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Outline
Status of the 3 global description

What we know and what we do not know (yet?)
Some implications & explorations
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‘The v evidence & path to BSM I

e In the SM only vy, , a = e, p, 7

Gauge Invariance = Each Lepton Flavour o conserved = Total Lepton # Conserved
& v strictly massless
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‘The v evidence & path to BSM I

e In the SM only vy, , a = e, p, 7

Gauge Invariance = Each Lepton Flavour o conserved = Total Lepton # Conserved
& v strictly massless

e We have observed with high (or good) precision:
* Atmospheric v, & v,, disappear likely to v ( SK, MINOS, IceCube, KM3NeT)
* Accel. v, & v, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
+ Some accel v, & v, appear as v, & v, at L ~ 300/800 Km ( T2K, MINOS, NOvA)
* Solar v, convert to v, /v (Cl, Ga, SK, SNO, Borexino)
* Reactor 7, disappear at L ~ 200/60 Km ( KamLAND. JUNO)
* Reactor v, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)

= L, are violated = There 1s BSM Physics
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‘The v evidence & path to BSM I

e In the SM only vy, , a = e, p, 7

Gauge Invariance = Each Lepton Flavour o conserved = Total Lepton # Conserved
& v strictly massless

e We have observed with high (or good) precision:
* Atmospheric v, & v,, disappear likely to v ( SK, MINOS, IceCube, KM3NeT)
* Accel. v, & v, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
+ Some accel v, & v, appear as v, & v, at L ~ 300/800 Km ( T2K, MINOS, NOvA)
* Solar v, convert to v, /v (Cl, Ga, SK, SNO, Borexino)
* Reactor 7, disappear at L ~ 200/60 Km ( KamLAND. JUNO)
* Reactor v, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)

= L, are violated = There 1s BSM Physics

e The important question: What BSM? Not in this talk
Talks by A. Teixeira, C. Hagedorn, M-C. Chen, F. Feruglio. . .

e The global analysis path:
Precise consistent determination of the low energy effective Lagrangian of such BSM
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‘ The New Minimal Standard Model |

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

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

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

x Introduce v AND 1mpose L conservation

L — »CSM — —MDZVR — %M%l/g + h.c. — Dirac v # ¢
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‘ The New Minimal Standard Model |

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

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

L—Lgy = — M VLVL +h.c. =
SU(2)y is violated = Effective LE

x Introduce v AND 1mpose L conservation

L — »CSM — —MDZVR — %M%l/g + h.c. — Dirac v # ¢

e Either way = Charged current interactions of massive leptons are not diagonal

—W+Z P iyt Lvd + Ul Uiy LDY) + hec.

FOI‘ N — 3 ‘|‘ S V/S: ULEP: 3 X N ULEPUEEP — I3><3 UITJEPULEP # INxN

e Either way = Lepton flavours not conserved in v propagation

3-a
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‘ The New Minimal Standard Model: v~ flavour oscillations |

e In vacuum:

- * * : A’L * * .
P.g = 6q3—4 ZRe[UaiUmUaj U}, ]sin? (Tj) 19 ZIm[UaiUganj UpiJsin (A;;)
J<t j<
2 2

5o = (mi —m3) ﬁ = No information on  mass scale nor Majorana/Dirac

e When osc between 2-v dominates: P,.g = sin? (20) sin? (Am2 %)

= No information on Mass Ordering (= sign(Am?)) nor octant of # nor CPV
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‘ The New Minimal Standard Model: v~ flavour oscillations |

e In vacuum:

Pop = bap—4 Y Re[U};UsiUq; U}, lsin (Tj) +2) Im[U},Up;Uq;Uj;lsin (Aj)
7<t 1<

5L = (m? — m?) ﬁ = No information on  mass scale nor Majorana/Dirac

e When osc between 2-v dominates: P,.g = sin? (20) sin? (Am2 %)

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

e If v cross matter regions (Sun, Earth...) Y oY ‘
it interacts coherently Z W
Different flavours have different interactior

1%

e
e, N Ve,s Vs Voo e, N only v,

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

= Solar v/ s: 2v-dominant dependence on 6 octant

= LBL & ATM v,,(), U,,(¢): Dependence on sign(Am?)
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e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O C13 0 313€—i5cp c12 S12 0 S 0.0
ULgp = |0 ca23 s93 0 1 0 —S19 ¢c12 0O 0O 20
0 —s23 c23 _813ei5cp 0 C13 0 01 J 0O 1

e Convention: 0 < 6;; <90° 0 <4 < 360° =2 Mass Orderings (MO)

NORMAL INVVERTED
m A mo N\ .
- I“f Amgl > ( by convention
2
2 A2 — Amz, > 0 for NO
= ms, = )
S m Amz, < 0 for 10
CEI m \ 4 m
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e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O C13 0 313€—i5cp c12 S12 0 S 0.0
ULgp = |0 ca23 s93 0 1 0 —S19 ¢c12 0O 0O 20
0 —s23 c23 _813ei5cp 0 C13 0 01 J 0O 1

e Convention: 0 < 6;; <90° 0 <4 < 360° =2 Mass Orderings (MO)

NORMAL INVERTED
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me o1 Ic;;? Am?Z, > 0 by convention
N ) Am3, > 0 for NO
= Am3, =
R . Am3, < 0 for IO
CEI m \4 ms
Experiment 2v dominant  3v effects 3v synergies
Solar Experiments 012, Am%l 013
Reactor LBL (KamLAND/JUNO) 012, Am3, 013, |Am3,|, MO
Reactor MBL (Daya Bay, Reno, D-Chooz) 613, |Am3,| 612, Am3,
Atmospheric Experiments (SK,IC) 03, Am% / 013, 0cp, MO MO
Acc LBL v, Disapp Minos, T2K,NOvVA)  6o3, |[Am3,| 612, Am3,
Acc LBL v, App (Minos, T2K,NOvA) 013, Am% ’ Ocp> MO, 023
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We perform an updated global analysis of the known and unknown parameters of the standard three-
neutrino (3v) framework, using data available at the beginning of 2025. The known oscillation parameters
include three mixing angles (6,5, 63, 6,3) and two squared mass gaps, chosen as dm® = m3 — m} > 0 and
Am? = m} =L (m} + m3), where the discrete parameter a = sign(Am?) distinguishes normal ordering
(NO, a = +1) from inverted ordering (10, a = —1). With respect to our previous 2021 update, the

jon of reactor, and 3 ic neutrino data leads to appreciably reduced
uncertainties for 653, 63, and |Am?|. In particular, |Am?| is the first 3v parameter to enter the domain
of subpercent precision (0.8% at 15). We underline some issues about common systematics in combined
fits that might affect (and possibly weaken) this error estimate. Concerning oscillation unknowns, we find a
relatively weak preference for NO versus IO (at 2.26), for CP violation versus conservation in NO (1.36),
and for the first 6,3 octant versus the second in NO (1.16). We discuss the current status and qualitative
prospects of the mass ordering hint in the plane charted by the mass parameters (5m?, Am2,), where

Am2, = |Am?| + La(cos0,, — sin6;,)om?, 1o be jointly measured by the JUNO experiment with
subpercent precision. We also discuss upper bounds on nonoscillation observables, including the effective
v, mass my in f decay, the effective Majorana mass iy, in 036 decay, and the sum of neutrino masses £ in
cosmology. We adopt 1 < 0.50 ¢V (26) from current *H data and report my, < 0.086 eV (20) from a
combined "Ge, '®Te, and '**Xe data analysis, accounting for parametrized nuclear matrix element
covariances. Concerning X, current results show tensions within the standard A cold dark matter (\CDM)

cosmological model, pulling X toward unphysical values and possible model We
discuss representative combinations of data, with or without augmenting the ACDM model with extra
: for possible (lensing anomaly) or new physics (dynamical dark energy).

The resulting 2 upper limits are roughly spread around the bound £ < 0.2 eV within a factor of 3 (both
up- and downward), with different implications for NO and IO scenarios. Bounds from oscillation and
nonoscillation data are also discussed in the planes charted by pairs of (1, my, £) parameters.

DOL: 10.1103/PhysRevD.111.093006
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ABSTRACT: We present an updated global fit of neutrino oscillation data in the simplest
three-neutrino framework. In the present study we include up-to-date analyses from a
number of experiments. Concerning the atmospheric and solar sectors, besides the data
considered previously, we give updated analyses of IceCube DeepCore and Sudbury Neu-
trino Observatory data, respectively. We have also included the latest electron antineutrino
data collected by the Daya Bay and RENO reactor experiments, and the long-baseline T2K
and NOvA measurements, as reported in the Neutrino 2020 conference. All in all, these
new analyses result in more accurate measurements of 013, 012, Am3; and [Am3;|. The
best fit value for the atmospheric angle 23 lies in the second octant, but first octant solu-
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ABSTRACT: We present an updated global analysis of neutrino oscillation data as of September
2024. The parameters 612, 613, Am3;, and |[Am3,| (£ = 1,2) are well-determined with relative
precision at 30 of about 13%, 8%, 15%, and 6%, respectively. The third mixing angle 653 still
suffers from the octant ambiguity, with no clear indication of whether it is larger or smaller
than 45°. The determination of the leptonic CP phase dcp depends on the neutrino mass

L INTRODUCTION the standard three-neutrino (3v) framework, where the

! ! ! . tions remain allowed at ~ 2.40. Regarding CP violation measurements, the preferred value
neutrino states (v, v,,v;) with definite flavor are mixed 5 btain is 1.087 (1.587) f |G ted tri deri The elobal
with neutrino states (v1,u5,05) with definite masses of 0 we obtain is 7 (1.587) for normal (inverted) neutrino mass ordering. e global
(my,my,m3) via a unitary mixing matrix U [1.2]. The analysis still prefers normal neutrino mass ordering with 2.5¢ statistical significance. This
current pillars of the 3v framework are represented by preference is milder than the one found in previous global analyses. Thes
multiple measurements of five parameters: three mixing
Published by the American Physical Society under the terms of — angles 6;; (6)3,6,3,06,3) governing oscillation amplitudes

the Creative Commons Attribution 4.0 International license. and two independent squared mass differences governing
Further distribution of this work must maintain attribution to e e . . . 2
oscillation frequencies, which we choose as dm* = m5 —

the author(s) and the pub[u/zgd article’s title, journal citation, A
and DOL. Funded by SCOAP’. m} >0 and Am® = m3—%(m}+m3). Each of these

. . ordering: for normal ordering the global fit is consistent with CP conservation within 1o,
Results from solar, atmospheric, accelerator, and . R A R R . .
reactor neutrino oscillation experiments have established whereas for inverted ordering CP-violating values of dcp around 270° are favored against CP

conservation at more than 3.60. While the present data has in principle 2.5-30 sensitivity to
new results

the neutrino mass ordering, there are different tendencies in the global data that reduce the

should be regarded as robust due to the agreement found between our Bayesian and fre-

. b Takine i I dlation d b ) X d discrimination power: T2K and NOvA appearance data individually favor normal ordering,
quentist approaches. Taking into account only oscillation data, there is a weak /moderate but they are more consistent with each other for inverted ordering. Conversely, the joint

determination of |Am3,| from global disappearance data prefers normal ordering. Altogether,

OPEN ACCESs, (© The Authors.

Published by the American Physical Society Article funded by SCOAP?. https://doi.org/10.1007/JHEP02(2021)071

2470-0010/2025/111(9)/093006(22) 093006-1

Talk by A. Marrone
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prospects of the mass omlcnna hint in the plane charted by the mass panmclcrs (r)m Am,), where
Am2, = |Am?| + La(cos?d,; — sin6;,)0m?, to be jointly measured by the JUNO experiment with
subpercent precision. We also discuss upper bounds on nonoscillation observables, including the effective
v, mass m in f} decay, the effective Majorana mass m1 in Ov3f decay, and the sum of neutrino masses X in
cosmology. We adopt 1 < 0.50 eV (26) from current *H data and report m; < 0.086 eV (20) from a
combined 7Ge, '*Te, and '*Xe data analysis, accounting for parametrized nuclear matrix clement
covariances. Concerning X, current results show tensions within the standard A cold dark matter (ACDM)

cosmological model, pulling = toward unphysical values and possible model We
discuss repre\en[dme combinations of data, with or without augmenting the ACDM model with extra
for possible (lensing anomaly) or new physics (dynamical dark energy).

The resulting 2 upper limits are roughly spread around the bound £ < 0.2 eV within a factor of 3 (both
up- and downward), with different implications for NO and IO scenarios. Bounds from oscillation and
nonoscillation data are also discussed in the planes charted by pairs of (1, my, £) parameters.

DOI: 10.1103/PhysRevD.111.093006

L INTRODUCTION the standard three-neutrino (3v) framework, where the
neutrino states (v, v,,v;) with definite flavor are mixed
with neutrino states (vy.v5.v3) with definite masses
(my.my, ms) via a unitary mixing matrix U,; [1,2]. The
current pillars of the 3v framework are represented by
multiple measurements of five parameters: three mixing
Published by the American Physical Society under the terms of — angles 0;; (0}5.0}3.0653) governing oscillation amplitudes
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Results from solar, atmospheric, accelerator, and
reactor neutrino oscillation experiments have established
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ABSTRACT: We present an updated global fit of neutrino oscillation data in the simplest
three-neutrino framework. In the present study we include up-to-date analyses from a
number of experiments. Concerning the atmospheric and solar sectors, besides the data
considered previously, we give updated analyses of IceCube DeepCore and Sudbury Neu-
trino Observatory data, respectively. We have also included the latest electron antineutrino
data collected by the Daya Bay and RENO reactor experiments, and the long-baseline T2K
and NOvA measurements, as reported in the Neutrino 2020 conference. All in all, these
new analyses result in more accurate measurements of 013, 012, Am3; and [Am3;|. The
best fit value for the atmospheric angle 23 lies in the second octant, but first octant solu-
tions remain allowed at ~ 2.40. Regarding CP violation measurements, the preferred value
of 0 we obtain is 1.087 (1.587) for normal (inverted) neutrino mass ordering. The global
analysis still prefers normal neutrino mass ordering with 2.5¢0 statistical significance. This
Th
should be regarded as robust due to the agreement found between our Ba

preference is milder than the one found in previous global analy new results

resian and fre-

quentist approaches. Taking into account only oscillation data, there is a weak/moderate
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ABSTRACT: We present an updated global analysis of neutrino oscillation data as of September
2024. The parameters 612, 613, Am3;, and |[Am3,| (£ = 1,2) are well-determined with relative
precision at 30 of about 13%, 8%, 15%, and 6%, respectively. The third mixing angle 53 still
suffers from the octant ambiguity, with no clear indication of whether it is larger or smaller
than 45°. The determination of the leptonic CP phase dcp depends on the neutrino mass
ordering: for normal ordering the global fit is consistent with CP conservation within 1o,
whereas for inverted ordering CP-violating values of dcp around 270° are favored against CP
conservation at more than 3.60. While the present data has in principle 2.5-30 sensitivity to
the neutrino mass ordering, there are different tendencies in the global data that reduce the
discrimination power: T2K and NOvA appearance data individually favor normal ordering,
but they are more consistent with each other for inverted ordering. Conversely, the joint
determination of |Am3,| from global disappearance data prefers normal ordering. Altogethe;

OPEN Access, © The Authors.

Avtisle funded by SCOAPS https://doi.org/10.1007/JHEP12(2024)216



Covobio Congolan o
14

KamLAN]%/HNOS Daya-Ba3lf\I OvA
K2K / | JUNO

|
2000 2004 2008 2012 2016 2020

|
2024



‘ Data tO be Described I Concha Gonzalez-Garcia 8

Solar experiments Atmospheric experiments
* Chlorine total rate, 1 data point. * IceCube/DeepCore 2023 8-years,200 points.
* Gallex & GNO total rates, 2 points. « IceCube/DeepCore 2024 9.3-years (x> map).

* SAGE total rate, 1 data point.

e SKI E and zenith spect, 44 poins.

e SK2 E and D/N spect, 33 points.

* SK3 E and D/N spect, 42 points.

e SK4 2970-day E spectrum and D/N asym, 46 points.
* SNO combined analysis, 7 points. ACC@]@I'atOI' eXperimentS

e Borexino Ph-1 740.7-day low-E spect 33 points. « MINOS 10.71 x 102 pot v, -disapp data, 39 poins.

* Borexino Ph-I 246-day high-E spect ,6 points. MINOS 3.36 x 102 not 5. -di data - 14 voint
. .36 X - , :

e Borexino Ph-1I 1292-day low-E spect, 192 points. POt ¥y ~clSapp catd POIITS
« MINOS 10.6 x 10%° pot v.-app data , 5 points.

* Borexino Ph-III 1433-day low-E spect, 120 points.
« MINOS 3.3 x 102" pot V. -app data , 5 points.

* SK1-V(2024) 484 kton-years( X2 map).

IceCube/DeepCore 11.2-years
 NOT INCLUDED: KM3NeT/ORCA 510 days

SK-VI v-2026

Reactor experiments e T2K 21.4 x 102° pot v, -disapp data, 28 points.
* KamLAND DS1,DS2&DS3 spectra e T2K 21.4 x 10°° pot v.-app data, 9 points CCQE and 7 points
with Daya-Bay fluxes 69 points CClr.
* DChooz FD/ND ratios with 1276-day (FD) e T2K 16.3 x 102° pot & ,.-disapp, 19 points.

and 587-day (ND) exposures , 26 points.

. 20 _ -
* Daya-Bay 158-day EH1,2,3 spectra ,78 points. T2K 16.3 X 107" pot Ve -app, 9 points.

* Reno 300-day FD/ND ratios 45 points. * NOvA 26.6 x 10°" pot v,,-disapp data , 21 points.
e SNO+ 1.45 Kt-ur spectrum DSI & II, 46 points « NOvA 26.6 x 10%° pot v.-app data, 15 points.
e JUNO 207.2-day spectrum, 156 data points « NOvA 12.5 x 1029 pot v,,-disapp, 18 points.

e NOT INCLUDED: SK-reactor 411.5 days hep-
ex/2610.03143

NOvA 12.5 x 102° pot V. -app, 13 points.
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Global 3 v Flavour Parameters: Fall 2026

Global 6-parameter fit http://www.nu-fit.org

Esteban, MCGG, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05480,2601.09791

(In last years good agreement with results from Bari and Valencia groups)

15

10

Ax2

15

10

sz

NO, IO (IC23 w/o SK-atm)

| NUFIT 7.0 (prelim) | 1C23 =

0.65

i 1 | 1 1 1 1 1 | 1 1 1 1LC 1 1 | 1 1 1 1 1 | 1 1 1 | ] _l 1111 | 1 111 1111 | 111 I_
0.28 0.3 0.32 034 0.02 0022 0024 002 04 045 05 055 06
.2 .2 .2
sin” 6,, sin” 6., sin” 6,,
|III|III|III|I T T TT IIIIIII|IIIIII|IIIIIII TT TTTTT IIIII|IIIII T TTTT
_|III|III ||||II|I_ _II|IIII||||||IIiIII|IIII ||||II_ ||||||||||| |||||||II_
7 72 74 76 78 26 25 24 24 25 26 0 90 180 270
2 -5 2 2 -3 2 2
Am;, [107 eV7] Amz, [107eV] Amg, Ocp

360

Our analysis of Icecube
data from 2304.12236
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‘Global 3 v Flavour Parameters: Fall 2026 |

Global 6-parameter fit http://www.nu-fit.org

Esteban, MCGG, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05480,2601.09791
(In last years good agreement with results from Bari and Valencia groups)

NO, IO (IC23 w/o SK-atm)

===== NO, 10 (IC24 with SK-atm [-V) LNUFIT 7.0 (prelim) | IC23 = Our analysis of Icecube
T T TNT | T T ’ | T T T T T T T \T | T T T7 | T T T | TT |\| TTT | TTTT | T |, T | TTTT
15 \ — = / — = o —
B 1r \ 1r S ! ] data from 230412236
10 1 1 1 SK-atm = * table from SK1-5
C\l>< B 1LC 1LC ]
< L 1L 1L N
L 1t 1t 1 IC24 = y* table from Icecube
[ 1F 1F i data from 2405.02163
0 B | | | | | | | | | | | i B | | | | | | | | | | | | | i _l | I | | | 111 | | | | | I_
0.28 0.3 0.32 0.34 0.02 0.022 0.024 0.026 0.4 045 05 055 06 0.65
sin2 912 sin2 913 sin2 623
15 _l 1T\ | k\ T T | T T /I | T T I_ _II | I\‘I T | IIII TT | TT ” TT | TTTT | TT Il | II_ _I T I//l I\I\\I T T 1T | T\T I\\I T | T T Il T T
i 1L 10/ .
o 10 ] ;’ ]
E 1t 1t L
5k 1k . /
0 B | | I | | | I | | | | | I | | | i _I | | | | | | 11 ii 11 | | 111 | | I_ | I T | | | I I I | A/I | | | I I I |
7 7.2 7.4 7.6 7.8 26 25 -24 24 25 26 0 90 180 270 360

2 -5 2 2 -3 2 2
Am;, [107 eV7] Amz, [107eV] Amy, dcp
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‘Global 3 v Flavour Parameters: Fall 2026 |

Global 6-parameter fit http://www.nu-fit.org
Esteban, MCGG, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05480,2601.09791

4 well-known parameters:

up __low 912 913 Am2 Am2 |
. . x x ’ ’ 21> 3/
_____ NO.I0 (C23 woo SK-atm) - Precision —3g—z2e ST A8 Gfm) 2
————— NO, IO (IC24 with SK-atm I- ’ X { /I I/ — Am2 1 Solar VS Reactors
15 _I T T \\I | T T } | T T I_ _I T T T \{ | T T II | T T T |_/ | T]
101 L ] ]
F | 1L X ]
- T - -
5+ — ~r -
i 912 2.1% | ] 913 2.7% | | 1C | | ]
002 0.3 0.32 034 002 0022 0p%4 002604 045 05 055 06 065
.2 .2 .2
sin” 8, sin” 0 sin 623
15_| T T\T | I\\I T | T I/I | T T I_ _Ill II\IIlI'Illllll ”IIlIIIIlII : |II_ T I//I I\I\\I T TTT | T\T I\\I T | T T III T
i 1r - ]
— — — l — —
- 4 1 - -
10 — -1 I —
o~ B 17 I T 7]
I [ 1) 4 - 7
L /] I i 7]
51— / T
— , —
L 2 I .
- 1.9% |Am3,| ]
0_|III|IIN II|IIIIIIIIIIIIIIIIIIIIIIIIII|IIII III|II_ IIIII|IIIII /l/llllllll
7 72 74 76 78 26 25 -24 24 25 26 0 90 180 270 360

2 -5 2 2 -3 2 2
Am;, [107 eV7] Am, [107eV] Amg, Ocp



Concha Gonzalez-Garcia 12

‘Global 3 v Flavour Parameters: Fall 2026 |

Global 6-parameter fit http://www.nu-fit.org

Esteban, MCGG, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05480,2601.09791
e 4 well-known parameters:

012, 013, Am3,, |Am3,|
NO, IO (IC23 w/o SK-atm) NUFIT 7.0 (prelim) |
===== NO, IO (IC24 with SK-atm I-V) u p Am2 1 Solar VS Reactors
15_| T I\\I | T T } | T T I_ _I T \ T _lll |\||II|IIII|IIII |||II_
10 H4F B - . 0-3: Least known angle
(\l>< B 1LC B p
5 or 1T - 1 Maximal? Octant?
5 - —] - - —]
] i ] { non-robust yet
B 1 | 1 1 1 1 1 | 1 1 1 i B 1 1 | 1 1 1 1 1 | 1 1 1 | _l 1111 | 1 111 | | | 111 I_
0.28 0.3 0.32 0.34 0.02 0.022 0.024 0.026 0.4 045 05 055 06 0.65
sin2 912 sin2 613 sin2 623
15 _l T T\T | k\ T T | T T /I | T T I_ _II | II‘I T | ThnyTT | TT !! TT | TTrT | TT Il' | II_ _I T I//I I\I\ T TTTT | T\T I\\I T | TT y TT
0 o= . .
E 1T ii y L
5 o= | . E
0 B | 1 1 | 1 1 || | 1 1 | 1 i _I 1 | L1111 | 1111 | 11 II 11 | | 111 | 1 I_ | I I I | | | | /I/I 1 | | I |
7 7.2 7.4 7.6 7.8 26 25 -24 24 25 26 0 90 180 270 360

2 -5 2 2 -3 2 2
Am;, [107 eV7] Am, [107eV] Amg, Ocp
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‘Global 3 v Flavour Parameters: Fall 2026 |

Global 6-parameter fit http://www.nu-fit.org

Esteban, MCGG, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05480,2601.09791
e 4 well-known parameters:

012, 013, Am3,, |Am3,|
NO, IO (IC23 w/o SK-atm) NUFIT 7.0 (prelim) |
===== NO, IO (IC24 with SK-atm I-V) u p Am21 Solar VS Reactors
15_| T I\\I | T T } | T T I_ _I T \ T ] _ll T |\| TTT | TTTT | T III | TTTT
10 H4F H4F - . 0-3: Least known angle
(\l>< B 1LC 1LC p
5 or 1T 1T 1 Maximal? Octant?
5 - —] - —] - —]
] i i { non-robust yet
B 1 | 1 1 1 1 1 | 1 1 1 i B 1 1 | 1 1 1 1 1 | 1 1 1 | i | 1111 | 1 111 | | | 111 I_ .
0.28 0.3 0.32 0.34 0.02 0.022 0.024 0.026 0.4 0.45 0.5 0.55 0.6 0.6, o Orderlng NO Or IO?
sin’ 0, sin? 0,5 sin? 6,5 /
CPV?:
15 _l T T\T | k\l T | T T /I | T T I_ _II | II‘I T | IIII TT | TT !! TT | TTrT | TT Il' | II_ _I T I//I I\I\I T T 1T | T\T /
0 o= o .
E 17 17 L
5 o= 1 /
0 B | 1 1 | 1 1 || | 1 1 | 1 i _I 1 | L1111 | 1111 | 11 II 11 | | 111 | 1 I_ | I I I | | | | /l/I 1 | | I |
7 7.2 7.4 7.6 7.8 26 25 -24 24 25 26 0 90 180 270 360

2 -5 2 2 -3 2 2
Am;, [107 eV7] Am, [107eV] Amg, Ocp



3 v Analysis: Dominant Am3, Osc. a

Solar Reactors LBL

Borexino
) Chlori SK, SNO : : :
) Galliym __ 10N e Effectively vacuum oscillations
10 E T T T T T T T L
10" i_ SFII-GS98 + ecCNO .i
et Solar Neutino Spectra (£10) 3 —
1010=r pp[10.6°/o7]Be[+7%] : L o B SNO+
= E n 3
- o F "Be[£7%] 3 10r -
3 108:r | R 1 I B JUNO 2072 days |
o 10°F i 1 . B KamLAND
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1 | [ 3 NN
10r | /:/'/ o T g
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Neutrino Energy in MeV L
= R L
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0.8 Dgsm - < ee>
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0 1 | L L oo |
10" 10

1
Neutrino Energy [MeV]

e From average vac. osc. (£ < 1 MeV)
to adiabatic matter transitions (£ 2 4 MeV)
= 019 < 45°
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Solar Reactors LBL

Borexino
i SK, SNO . . .
) Galliym __ 10N e Effectively vacuum oscillations
10 E T T T T T T T L
12 SFII-GS98 + ecCNO .
12115- SolarNeutrinoSpectra(-'_-w)-! T
r pp[+0.6%] 1 -
— 10°F Be[7%] - 10. 30 B SN0
A7 F Be[+7% 3 [ -
e ] e | = o
am
. 1o7=r”N[r1e%L---j aeeE e L
oy gl | R |
2 10° Fsé[—r-ﬁ%] i - JI___E__\':eNI[tM%] . L &
5 105[ __________ | | E N}, eO+eF[£15%] sgiuqag 1 %
x 1ot FlE19% | P i - o
T, ef /:/ o !
10°F 1 (. 11 1 2
10’ l Lo - -
'y : | o . i)
1 % 11 L a
01 02 05 10 20 50 100 200
Neutrino Energy in MeV
= R =
0.9F P =
2 P — (p )
081 Pssm (Pee E - -
o7E o E 0.2 0.3 04 0.5 0.6 0.7 0.8
E . E in’f
0.6F- } . = sin” By
o’ 0.5% { l B —;
0.4F = .
o e 2003-2015:
é_ = . 2 . .
N E KamLAND dominant Am?, precision
0.4 = . L.
o R Solar dominant 615 precision

1
Neutrino Energy [MeV]

e From average vac. osc. (E < 1 MeV) o After Dec 2025:

to adiabatic matter transitions (£ 2 4 MeV) JUNO leads Am% and 012 precision
= @15 < 45° (with solar prior 615 < 45°)



‘Results from JUNO: | ©

Ams, L Amii L 5 (Amd,L
P,. v, = 1—cissin® 2015 sin” ( T2 )—Sin2 2013 [032 sin’ ( a1 ) + 575 sin” ( "m32 )]

1.4
D 0 D B JUNO

W e [omcano)
E [ [eoee .
3 1.0
©
Q
2 0.8
o

Ve SUrviva
© o o o »
N H [=)]
———————

1071 10° 10! 102
Baseline (km)

Talks by V. Vorobel, T. Tmej



4 . 2 . 2
P, ., = 1—cy3sin” 2042 sin (

1.4

=
[N)

o

| probability
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Ve SUrviva

207
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Results from JUNO: Dominant Am?, Osc. o

’Daya Bay"Daya Bay‘
] (near)
b T

(far) ’

(JUNO]

’ [KamLAND|
(I

10°

10!

102

Baseline (km)

.2 Day data :

70F

60F

Events / 40 keV

ol

50F
W0F
30 2

F [ om0
200

10+

I

Am3, =7.388 x 10° eV

sin’8,, = 0.3036  sin’(26,) = 0.0851
Lo b by

EERESEEEsSmas
Juno 207.2 days

h

1

2 3 4

5 6
Prompt energy [MeV]

8

M. Maltoni PIC2026 Talk
Talks by V. Vorobel, T. Tmej

Am%lL —sin? 20 c2.in” Am%lL 1+ 52, kin” Am§2L
15 13 | C12 15 12 1E

e Leading precision in 65 and Am?,

[ T I T T T I T T T T I T T ]
82 - Solar ]
o - "\ :
< 78F -
o L 7
2 76F -
NE& r ]
3 74 -
72 - a ]
C Juno-207 | “: KL + SNO+ 7]
7E —‘ i : ‘ ]
C 1 1 I 1 1 1 I 1 1 I 1 ]
0.25 0.3 0.35 0.4
.2
sin’g,,

M. Maltoni PIC2026 Talk

e rel precision at 30/3:
Before JUNO wJUNO90d wJUNO 207.2d
Nufit6.0 — NuFit6.1 — NuFit 7.0 (prel)
4.3% 2.5% 2.1%

5% 2.6% 1.9%

612

Amgl

o o

o o
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P, ., = 1—cy3sin” 2042 sin (

Events / 40 keV

207.2 Day data :

100

=

.21 (near) | (far)

90F
80f
70F
60
50
40F
30f
20F

10+

Results from JUNO: Subdominant Am3, Osc.

JUNO
[KamLAND

[ o

Daya Bay || Daya Bay

101 100 10! 102

Baseline (km)

‘ R REEERmaE
Juno 207.2 days

Am?, =2.509 x 10° eV
Am3, =7.388 x 10° eV } #

sin’8,, = 0.3036  sin’(26,) = 0.0851
Lo b b b b b v b as

1 2 3 4 5 6 7 8
Prompt energy [MeV]

M. Maltoni PIC2026 Talk

2 2
Ams3z, L
AleL) —sin® 26,3 [0%2 sin” ( 31 ) + 575 sin” (

41K

41K

e Still several quasi-degenerated minima

—== DYB Constraint

16

Am§2L
4F

T

IO L .\\s./ L L L n n n n n N n
93.0 -28 -26 -24 -22 -20 -18 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Am3, [1073 eV?] Am3Z, [1073 eV?]
arXiv:2609.37895

e But precision once minima selected with Daya-Bay
= Relevant info for MO (in 4 slides)

)



‘Spin-off : Testing How the Sun Shines with /s I v

Fitting together oscillations and normalization of v-producing reactions: f;
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= Bounds on other sources of solar energy loss: sterile v's, ALP’s. ..



‘Spin-off : Testing How the Sun Shines with /s I e

Fitting together oscillations and normalization of v-producing reactions: f; = z=3
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3 v Analysis: Dominant Am?, Osc.

NUFIT 7.0 (prelim) |

* Dominant in v, osc in LBL accel exper

I|IIII|IIII|IIIIIIII

IIII|IIII|]III|I_

3 Superk = -

and v. MBL reactor exper : - 1 :
28~ =l -

= complementarity 26 EhS :
- NES 2_4:_ _: :_ _:

e Non-trivial check of 3~ framework < 7 1F ]
“'% 22 o 3 F  Dbl-Chooz ~

 Relat. Precision at 30/3 I JE —comb.wesuno 3
) — e b 4 F @@ comb.w JUNO (207d)

Nufit 6.0 — NuF'it 7.0 (prel) o 24f 1E E

< : 1E .

Am3,| 1.7% — 1.3% 261 1F :
28} 1E =

3 4 [20]

ol b lvaaa b b3 el v v b 1

0.3 04 0.5 0.6 0.7 0.015 0.02 0025 0.03
sin2623 sinze13



‘M(), CPY, Octant 0»3: v,, — v, at LBL I 19

e Dominant info from v, vs 7, appearance in LBL T2K (285 km) and NOrA (810) Km

Asq 2 B+ L\ - Aa A Vi L B=L As1L
Puezsg3sin22913 (B—sl> Sin2< ; )—I—JV—Q;B—?JSHI(%) Siﬂ(%) cos( 321 :técp)

¥ ¥
Am?2. ~
Aij = WZJ Br =A31xVg J=ci3 sin? 2013 sin? 2023 sin? 2019
e Each T2K and NOvA favour NO
T2K  NOvA

e But tension in d¢p in NO

fesmsssseess Observed £lo
P NO, sin® 63 € [0.44,0.58]
P (O, sin® 6 € [0.44,0.58]

[N}
Ut

20

2
o
v
I’
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—
o
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5
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5

Z

120 Ve CCIQE

Number of events

dcp dcp

Talk by T. Nosek



‘M(), CPY, Octant 0»3: v,, — v, at LBL I 19-a

e Dominant info from v, vs 7, appearance in LBL T2K (285 km) and NOrA (810) Km

Asp )2 B-L\ -As A Ve L B-L Asq L
Pue ~ 333 sin? 2013 <l> sin? ( s )—I—J 2l 28t sin (L) sin (i) cos( 31 :técp)

Am?2. ~
Aij = WZJ Br =A31xVg J=ci3 sin? 2013 sin? 2023 sin? 2019
e Each T2K and NOvA favour NO

e But tension in d¢p in NO
T2K 2026 update

L T T T T T T I T T T I T T T
0.65 - I03 FNO

035 I T2K RN

PR AT S TR NN SRS SR S SR S c . - v v vy
0 90 180 270 360 0 90 180 270
6CP

T2K

Number of events

0.60 -

0.55F

SiI’.l2 923

0.50

0.45F

0.40

Number of events

360

5CP

dcp

Talk by T. Nosek e Better consistency in [0 = x3y — x&o = —3.2
)
—b.f. dcp close to 270° = Max CPV .
I0 { —CPC excluded at > 3 o NOJ b.f. dcp close to 180° = CPC
0 o — both f55 octant at 1 o
| — 023 > 45° favoured




‘MO: MBL reactors vs LBL/ATM |ZG 20

‘ : . 2 o . c2,Am2, NO
e MO info from v, disapp (LBL/ATM): Am;,,, ~ Am3z; + 5% 3!

S%2Am%1 10

_|_

S i Nﬁﬁokawa,Parke,Zukanovich
vs v, disapp ( BL React): Am2, = AmZ,+°122m21 N9 hep-ph/0503283

c%zAmgl 10



‘MO: MBL reactors vs LBL/ATM |G 20-a

' : . 2 o . c2,Am2, NO
e MO info from v,, disapp (LBL/ATM): Am;,,, ~ Am3z; + 3% 3!

3%2Am§1 10

_|_

5 2 Nﬁﬁokawa,Parke,Zukanovich
vs v, disapp ( BL React): Am2, = AmZ, 45127721 N9 hep-ph/0503283

C%2Am§1 10

Before JUNO:
NO|

|

NUFIT 6.1 (2025) |

— LBLIC
11 :: 11 I 11 1

— R + Minos
— R + NOvA
— R+ T2K
— R +1C23
— R+ LBL/IC

0_IIIIIIIIIII|Illllliillllll -
-3 28 26 24 22 22 24 26 28 3

2 3 2 2 3 2
Am,, [10 7 eV] Am,, [107 eV]

e Better compatibility in NO
= compensates for IO favour in NoVA+T2K



‘MO: MBL reactors vs LBL/ATM |3 20-b

e MO info from v, disapp (LBL/ATM): Am?,,, ~ Am3, +

2 2
leAm21 NO
3%2Am§1 10

_|_

Nﬁﬁokawa,Parke,Zukanovich

2 2
vs v, disapp ( BL React): Am2, = Am2,+°127"21 Y9 hep-ph/0503283

Before JUNO:
NO [ NuFiT6.1 (2025) |

A

— LBLIC
11 :: 11 I 11 1

— R + Minos
— R + NOvA
— R+ T2K
— R +1C23
— R+ LBL/IC

0_III|III|III|III|IIiiIIIIIIII

-3 2.8 2.6 24 2.2 22 2.4 2.6 2.8 3

2 3 2 2 3 2
Am,, [10 7 eV] Am,, [107 eV]

e Better compatibility in NO

= compensates for IO favour in NoVA+T2K

C%2Am§1 10

With JUNO 207.2 days:
NO [NuFIT 7.0 prelim) |

“ IIIIII
— LBL/IC

10 — —
N "
< — R + Minos
L — R+ NOvA
5 — R+T2K —
- — R +1C23
— R+ LBL/IC
0 111 | 11 1 | 11 1 | 11 1 | 11 H 11 | 111 | Il Il | 11 1 | 111
-3 28 26 24 22 22 24 26 2.8 3
2 3 2 2 3 2
Am,, [10 7 eV] Am,, [107 eV]

e Increased favouring of NO
e But dependence on subtleties in combination
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: : 2 _Am2, NO
e MO info from v,, disapp (LBL/ATM): Am? , ~ Am3, +127721 °= 4 .
H PP a 3L T s3,Am3, 1O Nunokawa,Parke,Zukanovich

2 2
vs v, disapp ( BL React): Am2, = AmZ+°127721 N9 hep-ph/0503283

c%zAmgl 10

e MO preference from this effect is fragile under details on combinations

- JUNO+DB versus v, disappearance NUFIT 7.0 (prelim)
3
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O MINOS A T2K V IC24 Y% LBL-dis + IC24 + SK1-5

Figure courtesy of T. Schwetz
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e In addition to synergies with reactors via v, disappearance, ATM v,’s provide
further sensitivity to MO via MSW effect in the Earth (and also CPV)
e Difficult to simulate outside collab. = Add x? map provided by experiment

e Adding the x? map of SK I-V (and I1C24)

NO, 10 (IC23 w/o SK-atm) -
===== NO, I0 (IC24 with SK-atm 1-V) | NUFIT 7.0 (prelim) |

II|IIIIIII|I|I|||II|IIIIIII TT
15 ::

10 —

Ax2

0 A
26 25 -24 24 25 26 0 90 180 270 360
2 3 2 2

Amg, [107eV] Amg, dcp
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e In addition to synergies with reactors via v, disappearance, ATM v,’s provide
further sensitivity to MO via MSW effect in the Earth (and also CPV)
e Difficult to simulate outside collab. = Add x? map provided by experiment

e Adding the x? map of SK I-V (and I1C24)

NO, 10 (IC23 w/o SK-atm)

===z NO, 10 (IC24 with SK-atm I-V) | NUFIT 7.0 (prelim) |
15 _|| | ||‘| T | |I’| TT | TT !! TT | TIrT | TT |' | ||_ _| T |//| T \I\\| T T TT | T\T |\\| T | TT ;, T T
- - / \ \\ / .
L . / a
10 - -
(\|>< B 7 ]
< L i M
5 — —]
_| | | || | 1111 | 11 ii 11 | 1111 111 | | I_ L1111 | | A/l 1 | |
26 -25 24 24 25 26 0 90 180 270 360

Ami2 [10° eV Ami1 dcp
2 2 .

But beyond expectation

16— 7 ]
{4f SKV expanded FV E ' ' ' ' " Data(-5.69)
I — Data fit I Inverted ] ) g I'“e:“(-)o-
- = rue LO.
12; --- MC expectation [l Normal @ 10 Pro. (088)
10F ﬁ Pro. (0.0091)
NX 8: § 102
< L )
6F 2
: ‘% 108
4F- g
p2]
0 m ST | L 107
- /2

-30 -20 -10 0 10 20 30
8CF’ Mio.-10.

SK Coll. arXiv:2311.05105
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e In addition to synergies with reactors via v, disappearance, ATM v,’s provide
further sensitivity to MO via MSW effect in the Earth (and also CPV)
e Difficult to simulate outside collab. = Add x? map provided by experiment

e Adding the x? map of SK I-V (and I1C24)

NO, 10 (IC23 w/o SK-atm)

e Results presented in Neutrino26 conf

=222 NO, 10 (IC24 with SK-atm LV, | NuFIT 7.0 (prelim) ‘
S T R S | A S Including SK-VI: 8.8% more statistics
5 afind 1 analysis improvements
10l g -
% i ] r ] Previous study | This study
A3 E - (SK1-V) (SK 1-V1)
i 1 N s 5.69 3.69
_I | | || | 1111 | 11 ii 11 | 1111 111 | | I_ L1111 | | A/I 1 | |
26 25 24 24 25 26 0 90 180 270 360 Toy experiments show a rejection of
Amg, [107eV] Am, or inverted ordering at 86% =~ 1.08c
= X% — x40 : 5.0 = 11.6 (CL, method)
But beyond expectation Talk by Zhuojun Hu at Neutrino26
16— ——— 77— . .
14f SK IV expanded FV . BN e e Naive estimate for global fit:
I — Data fit I Inverted ] £ TrueN.O.
12F ... MC expectation [ENormal o - ;T:l(ﬁé& ;

Po. (0.0091)

N
2
%

Fraction of Toy Data Sets
=
&

o
<2
IS

- A I§.~~.’1-.-E
- _7'[/2 0 TC/Z T -30 -20 -10 0 10 20 30

8CP Mio.-10.

SK Coll. arXiv:2311.05105
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NO, IO (IC23 w/o SK-atm)
===== NO, IO (IC24 with SK-atm I-V]

v, disapp react NO'
15.0-LBL (app+disapp) +LBL-v, disapp/ATM GLOBAL TN T I'I' [TTTT] :
L A i NPt i
il I 3 ] i § —CPC (0cp = 180°%) at 1 o
; T T . ] - b
10.0f + I I R or . — Excluded at 3o
L b - -
[ < L _
o TF + + . ST - 45° < dcp < 115° w/o SK-ATM
~NZ [ — ]
< ] 1 i ] ] (3° < Sap < 127°)(w SKI-V)
~2 [ B ]
st + I + - o NI AN i - S — 023: b.f. 1st octant but both at 1 &
i l 1 T ] 04 045 05 055 06 065
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_255_ I _;;_ _;;_ _; 15 _I T |/l I\I\I T TTT | T\T I\\I T | TT IIII IO:
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‘Flavour Parameters: leptons vs quarks I

e [eptonic mixing matrix

0.810 — 0.834 0.532 — 0.568 0.144 — 0.156
Ulse = (0.258 — 0.502 0.479 — 0.680 0.650 — 0.758)
0.274 — 0.512 0.486 — 0.684 0.635 — 0.745

e Very different and precision very far from:
0.97427 £+ 0.00015  0.22534 £ 0.0065 (3.51 £ 0.15) x 10~2
V]cxkm = | 0.2252 £0.00065 0.97344 £ 0.00016  (41.2%; 1) x 1073
(8.671031) x 1073 (40.4133) x 1073 0.9991461 0060021

e CP violation

10 | NO NuFIT 7.0 (prelim) S

Amg& Amg

5

L o Amy
[ e E ]
[ B

= 00 n_ 2
- «! i
F W\ o J

€

I—
0.5 —_ L Ue1 U*a __




‘Future for CP and Ordering: Strategies I

e Reactor experiment at b ~ 60 km (vacuum) able to observe

the difference between oscillations with Am3; and Am3,: JUNO

— Challenge: Energy resolution

25

e /v comparison with or without Earth matter effects in v, — v, & v, — U, at LBL:
DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=300 km)
— Challenge: Parameter degeneracies, Normalization uncertainty, [/, reconstruction

e Earth matter effects in large statistics ATM : HK,IC/DC,ORCA ...
— Challenge: ATM flux uncertainties

S L)
:E: s
z |
X ofF
z | ORCA
& [Tt W T
& af
l: L
[*]
d |
2 2FNuFit24
w 1
-]
=

IceCube Upgrade

¥ DUNE 5y
DUNE 3y
S JUNO 20y
.................... A
®

| |

- o Hyper-K 10y
& JUNO 7y

Hyper-K 4y
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O ] ']
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Physics Briefbook for European Strategy of Particle Physics 2511.03883



‘ v OSC and New Physics w/o new states in OSC I *

If SM is an effective low energy theory, for £ < Anp
— The same particle content as the SM and same pattern of symmetry breaking

1
L= Lsm+ Zmon
n ANp
— At dim=5 only 1 operator:
Os = /;\N; (LLﬂ;q;) (q%TL(LJ’j) = %PLMVVE = Majorana Mass = v-less 53 decay
. . 1% U2
Hlfigs Ijlggs m, ~ AANP > /Am?2,_ ~ 0.05eV:

For \Y ~ 1 = Anp ~ 10 GeV ~ GUT scale
= Leptogenesis but no signatures in lab

For \V ~ (Y.)? = Anxp ~ EW scale




‘ v OSC and New Physics w/o new states in OSC I 5

If SM is an effective low energy theory, for £ < Anp

— The same particle content as the SM and same pattern of symmetry breaking

1
L= Lsm+ ZWO’I’L
n NP
— At dim=5 only 1 operator:
Os = /;\;JP (LLﬂ;q;) (q%TL(LJ’j) = %PLMVVE = Majorana Mass = v-less 53 decay

— Atdim=6 Og ~ LLLL , QQLL are LN conserving but can be LFV so in general

£ Law+ S22 (£,0) (3725) + Y- 2o,

ALy A% p

= possible to decouple :
New Physics scale Ay responsible for the small m,, from
New Physics scale A (<K A7) controlling signals at Lab experiments.

= possible signals in v experiments: Non-standard v int. (NSI), non-unitarity ...
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‘NSI in v Oscillations : Degeneracies I

e Effective parametrization: £g; = —QﬂGpség(ﬂa’y“Lyﬁ)(fyqu) , P=LR
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‘NSI in v Oscillations : Degeneracies I

e Effective parametrization: £g; = —QﬂGpség(ﬂa’y“Lyﬁ)(fyqu) , P=LR

e In matter with NSL: e,5(r) = >~ N(r) s

g
) 0 An(?ﬂ 0 ; 1+ €ce — Eup  Eep Eer
H” = Uyac 0 Wm 0 Ujac + \/§GFN€(T) Eep 0 Ept
0 0 AQT'E7%1 627' 6,7;7' Err — Epup

e So H — —H™* (= Probabilities are Invariant) if simultaneously:

02 — 5 — 012 (€ee — epp) = —(ee — €pp) — 2 New “Dark”™ (012 > ) region (solar)
Am3; — —Amg, and (o _ eup) = —(er7 —euu)  Lost order info (ATM&LBL)
0 —>m—20 Eaf = —E€h3 (a # B) CPV confusion (ATM&LBL)

Miranda,Tortola, Valle, hep-ph/0406280
MCGG,Maltoni,Salvado 1103.4265
Coloma, Schwetz, 1604.05772

for Ny (r)/Ne(r) # constant = €, are not constant = degeneracy only approximate



LMA-D allowed by oscillations
Adding CEvNs (Myeq < 50 MeV)

‘NSI in v OSC (and CEvNs): Global Analysis I 29

With NSI with up,down and/or e: Coloma, MCGG, Maltoni, Pinheiro, Urrea 2305.07698

= LMA-D only above 20

Solar + KamLAND +
—J reactors w NSI in ES

10¢ =1 GLOB-0SCwNSIinES 1
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No evidence of CP conserving NSI’s

= Maximum effect at future LBL experiments
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‘ | V4 OSC bOundS in SMEFT IaGonzalez—Garcia 30

SMEFT = NC-NSI for v, and ¢ & CC-NSI all related. Are v-osc bounds still relevant?
Recent efforts on consistently embedding NSI constraints in SMEFT framework show
the relevance of the constraints from oscillations
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SMEFT = NC-NSI for v, and ¢ & CC-NSI all related. Are v-osc bounds still relevant?
Recent efforts on consistently embedding NSI constraints in SMEFT framework show

the relevance of the constraints from oscillations
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Coloma etal 2411.00090

[Oeql 104 :_(g_la'ugl)(q_Ja'MQJ)
[Oéz)]lljj = ((;6,0')(q,0"0"qy)
Owi15 = (EJU;LKI)EUJJ”UJ)
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‘From NSI to Light Mediator Models IzG 31

Vector Mediator Scalar-pseudoscalar Mediator

5th force
[0 Eq. princ.
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Summary Concha Gonzalez-Garcia 32
e 3v paradigm 1s robustly establis
best fit +1o 30 rel prec
1C23 w/o SK-ATM 'w 1C24 & SKI-V
2
- (ﬁ?g{/z 7.41475:970 741470970 5.7%
sin® 6,5 0.3041+9:9957 | 0.3088F9-095T | 11 %
Am2, (NO) | +2.5121 0010 +2.50875:01%  13.6-3.8%
1072 eV?10) | —2.52570019 | —2512+0019  14547%
— Flavour parameters Fall 2026 L, (NO) | 04T 0arstheE 3020w
Sin”~ 023
(10) 0.5540-072 0.54910 613 29-28%
v Oy (NO) | 0.0224810-00036 1().0224270 50057 15%
(10) | 0.0225475:00055  10.0225370-50036
oo/ (NO) 20522 210732 100-98%
10) 289122 27912} 54-55%
Xio — X%o 5.0 11.6

— Status of MO, CPV, and 6,3 octant correlated & obscured by the slight tension
in v, appearance between T2K and NOvA in NO

— Complementarity in | Am3,| determination with v, disappearance at LBL & ATM and

v, disappearance at reactors becoming more relevant in MO determination
but size of effect not robust against small changes in combinations/NP

e Robustness of the 3v-osc picture = relevant constraints in extended scenarios

Talks by M. Beccaria, A. Palazzo

* Constraints on NSI relevant to future LBL and present tensions
x Relevant information in the context of the SMEFT, light mediator models. . .
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Thank you!!

Special thanks to my Collaborators:
Ivan Esteban, Michele Maltoni, Ivan Martinez-Solar,
Joao P Pinheiro, Thomas Schwetz
Pilar Coloma, Pablo Blanco-Mas, Salvador Urrea
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‘3 v Analysis: status of Am3, tension I

e Long-standing weak tension on preferred Am?3, from solar and reactor LBL
e Choice of the assumed solar model (GS, AGSS, MB22,...) has little impact

o Calse — Too much Day-Night asymmetry (D/N) in SK
— No indication of low-E MSW turn-up

e With SK IV { ~ DIN:3.6% = 2.6% —> Tension reduced

— “Hints” of turn-up

062 [ =4 &£ oF =
B ol [ Somr = > - g
& U0 |— Solar+KamLAND B % 1= =
'20.58 - — E

gt T~ 3 £ 2 =
20.56 — - Y C .
Y - = < -3F —
20.54 — - C E
L] - - < 4F i
50.52 —] 2 - 7
- =z = .
0.5 — E = 3
0.48 - = -6 E
0.46 + + + _|= 5 '7;_ —4— Statistical uncertainty =
0.44 fr:;: —] 8 - —— Total uncertainty 3
c | 3 E + [ ] SK combined 3

0‘42 :_I I I I I I I I _: _9 C 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1

4 6 8 10 12 14 16 18 1 2 3 SK4Ph

EN in MeV ase

SK Collab. 2312.12907



‘3 v Analysis: status of Am?2, tension I .

e Long-standing weak tension on preferred Am?3, from solar and reactor LBL
e Choice of the assumed solar model (GS, AGSS, MB22,...) has little impact

o Calse — Too much Day-Night asymmetry (D/N) in SK
— No indication of low-E MSW turn-up

— D/N: 3.6% — 2.6%

. = Tension reduced :xPq so1vs reac/T = 2.3/2
— “Hints” of turn-up

e With SK IV {

(#o=1)
NuFIT 7.0 (prelim)
14 LIS L L L L 12 [T T I T
- sin’e, , = 0.0225 . n MB22m
12— — 10 N KamLAND
- ] L SNO+
o N - + KamL
— 10 — . s +JUNO
> F - - -
= 1 Fe6rp 7
IR 6 __ - B n
g B i 4 _
4= . . .
2 4  2r m =
0 Covava v v by b 0T 0 B L1 Lo
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.2 2 5,2
sin'0,, Am,, [10 " eV']
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Fitter: MaCh3 post-BANFI
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| Bayesian Cred. Int.
L .With reactor constraint
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NO Conditional
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| Bayesian Cred. Int. IO Conditional
| With reactor constraint
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C

sin 923

Concha Gonzalez-Garcia

Should we trust the global fits by phenomenologists?
Collaborations start performing (partial) combined analysis, e.g.:
Joint NOVA + T2K analysis of 2020 data became available in 2024 [20]

L I L

L

[ B

2020

updated)

T T3
[13] |
NuFIT 5.0

(reactor prior

llllllll]ll.l-nL

[20] M. Sanchez [NOvA], talk at Moriond-EW 2024, La Thuile, Italy, March 24-31, 2024.
[13] |. Estebanetal., JHEP 09 (2020) 178 [arXiv:2007.14792] & NuFIT5.2[http://www.nu-fit .org].
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‘Mass Scale & Dirac vs Majorana in 37-mixing I 3

. . NO - 2—|—A 2 2 .2 + A 2 .2
3 decay: Dirac or Majorana m. = E m?|Ue;|* = T T T

v-less 8- decay: < Majorana me. = \ZUfjmj\ = f(my, osc param, maj phases)

NO : /m? + /AmZ, +m? + /AmZ, +m?
10 \/mﬁ + \/—Am?ﬂ — Am%l — m% + —Am%1 — m%

Cosmology: Dirac or Majorana Z M= {

| NUFIT 6.1 (2025) |

100 :IIIIIIIl T IIIIIII| T |||||||| T IIIIIE T TTTTIT T T TTTTIT T TTTTTIT T T TTTTIT 10 |||||||| T |||||||| T |||||||| T IIIIIE_H
= Excluded KATRIN I - . =
B ] 10° — 107 10 =
E 10" & = E Z ] E - -
o = (@) = = L . 270 =
e - - N | 1 E 3
B . 0 10 _ 10° —=
2| NO = E E
102 = — ENO ] NO T
|||||||| | IIIIIII| | |||||||| | IIIII% _IIIIIII| | |||||||| | |||||||| | IIIIIH 10—4 || | |||||||| | AN
10° 107 107 10° 107 10° 107 10° 107 107 1077 10°
Might [eV] Might [eV] Might [eV]
95% CL
NO: 0.0085eV<m,, <0.4eV 0.058 eV<> m, <1.2eV 0< mee <0.41 eV

10 : 0.048 eV<m, <04 eV 0.098eV<> m, <1.2eV 0.015 eV<1mee <0.41 eV



‘Mass Scale & Dirac vs Majorana in 37-mixing |38'a

. . NO - 2—|—A 2 2 .2 + A 2 .2
3 decay: Dirac or Majorana m. = E m?|Ue;|? = T T T

v-less 8- decay: < Majorana me. = \ZUfjmj\ = f(my, osc param, maj phases)

NO : /m? + /AmZ, +m? + /AmZ, +m?
10 \/mﬁ + \/—Am?ﬂ — Am%l — m% + —Am%1 — m%

Cosmology: Dirac or Majorana Z M= {

| NUFIT 6.1 (2025) |

100 :IIIIIIIl T IIIIIII| T |||||||| T IIIIIE T TTTTIT T T TTTTIT T TTTTTIT T T TTTTIT 10 |||||||| T |||||||| T |||||||| T IIIIIE_H
= Excluded KATRIN I - . =
Bl ] 10° -  10'EFI10 =
E 10" & = E Z ] E - -
o = (@) = = L . 270 =
e - - N | 1 E 3
B . 0 10 _ 10° —=
2| NO = E E
102 = — = NO ] NO T
|||||||| | IIIIIII| | |||||||| | IIIII% _IIIIIII| | |||||||| | |||||||| | IIIIIH 10—4 || | |||||||| | AN
10° 107 107 10° 107 10° 107 10° 107 10° 1077 10°
Might [eV] Might [eV] Might [eV]
95% CL
NO: 0.0085eV<m,, <04eV 0.058 eV Z mmy<l1l.2eV 0<1Mmee <0.41 eV

10 : 0.048 eV<m, <04 eV 0.098 eV<S> m,K1.2eV 0.015 eV<1mee <0.41 eV
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e If v, mixed with n extra states U, pp = (Kj 3x3, /5. 3xn) Schechter, Valle (1980)

Qlee 0 0
Kl,3>(3 = |I3x3 — Qepy Oy 0 ><U3><3<9’Lj75)

Qer  Qpr  Orr

Xing arXiv:1110.0083; Escrihuela etal arXiv:1503.08879, Blennow etal arXiv:1609.08637

e For extra states with M/ 2 10 eV oscillation experiments depend on K 3x3

= effects in production, propagation and detection
(not always consistently accounted for in literature) Blennov et al 2502.14980

e Unitarity violation = effects in charge lepton flavour observables (CLFO)
= for M = EW scale stronger bounds from CLFO

Averaged v Oscillations Flavour & EWPO [53]
90% CL m > 10 eV m > My,

Direct Schwarz Direct Schwarz
Qee 8.4 x 1073 [108] - 1.2 x 1073
o | 1.2x 1072 [117] - 8.6 x 107°
rr 2.9 x 1072 [110] - 6.0 x 10~*
lose] | 1.8 x 1072 [105] 1.4 x 1072 1.9 x 107° 5.4 x 1074
lare] | 6.1x 1072 [104] 2.2 x 1072 6.2 x 1073 1.5 x 1073
lor] | 911073 [104] 2.6 x 1072 6.9 x 1073 1.5 x 1074

Blennow et al arxiv: 2502.14980
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‘ NSI: Effect in Coherent Elastic v-Nucleus Scattering (CEvNS) I

e Predicted by Freedman etal in 1974. First observed by COHERENT experiment 2017.

do  G% Q* , ME,
0?2 72 2“ . scattered
= - [Zg;/ -+ Ngr‘{] : > neutrino

nuclear

For neutrinos at/below 50 MeV,
recoil

coherence condition(q < 1/R)

satisfied for a medium size 586

nucleus (Ar, Ge, ... Cs, Xe) G
(" Sg
o 22 B®

Although predicted in 1974, it has .‘3“ S5

not been observed until 2017! >0 Sefgcno?gry(heat)

o
Freedman et al, PRDO (1974) 1389 P v,

e By 2025: Observed in Csl 1708.01294, Ar 2006.12659, Ge 2202.09672,2406.13806,2501.05206
and Xe 2407.10892,2408.02877
e For Myioq = 50 MeV and NSI with quarks = effect in CEvNS

Qup x Z(gy Sap + 55 ) + N(gy 0ap + 20y )
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‘N eutral Current Non Standard » Interactions |

e Effective Lagrangian

LX) = —2V2Gpel [ (Uav"Lug)(fy,Pf), P=L,R

e Generically understood as:

f f

Lot ~ € (FF) (3 L)
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predict ~
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2022 with updated inputs (?3°U)

Berryman Huber, 2005.01756
Kipeikin etal, 2103.01486
Giunti etal, 2110.06820

T T T
8 - Bugey-3  —+ DayaBay v ILL 4~ Palo Verde Rovnod1

~&- Bugey-4 % Double Chooz &~ Krasnoyarsk =~ RENO SRP
+ — Chooz Gosgen = Nucifer %~ Rovno8g STEREQ

1.00

— e
i ped

exp
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LSND &MiniBoone Reactor Anomaly

DM — Ve & vy — Ve Huber, 1106.068,Mention etal ,1101.2755

LA ) ) 2011 reactor flux calculation =
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non-obsex O ¢ 1, disapp Be. 6\ “aber, 2005.01756
Kipe. 2103.01486
_ ) Giunti ¢ 16820
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‘ Solar modeling and the Gallium anomaly I

Solar Bounds

3+1 Fit 9 S
10° ‘ S - AGS .
] 8k = GS
20 — AAG o
| 7r MB oS
==« SSM indep ot
6 -
E C\1><5 O
10 n 7 < 4l
5 31
Solar 2+
—— KATRIN
| |Gallium — Cadeddu et al. 1k
— (o)
— (*He,’H) e
1 E—m ‘ —— 1%%%%00
10 1 Sin2 914
. 2
SiN“20¢¢ 5
o el 2507 13013 In all cases xp/n > 13.5 (#o > 3.7)
tal, : ey qe. . .
raen e = Incompatiblity 1s SSM independent

MCGG, M.Maltoni, J. Pinheiro, 2411.16840



