S p p==p p== |NSTITUT DE ° EXCELENCIA % GENERALITAT
VNIVERSITAT (L Fsc ¢ SEVERO VALENCIANA
B VALENCIA ke corruscuar ¢ OcHOA Corstra st

MINISTERIO
DE CIENCIA, INNOVACION
Y UNIVERSIDADES

CONSEJO SUPERIOR DE INVESTIGACIONES CIENT{FICAS




Neutrino anomalies

Solar neutrino problem (60’s)

Atmospheric neutrino anomaly (80’s)
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Neutrino oscillations

Solar neutrinos Atmospheric neutrinos
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Accelerator neutrinos
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The three-flavour v picture

|neutrino mixingy|

1 0 0 cos 13 0 sinfige™ cosflis sinfio O e 0 0
U= 0 costh; sinbhy o 1 0 —sinfy cosfhy 0 0 €” 0
0 —sinfy; cosbly —sinfi3e” 0 cosbis 0 0 1 0O 0 1

neutrino mass spectrum|

v/ 3 mixing angles: 02, 023, 013

v 3 CP phases: 1 Dirac + 2 Majorana Ve v Ve
2 V3 I— v, I tAm2,
/ 3 masses: mj, mq, ms v I
: Am3, >
= absolute neutrino mass: my M3y >0 Am3, <0
L v, I
= two mass splittings: Amgll
v v; I V3 I v
2 2
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Neutrino oscillations

Solar sector: Atmospheric sector:

, Am?L

Pz = sin” 26 sin

4E
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Three-neutrino oscillations

Am?. L AmZ;L
P(l/a — Ug) = 603—42 Re(U;anjUﬁgUgj) Sin2 ( m‘.? )+2 Z Im(U;anjUBiUgj) sin ( 25 )
1>]

/(1) 0 0/ e\ [ c2 s12 0)

0
Co3  S23 0 1 0 —S12 c12 0
0

\ 0 —s93 co3 ) \ —s13€” /J\ 0 0 1)

atmos + accel SBL reac + accel solar + LBL reac
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sensitivity at o E[GeV]
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Neutrino oscillations

Solar sector: 013, Atmospheric sector: 013 6
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Reactor sector (SBL): Accelerator sector: 013 O
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Global analysis to v oscillations
ﬂ .

Compensate low statistics in
subleading oscillation effects
searches
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Global analysis to v oscillations

f

Compensate low statistics in
subleading oscillation effects
searches

Exploit synergies among
experiments

10 10° 10 10" 10 10
2
tan 6.,
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Global analysis to v oscillations

f

Compensate low statistics in
subleading oscillation effects
searches

Exploit synergies among
experiments

A
5
|

Sin‘(0,)=0.316"35  Am3,=(7.54'313) 10%eV*  sin’(©,5)=0.0218+0.0007
sin°(0,,)=0.306+0.013  Am3,=(6.104;) 10°eV*
'sin%(©,,)=0.307+0.012 AmZ,=(7.50312) 10 %eV?

2 5 1,2
5¢ |rL1O eV
o

AmS i
o

Reveal tensions among data
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Three-neutrino oscillation parameters
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Denton et al, Snowmass Neutrino Frontier: NFO1 Report [arXiv:2212.00809]
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Global fit to v oscillation parameters

de Salas et al, JHEP 02 (2021) 071 https://globalfit.astroparticles.es/
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Global fit to v oscillation parameters

de Salas et al, JHEP 02 (2021) 071 https://globalfit.astroparticles.es/
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Global fit to v oscillation parameters

de Salas et al, JHEP 02 (2021) 071
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Global fit to v oscillation parameters
de Salas et al, JHEP 02 (2021) 071 https://globalfit.astroparticles.es/
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Global fit to v oscillation parameters
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Global fit to v oscillation parameters
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Global fit to v oscillation parameters

de Salas et al, JHEP 02 (2021) 071
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Global fit to v oscillation parameters

parameter

best fit -

- 1o 30 range

Am3, [107°eV7]

[Am?, ] [1073eV?] (NO)
[Ams3,| [10_36\/2] (IO)

sin? 912/10_1
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Neutrino oscillations

Reactor sector: 013, /Am?31

Double Chooz
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Far/near

1.2

1.1

oo +" "

SBL reactor experiments

2 reactors + 1 ND + 1 FD (10 ton)

—4— FDIND data

---------- No oscillation

Best fit on sin? 20,, = 0.105 + 0.014

- MD uncertainty

Uncertainty is the square root of the covariance matrix diagonal terms

6 reactors + 4 ND + 4FD (20 ton)
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The reactor sector

Am2, L
. 9 . 2 31
P.. =1 —sin® 26,3 sin ( o
3.00—— —
L NO 10
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)
= 2.50 ) )
5225 Daya Bay ] Daya Bay —
" 90,99% CL NOE " 90,99% CL 10
2005020 0.025 0030 0.020 0.025 0.030
sin’ 013 sin? 013

: _ 0.05 —2
sin2613 =(2.2372%%) - 10

i — 0.07 -2
sin2613 = (2.20757) - 10
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Neutrino oscillations

Solar sector: 013,

Cl, Ga, Super-K
SNO, Borexino
KamLAND

€
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The solar sector

Solar experiments have measured neutrino disappearance for ~ 50 years

neutrino spectrum

_ different experimental techniques
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The solar sector

12_ ] 4 012 measurement dominated
i | by solar neutrino data
— 10__ | 4+ Am?2y; is better measured
% - - by KamLAND.
)
L8 - + 1.50 mismatch between the
= } - values of Am?2;; measured by
N§ 6 B _ solar and KamLAND
< n _
- MB22m ]
- (high Z) ’ sin2012 = 0.304 = 0.016
4 - 90,99% CL |
| | | | | | | | |
0.2 0.3 0.4 Am231 = (7.55 = 0.21) x 105 eV2

SiIl2 912
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The solar sector

12

10
C\]I_I .
> N
m‘” . KamLAND
| 8_ -]
- - <
Annl i ==
NS i
S O
P i

B MB22m
4__ 90, 99% C.L. ]
| | |

1 1
0.2 0.3 0.4

4 012 measurement dominated
by solar neutrino data

4 Am?;; 1s better measured
by KamLAND.

4 1.50 mismatch between the

values of Am?2;; measured by
solar and KamLAND

sin2012 = 0.304 + 0.016

; Am?2z1 = (7.55 + 0.21) x 10-5 eV2
S1n 912
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New reactor data for solar sector

JUNO [arXiv:2511.14593]
SNO+ [arXiv:2511.11856] R

175 - . JUNO 2025 _f
- '1: 59.1 days -
> soF ———— 70 ‘1~ T Tt - 150:_ <+ Data E
s | + Data | zIsp | T v :
on I :l Reactor-v IBD = - of R Non-oscillated 7,
S 407 s 100 —— 9LifHe g
5 I l: ((,l, n) E Cod —— Geoneutrinos
%30 :I Geo-v 238[J IBD 2 75; + + —— World reactors E
= = -1 o - 214Bi_214PO
S - - Geo-v 232Th IBD >0 : Other backgrounds B
Q| 0 ap : 2t E
291 [ Atmospherics - a
1 1 0 |||||| ] ) L
I 3 I T T T 1
10 ¢ | S L .
] - : K
=~ - ey L 4 |
1 2 3 4 5 6 7 8
Prompt Reconstructed Energy [MeV] gl
S|z
Prompt energy (MeV)
4+ LBL reactor exp (240-350km) 4+ Medium baseline reactor exp (50 km)
4+ 1.46 kton-years (May 2022-July 2025) 4+ 59.1 days of exposure
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The solar sector after JUNO

10 —
12 I ! ! ' ' ' l l I ] : — I;;rgI;AND
8j T— ?I(;flro
Lo :
x|
< i
af :
2F -
i ‘ N\ - R ‘ ‘ o
0.2 0.3 0.4 0.56 7 8 9
sin” 01, Am3, [1075 eV?]

Best precision ever reached for
Am?2y; and 0;2 thanks to JUNO

4 90, 99% CL

| o L | OAm2 Oin2 0
0.2 0.3 0.4 m; —1.55% ,S"; 2 _9281%
sin” 01> Amg, sin- 0,
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Neutrino oscillations

Atmospheric sector: 023, 6813, Am?31, ©

..Su“b'er—'K

lceCube
~ ANTARES
~ KM3NeT
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Neutrino oscillations

Accelerator sector: 013 O
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Atmospheric & accelerator sector

v, and U, disappearance

. . . Am;L
P(yﬂ — yﬂ) = P(vﬂ — yﬂ) = 1—sin“(20,5)sin”| 1.27 .

— only sensitive to sin220.3 and |Am2s;|

v, and U, appearance

sin” 26 a = AmZ,/Am2, ~ 1/30

e i
12 sin’[(A — 1)A5, Jo = sin 26, sin 26,5 sin 26,5 cos 0,5
A = (F)2/2Gpn,ElAm?, '

P, — v,) = sin’0;

JoSiNOrp , .
(F )aA(1 T sin A, sin(AA;)sin[(1 — A)A5,]
Jo COS O¢p , , 5
+a YIRS coS Az SIN(AA5)sin[(1 — A)A5,] + O(a?)

— Sensitivity to ocp, the and the
octant of 623
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Atmospheric & accelerator sector

3.5
% 3.0 1 F .
L i
g 25 - DeepCore - - DeepCore -
L 11 -
90, 99% C.L. NO 90, 99% C.L. 10
N ER T RN SRS SRS S N IR R RATURTRRTIN SN R
02 03 04 05 06 07 0802 03 04 05 06 07 08
sin’ 63 sin” 623
3.0 |
2.8 —
= 2026
“ 2.6F —
L 2o update
;:2.4— 7
3
=22 1 f -
[ 90,99% CL NO [ 90,99% CL 101
NI RS ST AN N SRR R RS N NI TSR N RN NS SN NS N
02 03 04 05 06 07 0802 03 04 05 06 07 038
sin’ 6>3 sin’ 623
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Atmospheric & accelerator sector

3.5

- 99% CL NO 99% CL SK IO
o e o ey by e e e
L.5 03 04 05 06 07 0802 03 04 05 06 07 08
sin’ 63 sin’ 623
| Am3,; | = (2.50 £0.02) - 1077 eV? |AmZ, | = (240 £ 0.02) - 1077 eV?

4+ Great agreement among all the experiments

4+ Best sensitivity obtained by T2K, NOvA and DeepCore.

4+ IC-DeepCore starts being competitive with LBL accelerator experiments
+ Not possible to resolve the octant of the atmospheric angle.
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Global fit to v oscillation parameters

20—
15 -
gflo— .
5p -
0.20 0.022 0.024 0.026
sin2913
20— T
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with SK atmospheric
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The octant of 025

4+ LBL combination slightly prefer UO (NO) and LO(IO) with Ayx2 = 0.3-0.4

4 LBL + ATM prefers UO (NO) and LO(IO) with Ay ~ 0.3-1

4+ REAC breaks the degeneracy in favor of UO (NO and IO) with Ayx2 ~ 3.5-5.2 over LO
4+ Global analysis show a milder preference for UO with A2~ 2.0 (2.9) for NO (IO)

ot oo oo L
0.04 t:t+ATM 1 [ t:t+ATM -

| LBL+REAC | LBL+REAC

- | Global | Global
< 0.03- 1T —
R
0.02} 1 -
- 90,99% C.L. | NO ] I 10 ]
R R NN NN R NN N NN N A N N R B T R NN NN NN T NN N R N N R B
0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7
sin’ 63 sin? 023
sin” 6,5 = (5.601))7) - 107! sin® 6,3 = (5.577555) - 107
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Global fit to v oscillation parameters

20—
15F
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Ax?

0.018 0020 0022 0.024  0.026
sin 0

020

20—
15F

10F

Ax?
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with SK atmospheric
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The CP phase

Observation of the appearance channels v, — v, in atmospheric

U

and accelerator experiments allows to measure Ocp

SK Collab, PRD 109 (2024) 072014 Jomnt T2K &
6 NOvVA analysis
AL B L R B B L B B L B R
14 - SK -V expanded FV E < 2510.19888
[ — Data fit linverted 3 CED
12 ---MC expectation []Normal ] g -
10F . Z _
o oF ] -q  NOVA+T2K: lio (20 30- T2K prefers also
< » ] | I | ] | ] 6 3
~ 3r/2
—g 0 % Scp CP
1 I | | | | |
' AP S A ST n NOvVA results
e’ —7/2 0 /2 T S
5 oL depend on mass
Super-Kamiokande observes a @ — T2K-only 1o ordering
Ve €Xcess in agrement with _ —NOvA-only 1o
. _ 10 20 3o -
maximal CP phase O-p ~ 37/2 T ..
- 0 5 Ocp
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The CP phase

i INIOI | | | | | | | | | ; I\IIOVI'A\E
B — T2K 7
25: —— LBL

——  Global _

—— —! o

—— | T

;*. . . ] - L N N
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
o/m o/m
4+ NO: mismatch between NOvA and T2K and SK atmospheric results

Osr = 1.12m ; 6= /2 (0) disfavored at 4.30 (2.90)

+ I0: all experiments prefer 6§ ~ 3nt/2
O6gr = 1.51; 6= /2 () disfavored at 6.80 (3.90)
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Global fit to v oscillation parameters
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The mass ordering

4+ T2K and NOvVA separate analyses prefer NO with Ay2~ 0.2-0.4

Tension between T2K and NOvA 6 preference in NO

2.0—

15[ 1| :
X .
S 1.0 - —

0.5+ - — 90, 99% CL —~

! NO 10
. 1 ] . | ﬁ;\ N\
0.01 0.04 0.05 0.01 0.02 0.03 0.04 0.05
sin’ 013 sin? 013

=> The LBL combination (T2K + NOvA + MINOS) prefer 10 with Ay?2~ 2.6
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The mass ordering

Tension between LBL and REAC Am?23; preference in IO

2.0— —
B LBL T
I LBL+ATM |
1.5 LBL+REAC [~ —
i Global
= ’ 4 LBL and REAC data
~ 1.0+ B
“© show better
05l 11 agreement in NO
NO [0)
| | | |
I I ! I I ] I I I
LBL
ﬁ2'8 LBL+ATM | |
= | o => LBL + REAC prefer
o 20 1T NO with Ax2~ 0.7
i 2.4 4k
I 90, 99 NO | 1O
! ! ! | ! ! ! | ! ! ! | ! ! | ! ! | ! | !
0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04
sin? 013 sin’ 013
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The mass ordering

— w SK-atm - - - w/o SK.atm
20 [
15 _ 1 < T2K and NOvVA separate analyses
) prefer NO with Ax2~ 0.2-0.4
L | _
< 10 4+ LBL prefer 10 with Ax?2~ 2.6 (tension NO)
> | 1 4 LBL + REAC prefer NO with Ay2~ 0.7
(tension in Am?23; measurement in 10)

4+ SK-atm prefers NO with Ax2 = 5.69 (5.23) for 0,3 constrained (free)

+ From the global fit: Ay? (I0-NO)= 7.7 (3.1) w SK-atm (w/o SK-atm)

assuming Wilk’s theorem: 2.80 (1.80 ) preference for NO w SK-atm (w/o SK-atm)
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The mass ordering

de Salas et al, JHEP 02 (2021) 071

Experimental sensitivity to neutrino masses:

8r strong
4+ v-oscillations: Am?; 71 VT;:E e
+ B-decay: mp= f(m;,63) mgs<1.1eV (90% CL) gll——ree |
+ OvBP: mepg = f(m;,0ij,¢:) 25 ] {
©)
4+ Cosmology: Zm; Zm,<0.12(0.15) eV(lgTé?)/o((I:% 'E al { 5 70
ROSULtS from the Combined bayesian mmalysis 3k 2 _____ O G _____ R T R
- weak/moderate preference forNO arivenby ||
oscillation data (2.00)

= [B-decay and Ovp( have little impact on MO. cgf()’ éJ 2 O(,gJIQng é, & og,;@ok

OngJ < Ofy Of?fco

= cosmological data enhances the preference for
NO from 2.0c to 2.70
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Global fit to v oscillation parameters

de Salas et al, JHEP 02 (2021) 071 https://globalfit.astroparticles.es/
20—

15F

Ax?
S

—0.030 0024 0026

SiIl2 913

7.0 7.5 8.0 8522 23 24 25 26 27 00 0.5 1.0
Am3, [107° eV?] |Am3,| [1073 eV?] o/m

— w SK-atm - - - w/0 SK.atm
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https://globalfit.astroparticles.es/

sSummary

4 Global fits to neutrino oscillations exploit complementarities of data sets to
enhance the sensitivity of individual experiments.

4 From the updated three-neutrino global fit:

v/ precise determinations for most parameters (~ 1 - 5%)
v slight preference for 623 >45° - LO disfavoured by Ax2> 2.0 (2.9) for NO (10)

v normal ordering preferred over 10 with Ay2= 7.7 (3.1) w SK (w/0 SK)
v 6sr = 1.12m (1.5m) for NO (IO) ; 6 = /2 disfavored at 4.30 (6.80) for NO (I10)

4 First JUNO data established leading precision in solar parameters.

4 The tension between T2K and NOvVA impacts the determination of the mass
ordering and CP violation.
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Thank you

Hwvala





