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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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Neutrino mixing parameters

mixing matrix (PMNYS)

d | 1
l— V,u = |—U
dr | , 2F,
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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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Neutrinos in focus: entering the precision Era

DEEP UNDERGROUND a\C N I—HEANYF
NEUTRINO EXPERIMENT )¢ Hyper-Kamiokande

L 1] P AT 2

A

ICECUBE
GENZ2

SO,

ESS neutrino Super Beam plus
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NUFIT 6.0 (2024)

Normal Ordering (Ax? = 0.6)

Inverted Ordering (best fit)

Jiangmen Underground Neutrino Observatory
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—~
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©)
£ | 023/° 485107 41.0 — 50.5 48.6157 41.4 — 50.6
av
| sin® 61 0.0219579:99052  0.02023 — 0.02376 | 0.0222479-999%¢  (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
(@)
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Flavor puzzle and neutrino masses
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Zmi <0.115eV

l A.Shadab et al.
Phys. Rev. D 103 (Apr. 2021)
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Flavor puzzle and neutrino masses
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Flavor puzzle and neutrino masses
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Leptonic PMNS mixing matrix

\

Quark CKM mixing matrix

/

Symmetry 2022, 14(1), 56;
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A realistic model of flavor

Introduce some new gauge singlet scalar @, called the flzvon, and a global U(1) symmetry

| Assume that the SM fermions, the Higgs and the flavon are charged under the new U(1)

| Effective operator is allowed:

D\ Ve
Cl:i X lPL’lH\PR,] + h.C. — Cl:i \/_

Y ij

A / U(D) gy Symmetry
breaking scale

Hierarchical pattern determined by the charge assignment

n..

ij Q((I)) [Q(LPL,i) T Q(lPR,j) T Q(H)]
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U(2) model of flavor applied to quarks and charged leptons

U(2) is isomorphic to SU2) ® U(1)

Fields / Representations

SU(2)r U(1)r

—

o

(

(

g(ﬁA)\
0

Lo, Doy Qu, Us, BEo (a=1,2) | 2 1 w _
Q3 , Us, Ej3 1 0 <¢>_
L3, Ds 1 1

ba (a=1,2) 2 -1 (x)

X 1 —1 K\

yu“"%a Yd ~ Ye ~ b~§,

€5 Es

Yo ~ €5 | Ys ~ Y ~ \/Ed)gj > Vip ~ €

82

yr ~ 1, Yp ~ Yr ~ 1/ €5+ EZ, Vusfvé
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U(2) model of flavor applied to quarks and charged leptons

These predictions reproduce the experimental values by taking:
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U(2) applied to neutrinos

Ziegler and Linster's assumption

* (N;,N,) is an SU(2) doublet
° N is a singlet

e All positive U(1) charges

Majorana mass matrix

I 5%/5% ei/&:;]5 es /€4 2 1 : £
my, ~ o 6>§/8¢ 1/eg €X/28¢ ~ |1 1/e 1
6)(/8(}5 €X/€¢ 8)(

o % )
~ Clearly ruled out because it implies a
Am gol
NO with ———— ~ e
- AM5em )
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U(2) applied to neutrinos

Their Approach

Ziegler and Linster's assumption
e (N;,N,) is an SU(2) doublet

° N is a singlet
e All positive U(1) charges U (2)

Majorana mass matrix

2 /€5 /€5 €3/ g2 1 g2
mM ~ 7 ex/es /el exfeg | ~ 1 1/e2 1
/e Ex/es €2 e 1 ¢

Clearly ruled out because it implies a
Am gol
NO with ———— ~ £
- | AM5em )
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U(2) applied to neutrinos

Their Approach

Ziegler and Linster's assumption
* (N;,N,) is an SU(2) doublet

° N is a singlet
e All positive U(1) charges U (2)

Majorana mass matrix

5f</5§ 5%/5(2/) es /€4

2 2
9 € 1 ¢
mi ~ UM ex/es /el exfeg | ~ 1 1/e2 1 Our Approach
/e Ex/es €2 e 1 ¢

Model S Model D

- f ‘\ 00 0O

Clearly ruled out because it implies a
Am? Model T

NO with 2501 ~ g8
- ~ “Maem y @ @ @
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U(2) applied to neutrinos: Version 2.0

A%\ (
A1)\

\_

Two different scenarios

e A-Scenario: Ep ™~ A2 e ~ A2

e B-Scenario: Ep ~ A2 e ~ A

X

X

Our Approach

A% A% )0
)\4 )\4 )\5 S
)\5 )\5 )\6

Pattern | Charges LO mass matrix in terms of )\

S1 A (1,0, —2)

S2 A (1,1, —2)

D1 A (1,—2) 4 \4 4

D2 A (2,—-2) ATATA
)\12 )\8 )\8

S3 A (2,1, —-2) A8 A4 )4

S4 A (2,2,—2) N8 A4 A
4 4

D3A | (0,1) . /1/\4’\1

D4 A (17 O) )\4 1 )\4

S1 B (1,0, —2)

S2 B (1,1, —2)

D1 B (1,—2)

D2 B (2,—2) RECEY

D5 B (0,0)

A8 A2 )\T
A2
AT XN

Model S

Model D

i (D20 (D (2)(3)

Model T

VOO
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The Leptonic Dipole Operator

n=1 1

| e R
L off = gSM*‘(ZZ n4@f”)+Hc>, ford > 4,

G, G, C,
L : ( 00 + E @@) € =Cir=|Cn € G
dlpOIe A2 LR~ | R RLY Ry | > LR — ue Ui ut | s

6, €, €,

Te

y
0°) = —E, 6" EyF,,

: ? LR \/5 )
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{/

Input values and upper bounds

- Anomalous magnetic moment of the lepton 7 Tree-level radiative LFV
‘ (Aay = a®? — asM) decays Branching Ratios
dm, v 1 3 2
4 my v ]
Aay = VLo ) (0, ) =2 o g
% % B\C, > Chy) = |6 |+ |ER, |
e \/5 A2 a ﬂ 8][1—1{“ A4 aﬂ a
y
Observables Exp.-SM /Bound Wilson Coef. in 1/A? [TeV %]
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 |Cé,r (Te)l < 2.35 x 107
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PrediCTionS on The (g — 2)e T

Rb SM,Rb __ _
Aa,” = a® —a = (+4.8 -

A CLCS

Padova, 29/05/2025

e — Qe

exp aSM,Cs
e

= (—8.8

-3.0) x 10713,

= 3.6) x 10713 .

L. Morel, Z. Yao, P. Cladé and S. Guellati-Khélifa [2020}

R.H. Parker, C. Yu, W. Zhong, B. Estey and H. Miiller {2018}

1072
1073
10~
107>

(9-2), as input

- i Ky
S g J ol
P> 10

--Rb e A-Scenario

—Cs e B-Scenario

65x1071% 55%x10°13

S 2 29
llhlllllllll

10~8
102
10_10 0.2 . .
10-11 0% j0B o2
P T | DU s
1015 1013 10~ 102 10~/
|[Aa|
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Rb
Aa,

Predictions on the (g — 2), .

aexp

Aa’® = a®P —

€

+3.0) x 10713,
8 + 3.6) x 10713,

L. Morel, Z. Yao, P. Cladé and S. Guellati-Khélifa [2020}

R.H. Parker, C. Yu, W. Zhong, B. Estey and H. Miiller {2018}

10—3 (g-2), as input

‘| --Rb e A-Scenario

—Cs e B-Scenario
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10=4L s 3T
| )
&’ \/0086’23 &, 12
A-Scenario, = N—e 142 . - :
7 M, SN 67 cos 0556 ,, — sin 953%,”)
_ Y m 1—008623)% A?
B-Scenario, = ~—11 ,
G m, sin %6 .,
: — xag] E ,
107128 il T
10 10 10 10 10
| 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

/
6

%/

pp

/
G,

%/

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

e
. + 0%,
COS 0356, — Sin 0356,
e
| @(/12\/me/mﬂ) ;
G oA
+ 0%,

L _ cin AL
cos 0556 ,; — SIn 0556,

2
6,/

I3 me R

+ @(ﬂz\/me/mﬂ).
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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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Conclusions

= Neutrinos: A Majorana mass term without invoking Dy

= Fit: Successtul fit to the low-energy neutrino observables

= LFV and the (¢ — 2) : Incompatibility in SMEFT

(UV completion?)

= Final remark: Fully consistent if (g —2), is resolved
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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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mixing matrix (PMNS)

-

—i6
o0 ci3 0 s3e Cla 512
=10 ¢35 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

mixing matrix (PMNS)

-

0 O C13

Flavor puzzle and neutrino mixing

reactor/interference
—id

0 53¢ Ciy S 0

1 0 —S1p Cpp O

1
0 ¢35 83 0
0

_S23 623 _513815 O

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

-==== NO, I0 (IC24 with SK-atm)

C13 0 0 1

NUFIT 6.0 (2024)

' | | T |
15 — —
10 — — —
N N 1L i
< L 1L i
< L 1L i
5 | —1 —
i 4 1L _

0 | 1 L 1| | Al L1t |
0.03  0.032 0034 0036 -0.04 -0.02 0 0.02  0.04

Jmax _ 2 J _ Jmax sin6
cp = 12512 Ca3 523 C43 543 cP = Yep cP
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) without SK

24 with SK at

sin2 (913

6013/°

dcp/°

Sin2 913

013/°

dcp/°

0.02195+95005¢
8.527011

177150

0.022157 ¢ 00058
8.5670 11

212129
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0.02023 — 0.02376 | 0.0222470 00025
8.18 — 8.87 8.587 011
96 — 422 285752
CP violation?

0.02030 — 0.02388
8.19 — 8.89

124 — 364
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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]

Padova, 29/05/2025 Simone Marciano - LFV decays in a realistic U(2) model of flavor


http://dx.doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792

Flavor puzzle and neutrino mixing
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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:

> . [amiL
+ 23 ZUaiUpanjUpjsm T

i>j

Am,?jL)

3
P(Va - ’Vp) = aaﬂ — 43R Z U:uUBanluz] Sinz ( AE

i>j

U, appearance v, disappearance

Amz L Amz L
P(U//l —> I/e) ~ Siﬂz 2913 Sin2 923 SiIl2 ( 4;1 ) P(U//t —> I/Iu) ~ 1 — SiIlz 2923 COS4 813 SiIl2 ( 4;1 )

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

atmospheric regime (fast oscillation)
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The AxiFlavon

Coupling || m™a*x/C [eV] | m2*"®) [ov] 2™V (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]
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The AxiFlavon
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