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Neutrinos in the Standard Model

Vv Vv

4+ The SM only contains LH neutrinos —ZP> momenum L momentum
(and RH antlneutranS): no SU(Z)L RH ~g— spin —P Spin
neutrinos Neutrino Antineutrino
(left-handed) (right-handed)

4+ Only neutral fundamental fermion: Dirac or Majorana nature?

4 No mass term for neutrinos can be built with the content of the SM:

Dirac mass term Majorana mass term Lowest dim mass term

_ 1
mvVRV], §mugCTuL %(ngzﬁb)CT(ﬁbT@LL)

X X X

Neutrinos are strictly massless in the Standard Model!
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Neutrino interactions in the SM

W= =1 +7,

Wt — 1+,

(a=e,u,T)

g _
Lo = ———= E Var Yo W, + h.c.
CC \/5 a LY taL Wy

in the SM, only LH

Neutral Current (NC): 7 \N\,\N\,& ne;lr’:lt?zgzt?ir;% :{H
Va / participate in weak
H Vol Z 2

0 _
VA V7N

interactions

9 _
LN = — %
NC 9 oS HW ; aL”Y
4+ Interactions conserve total Lepton Number L: L(l") = L(v) = -LA*) = - L(v) =1

4+ Family lepton numbers L, L, L; are also conserved.
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Neutrino anomalies

Solar neutrino problem (60’s) Atmospheric neutrino anomaly (80’s)

8.1+12 %1269 % 100 ——— T 200 T T T T T T
12 % 1. D00 %1 0rote ."2 V (a) V KXXXX] (b)
« _ _ c 80F ' .. 1150k % L 1. ]
: RERE o Fr
© 60F - . — g
0.48+0.07 6945 el 0%% 100 F : -
_ z L. . :
0.41:0.01 67” qh, 40 B &' ,..i...'
2564023 | 0.30+0.02 o 50 _--!--' i
f§ £ 20f -
SAGE GALLEX g
Superk NG SL\JO oL— ... 0 T B
Cl i HgO Kamiokande 20 i -1 0 1 -1 0 1
_ COoS(® Ccos®
Theory M "Be W P P, pep Experiments m
88 M CNO Uncertainties
Ve—>V|.1,VT Vu — V1

2015: Nobel Prize
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Neutrino oscillations

Standard Model
e e
. Ve | |
Source Detector
A1 r u
VH
Source Detector
However
P P “
- E
Ve Vu
Fuente Detector
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Neutrino oscillations

Standard Model
e e
. Ve | |
Source Detector
A1 r u
VH
Source Detector
|7/ozL — Z Uak:VkL
k e U
SN NN
‘L) V e 2VaVaVavaVaV vV u _E'
Ve VaVaVaVasaVaVaVaVa Vi
Fuente L Detector
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&

“For the discovery of neutrino
oscillations, which shows that

iigigang T neutrinos have mass”
Arthur B. McDI(.)na_ld

Nobelprize.org

neutrinos de se pe
—-
UH® C ® 1@
e e ue Te
l (AN R H...,J | 1} | [ 11 1 IR i | ‘ | ‘ pd
@ =~ —
> < ) > ® @
< < < <

Mariam Toértola (IFIC-CSIC/UValencia) / INTERNATIONAL SCHOOL OF NUCLEAR PHYSICS



Neutrino oscillations

Solar neutrinos

Atmospheric neutrinos

2
3
\ Cosmic roy
.Il P, e, M
3

9

b
x 0' \12

\'-‘ \

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=1 0 cosfhy sinfs 0 1 0 —sin iy cosfiy 0O 0 € 0
0 —sinfhs cos s —sinfi3e®® 0 cosbs 0 0 1 0 0 1

neutrino mass spectrum|

v/ 3 mixing angles: 02, 023, 013

. . B v, N v V1
3 CP phases: 1 Dirac + 2 Majorana -
/ b J v — el TV
B
v/ 3 masses: mj, mg, ms 1
. Am?2, >0 2
= absolute neutrino mass: mo - Am3; <0
.. v, -
= two mass splittings: Am%ll
v v, v I v
2 2

de Salas et al, 2018
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Neutrino oscillations

Solar sector: Atmospheric sector:

.
3
\ Cosmic roy
.u‘ O‘P. e, ]
1

-

N
»
x I' \12

Am?L

2

Pz = sin” 26 sin

4E
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Three-neutrino oscillations

Am2 L AmZ L
P(va = vg) = bag—4 ) Re(U3Ua;UpiUj;) sin® ( i )+2zlm(U3anijU§j)Sin ( 7 )
i>j

/(1) 0 0\ /[ e\ [ c2 sz 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
(Vu—Vs) (Ve—Ve and vu—ve) (Ve—Ve )
Maximal AmiL g . Amj;[eV?] Llkm]
sensitivity at o E[GeV]
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maximum sensitivity to Am?2 =

0.1 eV2 10'2 eV2

emulsion
plastic scintillator
o water
liquid argon
liguid scintillator
magnetised iron

=~
o0
(¢b]
=
(¢b]
(@)
(=
=
e |
>
(¢b]
[

PROSPEET  DANSS

Neugfino-4  SIEREO

©
SciBooNE - \

SoLid &P & NEOS

Mlcro BooNE
SIS ICARUS

Mm/BooNE

D@Ubie Cﬁooz

/.y

RENO

10eV2  1eV?

neu’trmo faciom ' v

OPERA@ /CARUS =
/ 11073 a\/2

- MINOS+.” 10~ eV

/
/

MIN@S .
o @ .-DUNE

accelerator
neutrinos

reactor
neutrinos

"Daya Bay /O -"KamLAND
7 JUNO

/

f f
1m 10m

100m

r
1km

| i [ [
10km 100km 10%km 10%*km

oscillation distance

M Rayner, CERN Courier, 2020
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https://cerncourier.com/wp-content/uploads/2020/07/CCJulAug20_NEUTRINOS_natural.jpg

Neutrino oscillations

Solar sector: 013, Atmospheric sector: 013 6

2
3
\ Cosmic roy
.Il P, e, M
3

L

b
x 0' \12

\'-‘ \

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

TO‘TT -4I IIIIIII|- 1 IIIIIII|-2I IIIIIII|-TI IIIIIII| | T
10" 107 100 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

Reveal tensions among data

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?

in 10°eV?
o

1

2
2

Am
o
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Global fit to v oscillation parameters

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

UPDATED 2026

NO

0.022 0.024 0.026

Sin2 913

0.018 0.020

L L ‘ L L L L | i L L L ‘ L L L L L L | i L L L L L L L L L L L |
8.0 8522 23 24 25 26 27 00 0.5 1.0 1.5 2.0
Am3, [1073 eV?] |Am3,| [1072 eV?] o/m

65 70 73

See also NuFIT and Bari analyses
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Global fit to v oscillation parameters

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

NO

0.018 0.020 0.022 0.024 0.026
sin2913

020 025 030 035 040 04
sin2912

L L L L L | i L L L ‘ L L L L L L | i L L L L L L L L L L L |
7.5 8.0 8522 23 24 25 26 27 00 0.5 1.0 1.5 2.0
Am3, [1073 eV?] |Am3,| [1072 eV?] 6/m

6.5 7.0

Mariam Tértola (IFIC-CSIC/UValencia) 16 INTERNATIONAL SCHOOL OF NUCLEAR PHYSICS


https://globalfit.astroparticles.es/

Global fit to v oscillation parameters

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

20—

NO

0.018

I R
0.020

0.022 0.024 0.026

Sin2 913

i L L L L ‘ L L L L L L
6.5 7.0 7.5 8.0
Am3; [1075 eV?]

85 22

| ‘ | | | | |
2.3 2.4 2.5
Andy| (1073 eV

2.6

27 00 05

10 15 2.0
o/xm
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Global fit to v oscillation parameters

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

207““\“‘\““\“ | ] A L L
15| 1t '
=100 . -
5 1t '
1 | ] N L
0.20 0.25 0.35 0.40 0.018 0.020 0.022 0.024 0.026
sin2913
20— | 7
15(- 1 F
=100 1 F
5¢ 1
6.5 7.0 7.5 8.0 8.5 2.2 2.3 2.4 2.5 2.6 2.7 0.0 0.5 1.0 1.5 2.0
Am3, [1073 eV?] |Am3,| [1072 eV?] o/m
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Global fit to v oscillation parameters

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

20—

020

0.018

I R
0.020

0.022 0.024 0.026

Sin2 913

| | | | ‘ | | | | |
2.3 2.4 2.5
Andy| (1073 eV

7.0 7.5 8.0 8.5 2.2

Am3; [1075 eV?]

65

2.6

27 00

0.5

10 15 2.0

o/xm
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Global fit to v oscillation parameters

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

20—

020

i L L L L ‘ L L L L L L
6.5 7.0 7.5 8.0
Am3; [1075 eV?]

85 22

23

| ‘ | | | | |
2.4 2.5 2.6
Andy| (1073 eV

I R
0.020

0.022
Sin2 913

I R
0.024
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Global fit to v oscillation parameters

parameter best fit £ 10 30 range
Am3, [107°eV7] 752 007 7.26-7.82
(A [ [1073eV?] (NO)  2.50£0.02  2.44-2.57
(A2, | [107%eV?] (I0)  2.4040.02  2.34-2.46
sin® 01,/10~" 3.087909  2.83-3.31
sin® ¢, /10~1 (NO) 5467015 4.40-5.87
sin? 0, /1071 (10) 54617012 4.45-5.84
sin? 013/107% (NO) 2.214+0.05  2.04-2.38
sin? 013/1072 (10) 2.24%508  2.07-2.40
5/m (NO) 1.08T047  0.74-1.98
5/ (I0) 1.52701  1.15-1.85

relative 1o uncert

1.2 %
0.9 % IMass
ordering?
2.6%
4.5%
octant?
2.5%

maximal CP

8-19% violation??

Mariam Tértola (IFIC-CSIC/UValencia)
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Three-neutrino oscillation parameters

0.8

0.2
1

0.45

0.15
10

2
0.04

O DN O

. 30 |
08 2000 2005 2010 2015 2020

Denton et al, Snowmass Neutrino Frontier: NFO1 Report [arXiv:2212.00809]
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Neutrino oscillations

Reactor sector: 013, /Am?31

Double Chooz
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Reactor neutrinos

Production: fission processes in
nuclear reactors

O—» Neutron “pr /%
O..,‘ Electron “Ce /@Q.
. Anti-neutrino La /@O‘ N
N 144p %" - A
Gamma -~ \)_‘
' %Q‘
e -
qud O" (some loss)
—
U U ﬁo-’ J o | ﬁo-’
o 0+®—>@—> oO P — O 0+®—>@—> OO »
@ ., [Conreionls @
gl'Kl’ \
|
4 238
89 + U
Kr@o » @
\ N,
Ro @ o-, @ .
¥ (Tl \ .',".‘Np
Sr%ﬁ @ ‘
VN
source: nobelprize org v @
L

1 GW reactor: more than 1020 antineutrinos/s

Detection: inverse beta decay

reactor neutrino

geo neutrino Y x e + prompt
\\
I/e p / \\‘
P R —— > Y delayed
N
mean capture time z/x\
~ 200 psec on proton n - Y
Y

anti-neutrino detection by inverse beta-decay
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SBL reactor experiments

Well understood, 1sotropic source

Ve
of electron anti-neutrinos .
T 8 Oscillations observed
. _"Ve (E<8MeV) as a deficit of V,
V,

Several Q O
10 + ______
reactor cores sin?26
= 3
:; Unoscillated flux
E observed here Several
Survival Probability detectors
P =1 - sin’20,; sin*(1.27 Am? L/E)
L,
Distance ~1000 meters
L ~1 km: 613, |[AmZ231| ~ few 10-3 eV2 oscillations in vacuum
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SBL reactor experiments

UBLE

FTEoo”

200m hlgh‘/

g ] 70m hiah _~Reactors £
Sl 2on o J Far Detector
s -

100m 300m \‘::;
290m 1,380m Far Detector *J. |

D +4FD (20ton) 6 reactors+ 1 ND + 1 FD (16 ton)

LA R SO L A A S A A L AL B
T ——— [ ! o sin” 2013 = 0.0892 + 0.0044(stat.) + U.l)UJ-)(s{/x.)' R
- i B |Am?2,| = 2.74 £ 0.10(stat.) £ 0.06(sys.)(x10~%eV?) .
---------- No oscillation : : 1 R T | I il it Rttt St el At A S A
1.2 Best fit on sin? 26,, = 0.105 + 0.014 W SR v = A EH1 |
I Vo wroerainy ! o i EH2 ~ [
N I : > B 1> 5
. 14 Uncertainty is the square root of the covariance matrix diagonal terms T | EH3 T | -
g | o 095~ Best fit g B
g | . . > i 1>
R 1 & £ f ]
I : i $ . ¢ FarData i
oo+ f 0 9_— 09— ¢ Near Data -
’ i : ey : L - = Prediction from near data Preliminary 7
i : : ey B 7
08 I i far (81i8 days) + near (258 days) i 0 0.2 0.4 0.6 08 0 " 01.2 " L L 0{4 L L L 0!6 L L L ()fg
1 2 3 4 5 6 7
L.,/ (E,) [km/MeV] L /E, (km/MeV)

Visible energy (MeV)
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The reactor sector

Am2, L
. 9 . 2 31
P.. =1 —sin® 26,3 sin ( o
3.00—— —
L NO 10
C%2.75 RENO- - RENO |
)
= 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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Solar neutrinos

» produced in nuclear reactions in
the core of the Sun:

4p— 4He + 2e* + 2ve +y

CNO cycle

>
Water

Cherenkov

-
L b

\

\ J

rme

=
-
b
b—

Reaction source Flux (cm™2s71)
pp—det v pp 5.97(1 4 0.006) x101°
pe p—dv pep 1.41(1 £ 0.011)x 108

SHe p — *He et v || hep 7.90(1+ 0.15)x 103

Bee” — Livy | "Be 5.07(1 & 0.06)x10°

B %Be*et v | SB || 5.94(1 £ 0.11)x108

BN - BCety | BN | 2.88(1 £ 0.15)x108

0 — BN et v 0 2.15(1 £ 317y 108

"F - 170 et v IR 5.82(1 4 919)x10°
SSM predictions

V energy spectra
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_ different experimental techniques

The solar sector

Solar experiments have measured neutrino disappearance for ~ 50 years

_—

day/night
asymmetry

Water
Cherenkov

®B[+14%]

neutrino spectrum

:3 OB_ T T L I L | I ]
= | (averaged) vacuum matter effect is-
0.7 __oscnlatlon dominant Borexino (pp) dominant:
0B - all solar (pp) Borexino ("Be) =
E | Borexino (pep) ]
0.5 . =
- Borexino (éB) 3
0.4 __Am221 ] =
0.3 = MSW: solar+KamLAND best fit -
. sin%612=0.308 R
0_2f_ __ Am%;=7.50x10%V? \ _f
o || _ _ Homestake r-K 3
0.1F T om0 311 FSK+SNO Supe .
= sin29., Am?21=4.85x10%V CNO) +SNO =
(1] =21 T L I 1 I I e aa —
KamLAND: 1 MV v Endiayin MoV
pI'eCise [« Data-BG-GeoV,
- — Expectation based on osci. parameters
measu.renl:ent Of Ir determined by KamLAND
oscillation o +
frequency T -
L 0.6F + + L
< N
> I—
(% 04— +
0.2
O_llllllllllllllllllllllllllllllllllllllllll
20 30 40 50 60 70 80 90 100
LO/EV (km/MeV)
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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.
- = KamLAND
lo S B =~ 4+ 1.50 mismatch between the
= — values of Am?2;; measured by
R solar and KamLAND
< B
- MB22m
4__ 90, 99% C.L. ] ’
| | | | | | | | |
0.2 0.3 0.4 Am2, = (7.52211) x 107%e V2

Sin2 912
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New reactor data for solar sector

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

175 - . JUNO 2025 _f
& P 59.1 days -
> soF ———— 70 ‘1~ T Tt - 150:_ <+ Data E
2 + Data | e S LT
on I :l Reactor-v IBD = : S Non-oscillated 7, .
S401 s 100 9Li/*He E
5) I L (a’ n) 5 . Geoneutrinos ]
%30 | —1 Geo-v 238U IBD 2 75; + + :5;_ ——  World reactors E
= - -1 o . 214Bi_214PO
S - - Geo-v 232Th IBD >0 : Other backgrounds B
Q| 0 ap : 2t E
29 [0 Atmospherics | - a
L g 0 ...... ]
I 3 I T T T 1
10 ¢ | S L .
i - : 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 1n 2026

10

4 90, 99% CL

1
0.2

] | ]
0.3 0.4
Sin2 912

1 1 1
- —— KamLAND
| —— SNO+
:— Solar
L —— JUNO
- —— Global

| N ! —— |

02 03 04 0.5 6 7 —8 9

sin” 0}, Am3, [107° eV?]

Best precision ever reached for
Am?3; and 0;2 thanks to JUNO

GSinz 91 o)

: = 2.6 %
Amlzz Sln2 612

) _ +0.009

Am3, = (7.521001) X 10™°eV?
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Neutrino oscillations

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

..Su“b'er—'K

lceCube |
~ ANTARES
~ KM3NeT

Mariam Toértola (IFIC-CSIC/UValencia) 30 INTERNATIONAL SCHOOL OF NUCLEAR PHYSICS



The atmospheric sector

Super-Kamiokande IceCube

SourH POLE NEUTRING OESERVATORY

| ICECUBE
@

(1 km mountain overburden)

=
e
5
o
] ll
's
|
|
|
N
|
|

50 m e

Amundsen-Scott South

: 86 strings of DOMs, Pole Station, Anta’[mca
IceCube Laboratory i e EY g A National Science Foundation-
Data is collected here and managed research facilit
sent by satellite to the data
warehouse at UW-Madison

!

1450 m
60 DOMs
’ . on each
) L string
DOMs
! - meters
- i apart = 2
Digital Optical ;I ce -
Module (DOM)  2450m | | H H
5,160 DOMs ; D
deployed in the ice
Antarctic bedrock
E L === _MC no osc
z + ANTARES = MC world best fit
1 000 —— MC best fit

< i - :. - 3 ! . %é{:1ﬂﬁ -
ANTARES TR =L
-k el T !

station

.‘5 200 - 1 ,,,,,,,,
Junction i

ROK %0 00
Cables
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Neutrino oscillations

Accelerator sector: 013 O
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The accelerator sector

4+ Designed to test the atmospheric neutrino oscillation channel
4 L/E ~500 km/GeV to be sensitive to Am?23; ~ few 10-3 eV?2

4 Combine near detector + far detector

Super-Kamiokande J-PARC
Near Detector 280 m

I 1000 m

Neutrino Beam N OVA
MINOS st | NOVA
¥
The MINOS Experiment — Ash River
T2K Intermmcm‘aal_6 /
Falls
Soudan
Buluth |° Fermilab Soudan '
10 km Duluth ¢} ——\
R 735 km NN
12 km
Mi
Detector 1 Detector 2 e ® |A/f
Fermilab Near Detector: Far Detector:
‘ IL IN 980 tons 5400 tons

MO

Fermilab

— results consistent with atmospheric data J
{ fL

— sensitive to vy—v, and v,—Ve
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Atmospheric & accelerator sector

v,and v, disappearance

- = . D . 9 AmgzL
Pw,—»v,) =Py, > v,)=1-s1n7(20,;)s1n 12 N

— only sensitive to sin22023 and |Am?2s2|

v,and U, appearance

. - §in226,, ] a = Am3/Am3, ~ 1/30
P, — v,) = sin“0,; = sin“[(A — 1)Aj, Jy = sin 20,, sin 26,5 sin 20,3 cos 6, 5
= (F)24/2G i
- o s i‘\ (F)24/2C i El Amy,
+ ) S11N 1 S11n Sin — .
Ex A(l — A) 31 31 31
b (AA,)sin[(1 — A)As,] + Oa?)
04 COS S111 Sin = a
ey 31 31 31
— Sensitivity to ocp, the and the octant of 623
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Atmospheric & accelerator sector

3.5
% 3.0F -
D)
7
32.5— -
S 2.0f -
99% CL NO 99% CL SK IO
oo b b by e e b e by
L5S==%63"04 05 06 07 0802 03 04 05 06 07 08
sin’ 63 sin 623
2 1 — +0.022 -3 2 2| — +0.022 -3 2
| Am3, | = (2.502700%5) - 1072 eV | Am3,; | = (2.4007002) - 1077 eV

4+ Great agreement among all the experiments
4 Best sensitivity obtained by T2K, NOvA and IC-DeepCore.
4+ Not possible to resolve the octant of the atmospheric angle.
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Global fit to v oscillation parameters

- /o
0.018 0.020 0.022 0.024 0.026
Sin2 913

020 025 ~0.40

sin2 912

L L L L L | i L L L ‘ L L L L L L | i L L L L L L L L L L L |
7.5 8.0 8522 23 24 25 26 27 00 0.5 1.0 1.5 2.0
Am3, [1073 eV?] |Am3,| [1072 eV?] 6/m

6.5 7.0
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The octant of 025

4+ LBL combination slightly prefer UO (NO) and LO(IO) with Ax2=0.2 - 0.5

4 LBL + ATM prefers UO (NO) and LO (I0) with Ay2~ 0.2 - 0.7

4+ LBL + REAC favors UO (NO and IO) with Ay2~ 1.9 - 4.3 over LO
4 Global analysis shows a milder preference for UO with Ax2~ 1.2 (2.7) for NO (10)

o oo oo bt
0.041 tsll:+ATM B B t:t+ATM B

| LBL+REAC | LBL+REAC

- | Global | Global
< 0.03 - N - N
=
0.02} 1 F -
- 90,99% C.L. | NO ] I 10 ]
N R T NN N N N N A N R N N R R T NN N N NN N A N R R N
0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7
sin’ 653 sin’ 653
sin” 0,3 = 0.546190:5 sin® 6,3 = 0.546 )12
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Global fit to v oscillation parameters

- /o
0.018 0.020 0.022 0.024 0.026
Sin2 913

020 025 ~0.40

sin2 912

i L L L L ‘ L L L L L L L | i L L L ‘ L L L L L
6.5 7.0 7.5 8.0 8522 23 24 25 26
Am3, [1073 eV?] |Am3,| [1072 eV?]
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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 L B LA LR R R LR
14 - SK -V expanded FV E < 2510.19888
[ — Data fit linverted 3 CED
12 ---MC expectation []Normal ] g -
10F : Z _
“oof ] -q  NOVA+T2K: Yo [20 30- T2K prefers also
< - ] | l | ] | ] 6 3
~ 31/2
—g 0 % Scp CP
| I | | | | |
' S RN ECF o NOvVA results
—T —7t/2 0 /2 e <
5 oL depend on mass
Super-Kamiokande observes a @ — T2K-only 1o ordering
Ve €Xcess in agrement with _ —NOvA-only 1o
. - 1o 20 30 b_
maximal CP phase O-p ~ 37/2 A I T B
- 0 5 Ocp
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The CP phase

- N O _— NOVA i
B — T2K |
251 — LBL

—— @Global ]

| | l | | | | | | | | | | | | | | | | - Z

0.0 05 1.0 T5 2000 05 7.0 5 2.0
o/ o/

4+ NO: mismatch between NOvA and T2K and SK atmospheric results
Osr = 1.08m ; 6= /2 (0) disfavored at 4.20 (3.10)

+ I0: all experiments prefer 6§ ~ 3nt/2
Osr = 1.52m; 6= m/2 () disfavored at 7.50 (4.40)
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Global fit to v oscillation parameters

20—
15 1 1 F .
2<IOj - — - — -
5t 1 1t .
0.20 0.25 0.40 0.018 0.020 0.022 0.024 0.026
sin” 61, sin? 013
20— —
151 -
zfle -
5¢ .
6.5 7.0 7.5 8.0 8.5\2.2 2.3 2.4 2.5 2.6 2.7 0.0 0.5 1.0 1.5 2.0
Am3, [1073 eV?] |Am3,| [1072 eV?] o/m
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The mass ordering

4+ T2K and NOvVA separate analyses prefer NO with Ayx?2~ 1.1-1.3

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) prefer IO with Ay2= 2.9
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The mass ordering

Tension between LBL and REAC Am?3; preference in IO

2.0—
B LBL |
: LBL+ATM:
1.5f LBL+REAC| I -
| Global |
] 1
~1.0F 1+ .
4 LBL and REAC data
0.5 11 show better
| agreement in NO
NO 10
\ \ ‘
2,8* LBL; B
LBL+ATM |
o REAC |
s | => LBL + REAC prefer
T 2.6 4 F ,
2 NO with Ay2~ 1.3
i 241 4+
90, 99% CL NO 10
0.0T 002 0.3 004 00T 002 005 004
Sin2 013 SiIl2 013
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The mass ordering

20 [
15 B : 4+ T2K and NOvVA separate analyses
B 10 prefer NO with Ax?2~1.1-1.3
10
< | 4 LBL prefer IO with fix2~ 2.9 (tension NO)
. g NO o 4+ LBL + REAC prefer NO with Ay2~ 1.3
(tension in Am?23; measurement in 10)
S ol HICR ] SO S e

) | | | I | | | | | |
22 25 Jd 25 76 2]
[Am,;| [1077 V7]

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

4+ The global fit prefers NO with Ax2 I0-NO)= 7.7

assuming Wilk’s theorem: 2.80 preference for NO
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Latest JUNO data (207.2 days)

JUNO Preliminary. June 2026 @a

AN Talk by L. Ludhova :
5} \ o /, y Y. Wang (Neutrino 2026)
O . . o o
8. *.:UNO 207.2 days o ] Amzlz =(7.388 i 0.078) x 10'5 evz (1 _6 /0 to 1 _1 /O)
8.0l 7 ' ' 1E L (2025) ] .
_ o SNBSS | |sin®0,, =0.3036 + 0.0087 (2.8% t0 2.1%)
% 75 F e +
Z 70} Global precision:
s o(Am221) < 1% and o(sin20:2) < 2%
§ 6.0 —1 1
| B +0.027 2
b e 1% precision in Am2s; [Am3; = (2.509775) X 10~%eV
026 028 030 032 034 0360 .é. Am31 — ( 2. 4821_8 8%2) X 10_36\72
sin’ 0, ¥
==+ DYB Constraint —o— JUNO w/ DYB constraint
JUNO Preliminary. June 2026 @ = =+ [BL Constraint —4&— JUNO w/ DYB+LBL constraints
515 .................................. ,.1
\\
510
"o 505 I
‘ /
AXIzZ 8161() /
= 7y
500 D 5 P
\\\ AXi0-NO e ,’I
~<=0.05 27 s
\\\\\ .\/\ .e,/ X X S " L L 2 ke o T L L L
S 70 265 260 —255 —250 245 240 235 230 7 230 235 240 245 250 255 260 265  2.70
Am;l (1073 eV?] Ami [10° eVz]
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Latest JUNO data: impact on MO

Combined analysis of JUNO + Daya Bay + LBL prefers NO with Ayx2=4.86

4+ Our LBL + REAC analysis (without latest JUNO data ) prefers NO with Ay2~ 1.3

Ly?(I0-NO) = 11.5

I. Martinez-Solexr, NOW 2026

: Ei : c) LBL Acc + Solar + Reac + Atmos [grid]
065 -26 -25 -24 : . ; ° ' ' ' RN AR A AR °f ' ' ‘ ]
Amz, [10°eV?] Am}, : S/ 1 /) 4//\ \/
Lo\ SN /N /;
2\ 3 R WA I N
IV S N B A4
0 \/7]5 8!0 I \4 : |

} 5 240 245 250 255 260 2. . . ;
om? [107%eV?] 1Am?I [1073eV?] olm

Y] RS/

NO, 10 (IC23 w/o SK-atm) -
Z==== NO, IO (IC24 with SK-atm) LT 70 (prelim)

1
7.0

3 \\ // | \ // ! \\ /
Ly?(IO-NO)= 16~ d 3
X (O-NO) Y o R,
F‘ Marcone! NO 2026 09250 0275 0.3\4 0325 0350 0375 (5).(;1 0.'0sz 0.03 0.04 OE 0.4 \45 0.6
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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 023 >45° - LO disfavoured by Ax2> 1.2 (2.7) for NO (10O)

v normal ordering preferred over 10 with Ay2= 1.7 (2.80)
v 6sr = 1.08m (1.521) for NO (IO) ; 6 = /2 disfavored at 4.20 (71.50) for NO (10O)

4 The tension between T2K and NOvA impacts the determination of the mass
ordering and CP violation.

4 First JUNO data established leading precision in solar parameters.

Analysis of latest JUNO data in progress: impact in MO sensitivity
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Thank you!



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, & ogj;’@ok

OngJ ~ Oﬁ Of?fco

= cosmological data enhances the preference for
NO from 2.0c to 2.70
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