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‘ Data to be Described I

Solar experiments
 Chlorine total rate, 1 data point.
e Gallex & GNO total rates, 2 points.
* SAGE total rate, 1 data point.
e SKI1 E and zenith spect, 44 poins.
e SK2 E and D/N spect, 33 points.
* SK3 E and D/N spect, 42 points.
» SK4 2970-day E spectrum and D/N asym, 46 points.
e SNO combined analysis, 7 points.
e Borexino Ph-I 740.7-day low-E spect 33 points.
* Borexino Ph-I 246-day high-E spect ,6 points.
e Borexino Ph-II 1292-day low-E spect, 192 points.
e Borexino Ph-III 1433-day low-E spect, 120 points.

Reactor experiments

e KamLAND DS1,DS2&DS3 spectra
with Daya-Bay fluxes 69 points

e DChooz FD/ND ratios with 1276-day (FD)
and 587-day (ND) exposures , 26 points.

e Daya-Bay 3158-day EHI1,EH2, EH3 spectra ,78
points.

e Reno 2908-day FD/ND ratios 45 points.
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Atmospheric experiments

IceCube/DeepCore 2019 3-year data.
IceCube/DeepCore 2014 9,3-year data (y? table provided |

K I-V 484 kton-years( x? table provided by SK)

Accelerator experiments

MINOS 10.71 x 1029 pot v,,-disapp data, 39 poins.
MINOS 3.36 x 1029 pot v,,-disapp data , 14 points.
MINOS 10.6 x 1029 pot v-app data , 5 points.
MINOS 3.3 x 1029 pot e-app data , 5 points.

T2K 21.4 x 1029 pot v,,-disapp data, 28 points.

T2K 21.4 x 10?9 pot v-app data, 9 points CCQE and 7 p

T2K 16.3 x 1020 pot v,,-disapp, 19 points.
T2K 16.3 x 1029 pot De-app, 9 points.
NOvA 26.6 x 102 pot vy, -disapp data , 21 points.

NOvA 26.6 x 1020 pot ve-app data , 15 points.

NOvA 12.5 x 102 pot v,,-disapp, 18 points.
NOvA 12.5 x 1029 pot De-app, 13 points.




‘ The New Minimal Standard Model |

e Minimal Extension to allow for LFV = give Mass to the Neutrino

* With SM fields: Use v{ i1s right-handed
L is violated = Majorana v = v°

L—Lgpy = —%Myﬁug—kh.c. =
SU(2) is violated = Effective LE

x Introduce vp AND 1mpose L conservation

L—Lsy =—MpUrvg — %M%Vg + h.c. = Dirac v # v°:

e Either way = Mixing in charged current interactions of massive leptons

\%WJZ(U&PEWLVJ + U3 T4 LDI) + he
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‘The New Minimal Standard Model: v flavour oscillations |

e In vacuum:

Pog = 6ap—4 Y Re[U};UsiUq; U}, lsin (Tj) +2) Im[U},Up;Uq;Uj;lsin (Aj)
j#i j#i

Ay = (m? — m?) ﬁ = No information on v mass scale nor Majorana/Dirac

AE
= No information on Mass Ordering (= sign(Am?)) nor octant of § nor CPV

e When osc between 2-v dominates: P53 = sin? (20) sin? (AmQL)
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‘The New Minimal Standard Model: v flavour oscillations |

e In vacuum:

Pog = 6ap—4 Y Re[U};UsiUq; U}, lsin (Tj) +2) Im[U},Up;Uq;Uj;lsin (Aj)
j#i j#i

A = (mj — mz) I:E = No information on v mass scale nor Majorana/Dirac

4E
= No information on Mass Ordering (= sign(Am?)) nor octant of § nor CPV

e If v cross matter regions (Sun, Earth...)
1t interacts coherently
Different flavours have different interactior

Ve, Vy, Vr only Ve

e When osc between 2-v dominates: P53 = sin? (20) sin? (AmQL)

= Effective potential in v evolution: V. # V,, , = AV"* = —AV" = /2GrN,
= Modification of mixing angle and oscillation wavelength (MSW)

= For solar v’s: Dependence on 6 octant

= In LBL terrestrial experiment: Dependence on sign of Am? and 6 octant



‘ 3V FlaVOur Parameters I Concha Gonzalez-Garcia

e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O Cc13 0 813€i50p co1 S12 0
ULep = [0 c23 s23 0 1 0 —s12 c12 0
0 —s23 c23 —Slge_iécp 0 C13 0O 01

e Convention: 0 < 6;; <90° 0 <9 < 360° =2 Orderings

NORMAL INVERTED

e A ™ Img Am3, > 0 by convention
1 =
N , Am%l > (0 for NO
g Am3€ — 9
- - Amz, < 0 for 10
EI m v ms
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e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O Cc13 0 813€i50p co1 S12 0
ULep = [0 c23 s23 0 1 0 —s12 c12 0
0 —s23 c23 —Slge_iécp 0 C13 0O 01

e Convention: 0 < 6;; <90° 0 <9 < 360° =2 Orderings

me o1 Ic;;c]ﬂ Am?Z, > 0 by convention
. A2 Am3, > 0 for NO
= M3y = 5
R . Amsz, < 0 for I0
CEI m; \4 ms
Experiment Dominant  Important Additional
Solar Experiments 012 Am%l 013
Reactor LBL (KamLAND) Am3, 01 015
Reactor MBL (Daya Bay, Reno, D-Chooz) 6,3, Am§ /
Atmospheric Experiments (SK,IC) 053 Amg / 013 ,0¢p

Acc LBL v, Disapp (Minos, T2K,NOvA)  Am3,. O3
Acc LBL v, App (Minos, T2K,NOvA) Ocp 013 053, Am%e ,Amg ’
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‘Global 3 v Flavour Parameters: Spring 2025 I

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05380
(In last years good agreement with results from Bari (2503.07752) and Valencia groups)

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

| NUFIT 6.0 (2024) |

0.65

360

SK-atm = y? table from SK1-5

[C24 = ? table from Icecube
data from 2405.02163

IC19 = Our analysis of Icecube
data from 1902.07771
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Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05380

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

NUFIT 6.0 (2024) |
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‘Global 3 v Flavour Parameters: Spring 2025 I

4 well-known parameters:
012, 013, Am3,, |Am3,|
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‘Global 3 v Flavour Parameters: Spring 2025 I

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05380

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

==zzz NO, IO (IC24 with SK-atm) NUFIT 6.0 (2024) |

e 4 well-known parameters:
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| | 1. 13, Am3y., | Am3,
o H4F H4F » 0o3: Least known angle
3 55 1t 1t Maximal? Octant?
] | f Lt | d non-robust yet
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‘Global 3 v Flavour Parameters: Spring 2025 I

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05380

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

NUFIT 6.0 (2024) |
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e 4 well-known parameters:

Or2, 013, Am3,, [Am3,|

e (53: Least known angle
Maximal? Octant?
non-robust yet

e Ordering NO or 10?

9// CPV?:



‘ MaSS Ordering (and CPV) IConcha Gonzalez-Garcia

e Dominant information in v, vs 7, appearance in LBLL

Aszq ) 2 B+ L\ - A A Ve L B~L Az L
Pe ~ 855 sin? 2613 (B—Bl> sin2( z )—i—Jiisin(%) sin(%) cos( 321 +dcp

T Ve By
AmZ 7 . 2 . 92 .2
Aij = 4Ej Br =A31 = Vg J = c13 sin® 2013 sin® 2023 sin” 2012

N NO, sin® B € [0.44,0.58]
T (O, sin® 0y € [0.44,0.58]

= Each T2K and NOv A favour NO
But some tension in value of dp in NO



‘ MaSS Ordering (and CPV) I Concha Gonzalez-Garcia

e Dominant information in v, vs 7, appearance in LBLL

As1\? B+ L\ - Aa A Ve L B=L As1L
Puef:s§3sin22913 (B—Bl> sin2( z )—I—Jiisin(%> sin(%) cos( 321 :|:50p>

T Ve By
AmZ 7 . 2 . 92 .2
Aij = 4Ej Br =A31 = Vg J = c13 sin® 2013 sin® 2023 sin” 2012

= [O best fit in LBL. combination

|

N NO, sin? fys € [0.44,0.58] T UL
I (0, sin? 6y  [0.44,0.38] 0.65 - 10

B C
o 050 -
2] C C
0.45 .

F T NOvA 1 F
0.40 I
I Tk 1=
0 90 180 270 360 0 90 180 270 360

(5cp 5CP

Parameter goodness-of-fit (PG) test:

normal ordering inverted ordering

Xpq/n  p-value  #o | xBg/n  p-value  #o

— Each T2K and NOv A favour NO T2KvsNOVA | 793 0047 200 | 183 061 050
But some tension in value of ¢ p in NO No statistically significant incompatibility yet




‘ MaSS Ol’dering (and CPV) I Concha Gonzalez-Garcia

e Dominant information in v, vs U, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of ¢ p in NO
= IO best fit in LBL combination = b.f. dcp ~ 290°, CPC disfavoured at 2> 3.5¢

e Additional information from v, in LBL vs v, disapperance in MBL Reactors:

2 2
2 2 cipoAm5; NO
Amy,, ~ Amg, +3§2 m2. 10 + ..

s%zAmgl NO

2 2
Amee _ AmBl—i—c%QAm%l 10

Nunokawa,Parke,Zukanovich hep-ph/0503283

| NUFIT 6.0 (2024) |
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‘ MaSS Ol’dering (and CPV) I Concha Gonzalez-Garcia

e Dominant information in v, vs U, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of ¢ p in NO
= IO best fit in LBL combination = b.f. dcp ~ 290°, CPC disfavoured at 2> 3.5¢

e Additional information from v, in LBL vs v, disapperance in MBL Reactors:
Slightly better agreement in NO = LBL+Reac: NO and IO equally good = CPC OK

e Additional information from SK-ATM=- favouring of NO=- CPC :
SK I-V 484 kton-years x* table added = AX{o_NO with SK—atm = 0

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

| NUFIT 6.0 (2024) |
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e Dominant information in v, vs 7, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of ¢ p in NO
= 1O best fit in LBL combination = b.f. dgp ~ 290°, CPC disfavoured at > 3.5¢0

e Additional information from v, in LBL vs v, disapperance in MBL Reactors:
Slightly better agreement in NO = LBL+Reac: NO and IO equally good = CPC OK

e Additional information from SK-ATM=- favouring of NO=- CPC :
SK I-V 484 kton-years x” table added = AX{o_NO with SK—atm = 0
SK-atm result beyond expectation and not clearly compatible with any ordering

16 ———————————————
14:_ SK IV expanded FV E S — Data(-569) ]
F — Data fit B Inverted ] i g ?ue:‘éo-
B rue .O.
12:_ --- MC expectation [l Normal 107 o (0.88)
10F p.o. (0.0091)

N -
= 8l 102
3 8: F

1072 3

Fraction of Toy Data Sets

104 3

-30 -20 -10 0 10 20 30
A o.-10.

SK Coll. arXiv:2311.05105
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‘Flavour Parameters: leptons vs quarks I

e [eptonic mixing matrix

0.80 — 0.85 0.51 — 0.56 0.14 — 0.16
U |36 = (0.23 — 0.51 0.46 — 0.69 0.63 — O.78>
0.26 — 0.53 0.47 — 0.70 0.61 — 0.76

e Very different and precision very far from:

0.97427 £ 0.00015  0.22534 £ 0.0065 (3.51 £0.15) x 1073
V]ckm = | 0.2252 4 0.00065  0.97344 +0.00016  (41.2711) x 1073
(8.671031) x 1073 (40.4133) x 1072 0.9991461 00600021

e CP violation

LI e e e e e e LANLIL N Y L

NuFIT 6.0 (2024) A

0.5 Zz_D%JﬁUeua -




Table 1

(BRSO ST S IRig1Ria

Experimental limits on neutrino oscillations and neutrino flux predictions

Observables

(Pvg = ve))

P(vg ~ 1)

P(ve = ve)

P(oy > D)
P(V“ - Ve)/P(Vﬂ - v“)

P(vg~vy)

Py~ u,)/P(u“ vy
(Ploy = vy))
(Plyg > uu))
(Plvg~ve))

Py~ )

Plve~ ve)

COIINIIIOUALCS dll KILIOWIL COILSLIALIIILS 1S

Source
refs.

S[6]
R[34]
R

A

M[12]
Mb)

M [12]
Mb)
Al10,11)
A18]9
Ad)
A[13)
Df)

Do
Do

Do

Dg

Early “Global Analysis”

® Barger,Whisnant,Cline,Phillips, PLB Jun 80

® De Rujula,Lusignoli,Maiani,Petcov,Petronzio, NPB May 80

Solution

L m Present
£ MeV limit e |
A B c 1Up3l
— 1.0
10" 21/4,51)2 0.41 0.33 0.41 20| !
1-3 >0.5 0.6-1.0 0.8-1.0 0.8 mean i
5-20 0.1-09 0.05-0.5 0.1-0.9 5 \
0.04 >0.85 ) 1.0 1.0 0.9 =T !
0.3 1.1 0.4 0.95 10 0.8 mean < !
1-3 06-1.0 0.8-1.0 0.8 mean S 0.5
03 <0.04 107 107 107 101 \
3 0.03 0.11 0.03 \
0.04 <107 107 1078 107 i \
1-7 ) 0-032 0—058 0-0.2 5 X
0.04 <0.2¢ 107 10” 0.1 R
0 <25x1072 107° 107 107 . . . . -~
10210} ~0.5 0.51 0.51 0.51 0 o3 o oF o8 0 05 10
10°-10 0.48 0.4 0.48 sin (2Q) |Uesl
10%-10° 0.42 0.33 0.42
10-10 0.3-0.7 0.3-0.7 0.3-0.7
? 0.2-0.6 0.2-0.6 0.2-0.6

0.65 0.65 -(.38

2
8m13

2

dmy,

0, 0, 05 5 U=|[-071e°%[<0021] [0.71e°7[<0.02] #[<006], (62

Solution A: 1.0 eV2 0.05 ev2 45° 25° 30° 0O°

: [0.277e°|<0.04]  [0.272e°|<0.04] 092

Solution B: 0.15 eVZ2 0.05 eV2 55° 0° 45° Q°

Solution C: 10 eV?2

0.05 eV?2 45° 25° 30° Q°.

(6

with mass differences in the ranges

KM-like mixing convention

10 %eVsvimi—mi<1eV,
‘\/,n’I3—'mll~].OCV.

e < $1C3 5183 vy
Vu | = | =816 €1C5C5+ $383¢%° €,C8;5— $3¢4¢%° Va1
v, ~818; €,S5C3— C353e'% €,8,85+ cycqe?® v,

History of Neutrino, September 2018, Paris



Early Reactor O(eV) “hints”

e Data from Savannah River Plant
Nezrick and Reines, PR Feb 66 L.=6 m

Texp _ ().88 4 0.13
Oth

Reines,Sobel,Pasierb PRL Oct 80 LL.=11.2 m

¥f

A:nt-m? (ev?)

——

N
0
LA N B N B B B R B B B BN S B S B

e Early Pheno Analysis
Barger, Whisnant,Cline,Phillips, PLB Jun 80

‘l' bclvis 1979' spec‘Irum

1
v T

1
' Avignone 978 spectrum
— 1.0 —-—II———— —.-_——————J
[N —
£ ;ﬁ,ad% N
O.5 1
a- 3t ) k— <P>

LZ7E (m/MeV)

e Even Flux Independent Analysis !!!
Silverman and Soni , PRL Feb 81

- # of Ue with 4.0<E, <8.5MeV
- - —
Ry~ #ofo. wWith6.2<E, <8.5MeV
20+
16—
o= 120
= \—
=
sl
a4 A .o Fofe with22<Ee<6.7Mev
- €” #of e withada< E<6.7MeV _|
O 1 1 I 1 I 1 L
2 10 18 26 34

Distance from Reactor Source (m)

History of Neutrino, September 2018, Paris
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