of (g — 2)

After the latest announcement from the Muon (g-2) collaboration, our U(2)
models are fully consistent with the data:

Majorana neutrino mass term without invoking D¢ (Mirko's talk)

Successfull fit to neutrino low-energy observables (Mirko's talk)

In agreement with the latest measurements of (¢ —2), and LFV

Can we push this further?
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What if the flavon is not so heavy?

SM interpreted as a low-energy limit of a (complete, yet unknown) NP model
= Model-independent, effective approach (EFT)

1
M = M4y 5 €":.Y,..) 0" g Hy,...)

n>5

Cast current data in terms of Cgiﬁj and Anp : ‘gg. ~ 1 = bounds on A\p

Lo =Lsm+ f—s o) + 2 %0‘56) + - European AS’It'rateg\y
M a A
G~ o) . EPPSU [1910.11775]
: |
- ~
3
R N 3
T o1 3 A
il [N
N N N | R
~
3 111 T
N ~ =
N N
S S
o~ D at
/

-

Observable

- 107
- 106
- 105
- 104
- 103
- 102

Flavour observables:
probes sensitive to very
high NP scales

Anp ~ O(10° TeV)
well beyond collider's

reach!
110
L/

charged lepton flavour violating observables!

A.M. Teixeira, LPC Clermont
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What if the flavon is not so heavy?

SM interpreted as a low-energy limit of a (complete, yet unknown) NP model
= Model-independent, effective approach (EFT)

o = M 4 Z —~ €'Y,

n>5

..)0"(¢,q,H,7,...)

Cast current data in terms of %6 and Ayp : €7 ; ~ 1 = bounds on Ayp

-Zaff=-¥’SM+lf_50(5)+z%ﬁ‘g6)+... Europear}iateg\y)
M a
Cs~0(1) EPPSU [1910.11775]
107+ L T O\ e, 1107 Flavour observables:
1090 o . 110° robes sensitive to ve
p— T S IO s
5L 4 .
3 10 m S F 10 high NP scales
e 40 g i 4
2 10 = . El= 10 ANp ~ @(105 TeV)
% 10° N 22 103 . '
11 N well beyond collider's
10 < p "3 ol reach!
o~ °
o AN EE S|8
N NN NN
1 R N NS 1
N J § NS
~ || § >//> ) N

Observable

-

charged lepton flavour violating observables!

A.M. Teixeira, LPC Clermont

6 <1

Flavor symmetry breaking ~ O(TeV)

¢
l] ’,'-~s\
S ¢ v
i =28 L 27T,
s‘~‘ ’Y 'l \‘
¢ i li — > e I
NP P o
Huitu et al '16

m? (|82 + |Kij|?)|R5 >

Ttree (], —1;1,1;) =

409673 Moy !
P MY R |2 Ryur |2+ [Rer [2[Fr | M\ 2, (M) 11
Fl—loop Te Ut er T4 ] Reg ] ey A4
(n—reee) =0 mk., [2 08 ( 3 | 1 ®\m2 )" 4|’
2,..5 2 2 i 2
_ ul® + In 12 |[Frr| m 11
le loop N am, (|K’ #| M __1 1 M D ,
(7= 1) = 357 mh., o8 E\m2) T 4
3,02 1= 121= 12 1= (21= 12 [ m2 \1°
T(u— ey) = amy Mz |Ker|“[Krp|” + |Krel*|Kpr| § log Re¢
= 4 4 - 2 )
10247 MReok _2 mz )
- 12
5 ~ 12 1= 121 |12 2
T(T — uy) = am?  (|Kur|® + [Krpul®)[Krr| é—lo MRee
H7) = 102474 mi 3 0\ m2

e.g. at high energy muon colliders resonances u*u~ — @* - u u~
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The curious case of Mr. Neutrino

X

Fermi's theory of The Standard
weak interactions Model of Particle
and beta decay Physics

Discovery of the
neutrino by
Cowan & Reines

Pauli's hypotesis:
"what if the missing energy
is carried oft by an otherwise
tnvisible particle?”
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Neutrinos, an overview

v Neutrinos are assumed to be massless particles in the SM
» No right-handed neutrino v
» Minimal lepton sector
» Accidental lepton number conservation

v/ There are three different neutrino flavors: electron-, muon- and tauon- neutrinos

Takaaki Kajita

A. McDonald

/_/'
yod
£ /7

Super-Kamiokande
1998

Sudbury Neutrino Observatory
2001

Physics Nobel 2015
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Neutrinos, an overview

v/ Neutrinos are assumed to be massless particles in the SM
» No right-handed neutrino v
» Minimal lepton sector

» Accidental lepton number conservation Quantu;n Melc(:'hanics
dl WOrK:

v There are three different neutrino flzvors: electron-, muon- and tauon- neutrinos

® ThCiI’ mass eigenstates dO not Correspond to the ﬂavor ones
‘I/a> — Uailyl’>

* Mass eigenstates evolve in time via the Schrodinger equation
[y, (1)) = e |1;(0) )

e Flavor neutrino states oscillate (v, (7) [v4(0)) # 5,

= Neutrinos must have a non zero mass!
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cLFV in the Standard Model

2

The PMNS dictates how the

RH-neutrinos couple to
charged leptons of
different flavors

SM+ RH-neutrinos

In presence of heavy

(at least order TeV)
NZW PhYSICS we » ppr'essed by tiny

expect Iar'ge effects ’ neutrino masses

> B(u — ey) = Bt — ey) & Bt — py) = 107> + 1074
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The Leptonic Dipole Operator

qg(n)

 ZeffS gSM"‘(ZZ n4@f")+Hc>, ford>4,

n=1 1

Coe Coy Cor
1 / / /
gdlpOle A2 (%LR@(6]3 + %RL@§Q6£> ’ %T - %LR — %ﬂe %,u,u %ﬂf ’

6, €, €,

Te

y
0°) = —E, 6" EyF,,

i ? LR \/5 )
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Neutrino mixing parameters

mixing matrix (PMNYS)

d | 1
l— V,u = |—U
dr | , 2F,

Roma, 01/07/2025

—id
€13 0 53 Clo S12
O 1 O _S12 C12
—s513¢? 0 3 0O O

matter potential

0 0 0 L0 o
0 Ams; 0 | U'+A.-[0 0 0
0 0 Amd 0 0 0

mass splittings

NUFIT 6.0 (2024)

Normal Ordering (Ax? = 0.6)

Inverted Ordering (best fit)

bfp £1o 30 range bfp £1lo 30 range
ﬁ; sin” 012 0.307 10015 0.275 — 0.345 0.30875 017 0.275 — 0.345
o | 012/° 33.6870 70 31.63 — 35.95 33.6870 70 31.63 — 35.95
—~
D)
2. | sin® 03 0.56170 01z 0.430 — 0.596 0.56270 01z 0.437 — 0.597
©)
£ | 023/° 485107 41.0 — 50.5 48.6157 41.4 — 50.6
av
| sin® 013 0.0219570:0002¢  0.02023 — 0.02376 | 0.02224750092%  0.02053 — 0.02397
2 | O1s/° 8.5270 11 8.18 — 8.87 8.58T511 8.24 — 8.91
=
= | dcp/° 177759 96 — 422 285123 201 — 348
(@)
5 Am%l +0.19 +0.19
= | o 7.4979-19 6.92 — 8.05 7.4979-19 6.92 — 8.05
Amge +0.025 +0.024
oz | T20340055 42463 — 42606 | 25100055 —2.584 — —2.438
2 e
Normal Ordering (best fit) Inverted Ordering (Ax* = 6.1)
bfp £1o 30 range bfp £1lo 30 range
< | sin® 012 0.30810013 0.275 — 0.345 0.30810017 0.275 — 0.345
S | 012/° 33.680 7o 31.63 — 35.95 33.680 7o 31.63 — 35.95
(@)
% sin? fas 0.47010-017 0.435 — 0.585 0.55010-012 0.440 — 0.584
é 023 /° 43.375% 41.3 — 49.9 47.975°8 41.5 — 49.8
Q sin? 613 0.0221579:99056 0.02030 — 0.02388 | 0.02231F9-9992¢  (.02060 — 0.02409
T | 0s/° 8.5610 11 8.19 — 8.89 8.5910-11 8.25 — 8.93
)
Z | dcp/° 2127126 124 — 364 2747122 201 — 335
[\
('—‘) Am%l +0.19 +0.19
TR 7.4979-19 6.92 — 8.05 7.4979-19 6.92 — 8.05
Am%e +0.021 +0.020
vz | T2013T00ls 42451 2578 | 248410755 —2.547 — —2.421
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mixing matrix (PMNS)

-

—i6
o0 ci3 0 s3e Cla 512
0 c3 83 0 1 0 —S15 Cio
O =53 c3)|—s513”° 0 ¢35 0O 0
| Normal hierarchy Inverted hierarchy :
2% A ,
| M| I Vs v e——— | |
A'rn’gol ’
%41 |
ATn’itm
V
H - © Amczztm
mv,
v, |
IR V- ‘
| J A'rngol I(
B vs | D
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Neutrino mixing parameters

7491015

42.53410-020

6.92 — 8.05

+2.463 — +2.606

7491015

—2.510+9:924

6.92 — 8.05

—2.584 — —2.438

IC

Am%l

10-5 eV?

2
Am3£

10-3 eV?

7.4970 19

+2.513% 51

6.92 — 8.05

+2.451 — +2.578

7.4970 19

—2.4847+9:920

6.92 — 8.05

—2.547 — —2.421
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http://dx.doi.org/10.1007/JHEP09(2020)178

reactor/interference

0 s, s;o 0

-

—S;p C¢pp O

_S23 623 _513815 O

mixing matrix (PMNS)

) without SK

NO, IO (IC19 w/o SK-atm)
NO, 10 (IC24 with SK-atm)

NUFIT 6.0 (2024)

=1 _

24 with SK at

OO

0.032 0.034

5
=Cy5 545 Cy3 5,55 C43 543

0.036
sin SCP
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sin2 (913

6013/°

dcp/°

Sin2 913

013/°

dcp/°

Flavor puzzle and neutrino mixing

0.02195+95005¢
8.527011

177150

0.022157 ¢ 00058
8.5670 11

212129
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0.02030 — 0.02388

8.19 — 8.89

124 — 364

JHEP 12 (2024) 216

0.02023 — 0.02376 | 0.0222470 00025
8.18 — 8.87 8.587 011
96 — 422 285752
CP violation?

0.0223170-00526
8.5970 11

274122

0.02053 — 0.02397
8.24 — 8.91

201 — 348

0.02060 — 0.02409
8.25 — 8.93

201 — 335


http://dx.doi.org/10.1007/JHEP09(2020)178

Flavor puzzle and neutrino mixing

) .
7. atmospheric
= B}
& 1 O O C13 O S13€ 0 612 S12 O 923 octant’
< .
g ] = O 623 S23 O 1 O — C O % | sin?6as 0.57270 055 0.407 — 0.620 0.57870-038 0.412 — 0.623
g“ O 5 12 12 ;'; 023 /° 49.1119 39.6 — 51.9 49.5199 39.9 — 52.1
— 9 C _ l O
oD 23 €23 §12€ C 0 0 1 . . .
£ 13 13 The atmospheric angle is almost maximal,
iz but only small sensitivity to its octant
matter potential
De
Uﬂ ’
V. 2 | sin® Oz 0.45470 016 0.411 — 0.606 0.56870-03° 0.412 — 0.611
| = | 023/ 423111 39.9 - 51.1 48.9109 39.9 — 51.4

=X mass splittings

JHEP 09 (2020) 178 {arXiv:2007.14792]
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Flavor puzzle and neutrino mixing

%)
4 solar
= 1 O O O —iS O i} sin? 612 0.30779513 0.275 — 0.344 0.30779513 0.275 — 0.344
% C13 313€ Cin  S1o 5 | 0w/° 33.667072 31.60 — 35.94 33.671073 31.61 — 35.94
§e — O C \) —
: U 23 523 0 1 0 S Cip O
—_ 10
o O =23 Co3) | =52® 0 ¢4 0 0 1
i
&
matter potential
Ve sin? 612 0.30779°517 0.275 — 0.344 0.30775017 0.275 — 0.344
UM S | 012/° 33.671073 31.61 — 35.94 33.6710° 7% 31.61 — 35.94
I/T

=X mass splittings

JHEP 09 (2020) 178 {arXiv:2007.14792]
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The three unknowns in neutrino oscillation

The oscillation probabilities (in vacuum) read:

3 2 1\ 3 2 r\ |
, . . o [Amy;L , . . [AmylL
P(va - v,;) =045 — 4R Z U,iUpgiUgyjUpg; sin A + 23 Z U,iUpiUg4jUpjsin o F

i>j i>j

U, appearance v, disappearance
Am3 L Am3 L
. . . | . : 31
P, —v,) =~ sin” 26, ; sin” 6, sin* > Pv,—v)=1- sin” 26,; cos” 0, ; sin”
AE 4E

atmospheric regime (fast oscillation)
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The three unknowns in neutrino oscillation

The oscillation probabilities (in vacuum) read:

3 2 3 2
, . .o Ami]-L , .. AmijL
P(va - vp) =045 — 4R Z U,iUpgiUgyjUpg; sin A + 23 Z U,iUpiUg4jUpjsin o F
_l>] | _l>] |
v, appearance N v, disappearance . N
. Am%L . . Am%L
P(v, - v,) ~ sin* 20,5 sin* 6, sin* > P(v, —» v,) ~ 1 — sin*260,, cos" 05 sin”
H © ] 4F H H | 4F

\___ Y, \___ Y,

|
|

' No dependence on the sign of the mass splitting

atmospheric regime (fast oscillation)
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The three unknowns in neutrino oscillation

The oscillation probabilities (in vacuum) read:

3 2 1\ 3 2 r\ |
, . . o [Amy;L , . . [AmylL
P(va - vp) =045 — 4R z U,iUpgiUgyjUpg; sin A + 23 Z U,iUpiUg4jUpjsin o F
1>] . 1> .
U, appearance v, disappearance
2 . ) 2
) ) ) A’/’/13114 ) | 4 ) Am31L
P(v, — v,) ~ sin” 20,5 sin” 0,3 sin P(v, —» v,) ~ 1 - sin“20,; os" )5 sin
4E . ) AE

The atmospheric angle 6,, is almost maximal,
l but only small sensitivity to its octant

atmospheric regime (fast oscillation)
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The three unknowns in neutrino oscillation

The oscillation probabilities (in vacuum) read:

3 2 3 2
, . . o [Amy;L , . . [AmylL
P(va - vp) =045 — 4R z U,iUpgiUgyjUpg; sin A + 23 Z U,iUpiUg4jUpjsin o F
i>j i>j
U, appearance v, disappearance
P(v, — v,) ~ sin” 20,5 sin” 0,3 sin Py, — v,) ~ 1 —smn"260,;cos” 05 s1n
AE 4E

The CP - violating phase 6 appears only in the
l % - subleading contribution

atmospheric regime (fast oscillation)
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The AxiFlavon

1 |
O =— (Vyt+0¢) Vo
\/5( ot )

The CP-odd axiflavon is massless at the classical level,
The CP-even flavon field @ has a mass

my, ~ O(Vy), therefore

but receives a non-zero mass from the breaking of U(1) by
the QCD anomaly

it is not directly relevant for the low
energy phenomenology and
it can be integrated out
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The AxiFlavon

X = e hemia@/ VY. o= (“61) e

Axion couplings

5N = 2T (Ay) Qe d (1)
7

= 3 (o) a(0)
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The AxiFlavon

a. a -~ Ea X; Viaq,
# =266 = Zem & pp a= ),
Sz, N 8z f, = T ZXV?
\/zVa=a1+a2
—a(x € A —a(x
\ = e Ae—ia@)/VV ¢=(<g)e (2)/V3V

Roma, 01/07/2025

N =
b =

1

4 1
(2X10, + X105) + 3 (2X10, + X10;) + 3 (2X5, + X5,)

-+ (2Xga - Xg3) —~+ (2X1()a -+ X103) = 12.

2
0
3

Simone Marciano - LFV decays in a realistic U(2) model of flavor

(4X10a -+ 2X103 —+ 2X10a + X103 -+ 2X— —+ X— ) — 9/2,




The AxiFlavon

X = nge_ia’(w)/\/iV ¢ — (€¢A) e—ia(m)/\/ﬁv
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The AxiFlavon

0,a ' B -
Lo=——r D |970,Fi0" T+ 97, [T
V2V ; : _

—u,d,e

g7, 1, = Vip)kiX 5, (Vin)k; = X5.0i + (Xgs — X5,)(Vir)3i(ViL)3;
911, = (Vir)kiXre(Vir)kj = Xge0ij + (Xps — X5e)(ViR)3:(ViR)35 -
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The AxiFlavon

f — (vt fy* o — (vt fy*
E:Lﬂ:j — (VL )3’5(VL )3j cC;R,zj — (VR)3i(VR)3]
f f _
U< €L/R,iz’ <1 ZgL/R,zz 1
1
—gf s + 95, Xpe— X Xpe— X
oV, — 9f:f; T 955t f§ — fa g /3 fa _f Xy — Xp, T
fili = IN 2N Y ON R OoN L
L R
CA. — 958 T 985 Xpe+ Xy, N Xfs — Xje of X, — Xyp, o
fifi — 2N - 2IN vJ IN R, IN Lyij>
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The AxiFlavon

L R
vV gfifj +gfjfi B Xféf _Xfa o Xf§ _Xféf f Xf3 _Xfa f
oV, = — 5
fify ON oN 9T T 9N SR oN L’
L R
CA. — 5.5, T 95,5, _ Xfe+ Xy, 5 & X — Aje [y Xy — Xf, f
fif; ON ON 9 ON  Rig ON  Lii?
0,a—
Lo=2F " |CFp + Chpws| 1
2fa iJ 3 iJj
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The AxiFlavon

CV 51191 . — &%
Y = ij — SRyij
- el .26
C - - .o
dzd] — L, Ui Uy — " 6% ij gu
, 2] R,1j
9 . 0]
cVv 2 A "
B S Cdzd — 5’&]_5%-.
’ J 0]
A 2 : 7
O _ 57;]' — 6% :
0]
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The AxiFlavon

U U o uu
oV _ ELij " CRiy oA _ 25~ €L~ R
Uiy o) ? UiUj 0
A6\ )3
5‘,{.- 251‘—5%'- d 5 4 )2
Cc‘i/;d' — ) , Cé&d = 4 ; 8%N5%N€LN5%N )\ )\ )\
Y ’ ) A A2 ]
e .. 20.. — & ..
CV _ R, CA _ R,ij
€;€4 9 Y €€, 9 ’

C:Cd:C’=C=C:C’:§, C: =0, Cp =0C;r =
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The AxiFlavon

Coupling || m™2*/C [eV] | m2®™V® [ev] f2™Y() [GeV] |  Constraint
Cle 2.1-107° 78 7.3-10% 1 — ea [30)
Cy, 9.1-1072 16 3.6 - 10° BT — K*a [28]
o) 1.7-107° 0.58 9.8 - 106 Kt — nta [29]
ca 3.1-1073 0.014 4.1-10% WD Cooling [33]
Cn 3.5-1073 0.0092 6.2 - 108 SN1987A [34]

Linster and Ziegler 18
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The AxiFlavon

10 10" 10" 10" 10" 10° 10® 10" 10°

—
|
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o

-HB /CAST y/4

5
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|
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=
loo

-

o
-
a
[

-

o
LA
(&)
I

HDM
=

. { ADMX-II

. .

L "
o |
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m, [eV] Linster and Ziegler '18
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LFV decays in light of (g — 2)

10-2§

/
€T
—
S
N

® (g —2),as input (A) ® (g —2),as input (A)

® (9 —2),as input (B) ® (g —2),as input (B)

® B(; — ey) constraint (A) ® 5B(11 — ev) constraint (A)

® B(1 — ey)constraint (B) ® B(; — ey)constraint (B)

Ao—'IZE U i @ @ 4 i 4 i e [ 10—12§ T T R T T T T T T S T T T I N
10° 10~/ 107° 1073 10~ 107° 10~ 107° 1073

‘C;e‘ |C7/',U‘

Within an U(2) flavor model, the current experimental limits on the branching ratios

of LFV decays are not compatible with the observed anomalous Aaﬂ
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