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29 NEUTRINOS HAVE MASS!

V, vV, mL °
+ | % - | —

v, |=U"] v, P(na B nb) =la Ubje ok Uaj

v“c V3 J

3 3”( 33 36\ neutrino created as one flavor can later be
e & L2 33 detected as another flavor, depending on:

0 Flavor States: creation and

_ d distance traveled (L) and neutrino energy (E)
detection

d difference in the squared massegIff;=m4-m?)

0 Mass States: propagation 8 The mixing amplitudedy)

Seagull art created dMihiMihi
From Noun Project
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Ayd THE PMNS MIXING MATRIX

1 0 o cosf,, 0 sin0 e ) cos®, sin®, 0
U=| 0 cos6,; sinb, 0 1 0 —sin®,, cosf, 0
0 —sinB,, cosOy | —sin0,e° 0 cosO,, ) 0 0 1
® ® ®
g Oo3 =~ 45 013 ~ 9 010 ~ 34

v,
What we know All known to a few %

2me, A~ 2 x 107 %eV?

A\eq V. TS, 2~ 8 X 10706V
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Ayd THE PMNS MIXING MATRIX

1 0 o cosf,, 0 sin0 e ) cos®, sin®, 0
U=| 0 cosB, sin0, 0 1 0 —sin@,, cosO, 0
0 —sinB,; cos0,, N —sin@,e® 0 cosO,, ) 0 0 1
Is it really 487 Is there CP
g violation? Wh a t W € d Or
The Mass Ordering Can CP violation in neutrinos help
understand the matteantimatter
[ Y V, Co asymmetry’?
h liah Vi -I Ams201 _ _ o -
Are there 2 light | | M2 A How do massive neutrinos fit into the '«
and 1 heavy? atm . Standard Model? 2
Or 1lightand | am? S
g V., 2 heavy? Does PMNS Mixing tell the whole story?2
2 2 m2 -
Vv, | 1 sol Vs (e Y >




9 LONBASELINE OBSERVABLES

Oscillation probabillities at L/E~500km/GeV are

Muon Neutrinos disappear

NOVA: L=810 km

T —J/rNT - T 5 T - T 1T T
— Oscillated A
— Oscillated B

-4 2 3 4

U-IIIIIII||1I|II|III

sensitive to most of the remaining unknowns

Electron Neutrinos appear

8- NOVAL=810km
: 5in“26, =0.085 '
|Am?,I=2 44x107'eV? |
sin*f,:=0.5

P(v,—=v.) %
+

— 2 3 4 5
Neutrino energy (GeV)

Depends on Mass Orderingl/(, 10),
dep (bands), and octant af,;
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9 LONBASELINE OBSERVABLES

Oscillation probabillities at L/E~500km/GeV are
sensitive to most of the remaining unknowns

Muon Neutrinos disappear Electron Neutrinos appear

NOVA: L=810 km g

B NOVA L=810km ]
sin’26, =0.085
|Am?,I=2 44x107'eV? |

= R 4L ‘
- — sin’0,=0.5
n L
: | |
— Oscillated A _: ? 41~
— Oscillated B = |>5-
L L f L 1 L L f L L . N L L N | , | | N | N : Q-t
1 2 3 4 5 2
5 Neutrino energy (GeV)
| Dm 32' % 1 2 3 4 5
Neutrino energy (GeV)

AND could be different between
neutrinos and antineutrinos!
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THREE GENERATIONS OF
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BASELINE EXPERIMENTS
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29 THREE GENERATIONS

MINOS @ o

3‘:’) Hyper Kamiokande

K2K AO~vA I
Opera DAVE

DEEP UNDERGROUND

NEUTRINO EXPERIMENT

Past Present
~20002015 20152025
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ig LONGBASELINE EXPERIMENTS

Ash River, MN

Two experiments at different baselines 2l
and energies compliment each other 19
and could help resolve degeneracies in j’rm
parameters Kamicf;" ;‘;

W

‘QD

NOVA

Mt. Noguchi-Goro
2924 m

Mt. Ikeno-Yaina
1360 m

—

water equiv.

Neutrino beam

(] ———.—..'
.
.

295 km

{1700 m T
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& MAKING A NEUTRINO BEAM

Both experiments use conventional, horn focused neutrino beams
and have achieved high power:

AT2K uses 30 GeV protons, achieved 760 kW in 2024

ANOVA uses 120 GeV protons, set new neutrino beam power
record of IMW in 2024

P.Vahle, WIN 2025



Torch
Target Focusing Horns A
—) -r . €
w ‘% , " S R
120 GeV .= ----------3-;
p* from v
MI E
E »0.43—2
11 1+ Zqz
g4,

L = On axis
| —— 7 mrad

A Off-axis beam means less neutrino energy
dependence on parent energy

A Neutrino spectrum becomes a narrow peak
A NOVA: 14mrad, sees 2GeV beam
A T2K: 2.5° (43mrad), sees 600 MeV beam

A Suppressed high energy tail: fewer neutral current

0 20 30 backgrounds at low visible energy
E, (GeV)

| = 14 mrad
21 mrad

WIN 2025
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5% MAKING A NEUTWAM

~anti-

Target Focusing Horns

p* from
M v

Off Axis the experiments see high purity muon

neutrino/antineutrino beams:

A ~1% electron neutrino contamination

A Wrong sign flux less than 10% in both neutrino
and antineutrino beams

P.Vahle, WIN 2025



FAR DETECTORS

A T2K usesSuperKdetector
0 50 kton Water Cherenkov

A NOVA FD
0 14 kton PVC and liquid scintillator

13



§g TWO DETECTOR TECHNIQUE

Near detectors used to predict far detector expectations

To make FD prediction:

A Adjust flux and cross section models guided
by external data, then further adjust to
account for multinucleon processes

A extrapolate remaining discrepancies in bins
of energy resolution and transverse
momentum using F/N ratio

A Systematic uncertainties cancel in F/N ratio

P.Vahle, WIN 2025



C. Giganti, Neutrino 2024

g TWO DETECTOR TECHNIQUE

Near detectors used to predict far expectations and

- ND-280:
control systematics Fine grained
T2K has ND suite (on axis + 2 e#xis) i

To make FD prediction:
g A Using external data constraints, build
parameterized model of flux, cross section
and detector response = =
A Simultaneously fit 22 different ND28O|~E=
samples and FD samples for model
parameters and oscillations
AThe fit makes sure t
high stat ND samples constrain systematics.

Bottom line: ~15% errors on FD predictions are
reduced to ~4% in both experiments

P.Vahle, WIN 2025



3% TWO DETECTOR TECHNIQUE

New T2K ND online!

April 2024
\ % <y/f 3o ‘\?‘:', :

tectors before Side TOF Installation

A Improves low energy proton and neutraeco
A Increased angular acceptance to better match SK
A Better efydiscrimination

T.VladisavljeviddPARC Symposium, Oct. 2024

P.Vahle,WIN 2025


https://arxiv.org/abs/1901.03750
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9 ANALYSIS BASICS

%

i % 2
0620 e8=m/2 ¢ o'
-0 d=m IJ5=3'E/2 l |
2 4 6
(o]
P(vu—we) Yo

Compare electronaneutrino appearance
probability in neutrinos to antineutrinos

A In vacuum with no CP violation, neutrino and
antineutrino appearance probabilities the same

A CP violation enhances appearance probability
for neutrinos while suppressing it for
antineutrinos, or vicerersa

A Matter effects also introduce mass ordering
dependent neutrino vs. antineutrino differences

A Upper octant enhances both neutrino and
antineutrino appearance probability, while lower
octant suppresses both

P.Vahle, WIN 2025



J.Wolcott, Neutrino 2024

29 NOVRESULTS

o NOVA Preliminary
T T T T I T T T T | T T T T | T T T T I T T
- NOVA FD
| 26.61x 10%° POT-equiv (v)
L 12,50 x 10%° POT (v)

Inverted MO
Am2,=—2.47x107eV?

sin?20,,=0.085 |

A Results feature double the exposure of previously
published neutrino data set.

0 Exposure(26.6 12.5)x18° POT (neutrinos, antineutrinos)

3]
=)
|

d New low energy electron neutrino sample enhances mass

ordering sensitivity,among other analysis updates. L0

$in0,,=0.46

Normal MO
o b0 eo -2 Am32_+2 43x103eV?

LOW Energy I:‘I SCP= Tc I : 60P= 37t/|2 1 1 1 | 1 1 1 1 I 1 1
50 100 150 200 250
Total events - neutrino beam

Observed

10 years oNOVA FD Data

N
o

Total events - antineutrino beam

Pred.BG 113 17 549 122 6.8 Data land in region of overlap,
meaning either ordering with

different values ofl-rcan
adequately describe data

P.Vahle, WIN 2025



N9 T2K RESULTS

A11 years of data

g AND280 only

C. Giganti, Neutrino 2024

T2K Runi-11 Preliminary

“ %
£y \
LY X
"\
" &,
.“
“\ - T
A2y
.
60 W L
€ . v
»

P IR T | l

Neutrino=

Anti-neutrino—p

Neutrino—-[

Anti-neutrino—»| #-mode 1Re

w 26
g
3 241
E 22 B}
2 aof- -
Results feature ~38e20 POT g )
2 ®F %, =045,050,055,0
3 e — Am%z =2.52x10" eV?
£ - oo Amg = -249x107 eV’
: : : P
ASK doped with Gd in last run period ~ “f 222
C e =-al2
12 - j jégtﬁa syst err. at best-fit
10— v Best-fit
n —&— Data (68% stat err.)
T R
Sample Ocp=-/2 Ocp=0 Ocp=m1/2  &cp=Tt Data
v-mode 1R 417.2 416.3 417.1 418.2 357
v-mode MR 123.9 123.3 123.9 124.4 140
v-mode 1Ry 146.6 146.3 146.6 147.0 137
v-mode 1Re 113.2 95.5 78.3 96.0 102
v-mode 1Re+d.e.  10.0 8.8 7.2 8.4 15
17.6 20.0 22.2 19.7 16

80 100 120 140
Meutrino mode e-like candidates

— Disappearance

— Appearance
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J.Wolcott, Neutrino 2024

29 32 SECTOR RESULTS

Good agreement among experiments in the Sttor

NOVA Preliminary

Normal mass ordering

NOvA* —e— 2.424759%% 1 59 20 _ VIR
NOvVA+T2K} —e— 2.42910:089 1 5o 3 _NQVA NO 90% CL . 26'6”020 POoT Equw. v-beam—
JeeCube . 240 1B 1oy - With 1D Daya Bay Constraint 12.5x107" POT v-beam =
T2Kt —e— 2.50675:9%8  1.8% = NOVA ) -
SuperK+T2K! — 251170990 247 i 2024 T |
Daya Bay nGd — 24660000 24% ¥ Bestfit R .

MINOS+ — 240 tgﬁg 3.5% - ) AL RREE R ToiTim TR -3 _
SuperK' —_— 2.40 fg% 1.8% —
RENO nGd ® 2.69 +0.12  4.5% ]

®

Daya Bay —nH 2.72 101 53%
RENO nH * 2.48 0% 121%
2.2 2.3 2.4 2.5 2.6 2.7 28
|Am3y|, 1073 eV?

AmZ, (107 eV?)

P4 pulTELELE lceCube 2024 -+~~~ T2K 2022 =rremen MINOS+ 2020 —
[ s SK 2023 — — NOVAT2K® - ISK(IV)+T2K‘ i
- . — |0.4| — IO.5| — |0.6[ —
NOVA Frequentist best fit: . 5
2 sin“(6,,)

Ya & o§ P TT e\
sifr—  T® T ¢§
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J.Wolcott, Neutrino 2024

g NOVARESULhSMO AND CP

R4

R\

NOVA Preliminary

0.03 [ Bay'esiém Cred. Int.

Marginalized jointly

= - With 2D Daya Bay constraint over orderings

n I ]
GCJ | == Both MO —1c |
© 0.02f = Inverted MO --2¢ ]
5 == Normal MO .- 36
A 0.01

(@]
o
Both MO |+ SN B A
Inverted R e N

Normal m i 1 I _I_|"'"| b 'j' - - p———

0 z T 3x o1
2
60P

Normal MO: data prefer CRconservingd.p values
Inverted MO:data prefer maximal GRiolation,
dc=0,p not in 3s allowed interval

NOVA Frequentist best fit:

Normal ordering, Upper Octant

]

T’ X U

Posterior density

NOVA Preliminary

- Bayesian Cred. Int. T
- With 2D Daya Bay constraint| T
0.08~ Inverted | Normal |
Ordering il Ordering |

c
0.04f- [2o ~+ [eo -
- o T (oo ]
0.02{— — —
O L /rﬁ\ L

26 25 -24 23 53 24 25 26
Am3, x107 eV?

Using Daya Bay to constrain both;
andDm?, NOVA data favor Normal MO
by ~7:1 odds (Bayes factor of 6.8).

Disfavors Inverted MO at 16

Maximal mixing allowed at s1

P.Vahle, WIN 2025



23 C. Giganti, Neutrino 2024

\Wd T2K RESUIWTEP W ferhemo

T2K prefers maximal CP violatior{2, aka B/2), but CP
conserving values are allowed at 2
After conducting pseudo data studies, T2K quotes CP

conservation is allowed at just below 90% &.L. Credible intervals marginalized

over both hierarchies

10

30 ] L] L I Ll T LJ L) l Ll T Al L} I . R Ll T l
c“x T2K Run1-11 2023, Preliminary I} >  SLINLAL A I B B B B I B L
. N - o
< — Normal ordering ] - I [ 1 1ocredible interval
— - - =
25 R . e - _ 2a credible interval
Inverted ordering i < F
N o E B 5o crcdible interval
/A 1ecCL R o F
20 - - -
T 90% CL - EL =
] 20CL . —
15 [ J3ecCL ol g
N 2
R 172)
= o
3 joF

III]|IIII|IIII|III

IIl|l.IlJI.IlIlIlIIlIlIlI.lIlIIII]IlIlIIII

l]lllllllll]llll]lllllllll

8 » -, B To)

=2 = A o ‘ . 3 3 2 -l 0 1 2 3 S

) - Ocp _ BCP ;l

Note change ird convention! T2k also prefers normal ordering and =

g upper octant, at low significance o
Bayes Factor NO/IO = 3.3 <

Bayes Factor UO/LO = 2.6 E



JOINT FI' €20x2K\

Complimentary experiment design break degeneracies

NOVA /T2K HAVE DIFFERENT: BENEFITS OF JOINT FIT:
ALE A Fit includes full details of
A Amounts of matter effect & Energy reconstruction and detector
A Interaction processes response
8 T2K mostly QE/2p2h 0 Likelihood in all fitted dimension
8 NOVA a mix of QE/2p2h/RES/DIS 0 Consistent statistical inference
A Detector technologies A Together we conducted an idepth review

. . of the models, systematics, and correlations
A Systematic uncertainties y

A Analysis approaches

P.Vahle, WIN 2025



N9 JOINT FIT

A Detector response and flux systematic

N 2 NT: '

- \?vm Nightmare Fake Data 1o'Cls Both MO S % uncertainties have no correlation between

— With reactor constraint — .

- @ . ;<> the experiments

_ Sim Poi w _; e A Cross section uncertainties likely are

- ¢ Sim. Font - o correlated, but there is no direct mapping

- — Fully Correlated 17 between the model parameters from each

B Uncorrelated : :? experiment

[ . —

- — Anticorrelated ] g A Constructed extreme scenarios where

- /’_\ £ artificially large systematic uncertainties

= @ 18 iInduce an effect like oscillations

X - ' ' 1= A Leaving parameters uncorrelated is a better
04 93 06 strategy than getting the correlation wrong

sin“0,,

After extensive studies, both experiments were satisfied
that leaving systematics uncorrelated was appropriate for
the exposure of the first analysis

Z Vallari, JETS, Feb. 2024

P.Vahle, WIN 2025



JOINT FIT RESULTS

T2K v,

appearance With reactor constraint

15

——TTT T
Far Detector data: 4
Posterior range:[ll 1c M 2c

L - LA B B B B |

30

0.4 0.6 0.8 1.2

0 0. 2
Reconstructed neutrino energy (GeV)
_
NOVA v, appearance. With reactor constraint
[ T T T T | T T T T .ll T T T T I T T T ‘ 1 T
- I II I
40 - Far Detector data: 4 7
Posteriorrange:[ll 1o 206 30
30 = -
o |
c L
2
T 20 + i .
10 F g
oL B T

4 2 3
Reconstructed neutrino energy (GeV)

Z Vallari, JETS, Feb. 2024

Note: Joint fit results based on smaller
data sets than the individual results

T2K v, 1t appearance With reactor constraint T2K v, appearance With reactor constraint
S e L L AL B B  Par Matardnr Aatae & L
Far Detector data: 4 ] Far Detector data: ¢
5 3 Posterior range:ll 1c 206 3¢ ] 6 Posterior range:ll 1c 206 30 -
af i
2 < 41 -
c L C
2 1 L i
1t ] :‘ ‘ ‘
0: | N --‘- [ — ! 0- _l_ . I I W W * 'l- T*-
0 0.2 04 05 0.8 1.2 0 0.2 04 0.6 0.8 1.2
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
NOvVA v, appearance With reactor constraint
25 L ¥ T T T T T T l’l‘ T T T T T T T T T
I Far Detector data: 4 ] n 0.90 0.19 (n,) 0.62
20 - Posterior range:ll 1c 206 3¢ €
[ 0.79 (n.1p)
£h5r 1 T 0.21 0.67 0.40
o [ L0
D10 [ 1 N, 0.68 0.48 0.62 =
[ N
[ l ™ 0.38 0.87 0.72 pd
51 - g
* l 4_ Total  0.64 0.72 0.75 >
0 ' - - - —
2 3 4 1 2 e
Reconstructed neutrlno energy (GeV) Posterior predlctlve p/alue ‘>5
(~0.5 is good compatibility) o



Z Vallari, JETS, Feb. 2024

5 JOINT FiTCP

AFor both mass orderingdep= p/2 lies

2 0.04F Bayesian Cred. Int. NN :
outside3-sigma credible interval. § 003;—Wlthmamconmm itthMO ;
g ANormal Ordering allows for a broad g 0.02¢ —homE NG e
range of permissiblé.p S O'Olil S — B jf
AFor the Inverted Ordering, CP N '—d:" | o
conserving values bt (0,p) lie le_n-_go oy - n

outside the 3sigma credible interval. ’ Ocp ?

Note change ird convention!

P.Vahle, WIN 2025



Z Vallari, JETS, Feb. 2024

N9 JOINT RiTMO

Another possible way to determine
Inverted MO Normal MO p y

>~ 0 04| Bayesian Cred.Int. * T Non-Conditional | < the Neutrino Mass Hierarchy
_'l: - With reactor constraint T i "'l:_,,'"?
% i T ] ‘\“ Hiroshi Nunokawa',* Stephen Parke?,! and Renata Zukanovich Funchal®*
D) 0.03j *_—.1(5 ] ‘Uﬁl
= T W20 1=
= 002 T D30 1~
. B T 13
5 0 T 1=
= 001 + = In the true mass ordering, reactor extraction of
o) B T 18 Dm;,2 should be consistent with lornlgaseline value
A ok 1 i
—26-25-24-23 23 24 25 26
Am3, x107 eV? Am?2, x107 eV?
NOVA+T2K Joint fit has a modest No Reactor Inverted 2.47 71% :29%
preference for the Inverted Ordering, Daya Bayy,;  Inverted 1.34 57% : 43%
but flips depending on what reactor Daya Bay 2D Normal 1.44 59% : 41%

constraints are used.

P.Vahle, WIN 2025



FINAL COMPARISONS

NOVA Preliminary

0.7 F Bayesian Cretl. Int. . | Marginalized Separately ~ ]
| 68% Cl over orderings, Normal MO

@
O
=
(4]
L
w
04 L —— NOvA 2024 — - NOVA+T2K (2020)
- —— NOvA 2020  ----- T2K 2022 1
- T2K (2020) + SK (IV)
] P |
0 % T 3_1'{ 2n
2
60P

T2K also does joint fit with SK
Phys.Rev.LdfB4 (2025)1,01180

A Prefers NO with 1.2 exclusion of |10
A 1.% exclusion of CP conservatiod,(0)

Stay tuned for more joint NOVA+T 2K results

0.7

0.6

05

04

NOvVA Preliminary

B Iéay'esién Cred. Int. ' I\/'Iarg';inélizéd Eeharétely ‘ ]
| 68% Cl over orderings, Inverted MO |
L — NOvA 2024 — - NOvA+T2K (2020) |
- —— NOvA 2020  ----- T2K 2022 ]
[ - - T2K (2020) + SK (IV)

E L L L | L L L L | L L ! L | ! L . L
0 g T 3n on

2
60P

External Global fits see similar trends

(I. M. Soler, WIN2025]HEP 12 (2024) 2)6

A Fit to LBL+IceCube+Reactoffalls in
NQO, but fit is almost equally good in
either ordering

A Adding SK Atmospherics disfavors IO
with Dc2=6.3

A Consistent with CP conservation as1

P.Vahle, WIN 2025
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W9 THE FUTURE L-BASELINES

Mass Ordering Sensitivity (0)

12.0

—
o
o

9.0
7.5

6.0F

4.5

30

1.5

Sanford
Underground
Research
Facility

| i [ ) l T T T T [ LI LI I T I T | 5291 § T I P ) ]
- DUNE Simulation —— MO Sensitivity
~ All Systematics ]
~_ Normal Ordering
T 100% of &¢p values g]
- FD3 —’T

1 L l 1 I 1 I 1 | L ] L1 1 Il
0 1 2 3 4 5 6
Years

CP Violation Sensitivity (0)

1.2 MWEeUtrino beam

Upgradable to 2.4MW
PIRII project baselined

. u DEEP UNDERGROUND
FMF NEUTRINO EXPE AENT

Y SO AR RARAS RARAS LS RS LLES AR
- DUNE Simulation —— 336 k-MW-years 2
120 : —— 624 kt-MW-years 4
- Al SyStemauc.'S 10 variations of statistics, |
10.5 — Normal Ordering systematics, and -

i - oscillation parameters

9.0F 4

Il l Lobolok I Lialakek I L boh ok Ll 1 I | R I ALl I RkeaRaak
-1.00 -0.75 -0.50 -0.25 0.00 025 050 075 1.00
Ocp/m

A 5 sigma mass ordering resolution after
3 years running with nominal detector
design and beam configuration

A CP violation for 50% of delta values
d 3 sigmain5 years
0 5sigmain 10 years

A Expected start 2031
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29 DUNE STATUS

A Excavation of FD Caverns completed April 2024
A Cavern occupancy expected in Jan 2026

A Cryostat steel in South Dakota

A Vertical drift prototype commissioning at CERN

™SE ™ DEEP UNDERGROUND
i ?@ I = ot s
) Gt m— NEUTRINO EXPERIMENT

60 1 o Pt
¢ 4,-"‘
a4 T !
= e
E 204
@ 1 0
X 0
< —— : ) )
£ 201
'™ ,
(=] -
~a0; ST
-6013 2 e
601 i
i HiH
'E 40 i n ii
= 20 i
o e I
% —~ ilE
L 04 o el ==
- e — |}
T
2 204 il
£ - A
> 40 ” o H
—604 i
—60-40-20 0 20 40 60-60-40-20 O 20 40 60
Beam Axis [cm] Drift Axis [cm]
[ T [ : B
20 40 60 80 100 120 10! 102 103
Charge [103 e] Light [p.e.]

A 2x2 LAr det. w/ pixelated readout run in NuMI in 202
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AN HYPEK

HK 10 years (2.70E22 POT 1:3 vv) 5 O o Hyper-Kamiokande
18 L 0
: Beam (Known MO) Hyper-Kamiokande

= - Beam (Unknown MO) ~ 2
14 Atmospherics (Unknown MO) ( 2027 )
- ————— Combined (Known MO) ~ ol
L Combined (Unknown MO)
o q._’_)“‘\
- e ATAVATA A Ey
SE AR ATEE T g
- Vg e
6 T
4t . j .
o Gigantic neutrino and nucleon decay
ol detectom 10x SuperK

MW beam from upgraded JPARC complex
Data taking in 2027

Slalistical errors only
wesee |mproved syst. (v, /v, xsec. ermor 2.7%)
---------------------- T2K sysl Rel[4] (v %, xsec. arror 4.9%)

260k(188k)ton

Fees
St
prreesii

High-QE 50cm PMTs (20%
. photocoverage) and mPMTs.

3., values excluding sin 3,,=0 [%]
n
=]

- 10 ‘\\_——__—’_———'
HK years {2'?“1321 F"DTfyear 1:3 1.'3?} A
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