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By the end: where the field stands today, and
Roadmap = Pal‘t II how the next decade resolves d-p and the

mass ordering.

= Three generations of long-baseline experiments

= The current generation up close: T2K and NOvVA

=  Combining the two: the NOVA + T2K joint fit

= Adding reactors and atmospheric: breaking degeneracies

= The next generation: Hyper-Kamiokande and DUNE
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Learning outcomes

Place the major
long-baseline
experiments
across three
generations
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Explain how T2K
and NOvA
extract
oscillation
parameters

Explain why
combining
different
experiments
breaks
degeneracies

Contrast the
Hyper-K and
DUNE strategies
and what each
resolves
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Three generations of oscillation
experiments



Choosing L and E: Energy (E) <4mmmp Baseline (L)

Past Image Credit: Alex Himmel
s m - \ /
MINOS I ]
ICARUS I I
- Detector
Opera e Technology
T2K [
Hyper-K ] = Must pick all
DUNE I ] three together.
Future 0 500 1000 1500 O 2 4 6 8 10

Baseline (km) Energy (GeV)

INSS 2026 - Long-Baseline Oscillations | Zoya Vallari 5



=  Fix L/E at the first oscillation maximum

Choosing L/E:

Past Image Credit: Alex Himmel Oscillation Probabilities

= 8
MINOS
ICARUS @
Opera 6] -

T2K
NOvVA
Hyper-K
DUNE

= Longer L - higher E at the maximum

V; appearance
experiments

Future
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3 Generations of long-baseline experiments
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Contemporary & Future Generations

Adapted from annurev-nucl-102020-101615

Location Beam Baseline
T2K Japan J-PARC 500 kW 295 km
(Tokai to Kamioka) (Upgrade to 1.3 MW)
NOvVA United States NuMI 850 kW 810 km
(Fermilab to Ash River,
Minnesota)
Hyper-K | Japan J-PARC 1.3 MW 295 km
(Tokai to Kamioka)
DUNE United States LBNF 1285 km
(Fermilab to Lead, South 2-2.4 MW tunable

Dakota)
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https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102020-101615
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102020-101615
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Review:
Measuring Oscillations

Measurement

1. Detect neutrino interactions.
2. Tag the flavor.
3. Reconstruct energy.

Inference

1. Compare with the no oscillation
prediction.

2. Compare v, and v, appearance
rate.
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The current generation: T2K &
NOvA
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Neutrino flux

Beamlines (E) Z 4
g |
= Both experiments are located off-axis to receive 30-5*
a narrow-band, highly pure muon (anti-)neutrino
beam.

=  T2K:beam from J-PARC, peaks at 0.6 GeV 1 2 3 4
neutrino energy. T2K NOvA E, (GeV)

= NOvVA: beam peaks at 2 GeV and is delivered §1 A Formaggio and Zeller |
from Fermilab’s NuMI. 1.2 _H_ Rev. Mod. Phys. 84, 130
: . . g 1

* The difference in neutrino beam energy leads < ' '
- . .. . u0-8 T, 1 2
to qualitatively different neutrino interactions B ! fra ok

= T2K: primarily Quasi-Elastic and 2p2h § ’
interactions 30'4

=  NOvVA: mix of Quasi-Elastic, 2p2h, Resonant and £0-2
DIS interactions o
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Baselines (L) and Beamlines (E):
NOvA: L= 810 km

T2K: L = 295km
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= NOVA sees larger matter effect due to higher neutrino energy and longer baseline = higher sensitivity to
mass ordering.
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NOvA-T2K Complementarity

= T2K measurements isolate impact of CP violation while NOvVA has significant sensitivity to

mass ordering.

T2K: L = 295km, E = 0.6GeV NOvA: L=810 km, E = 2.0 GeV

8- | | 'sinlzzélflo.(')ss' ] 8 - Isinl22é13=‘0.(l)85l ]
- sin’0_,=0.5 . - I""ert.ed sin?0__=0.5 .
X 6 B 1 ™R 6 Ordering 2, » - L (baseline) 295 km 810 km
> [ > | ) ] Energy 0.6 GeV 2 GeV
T af 11 g %% - (beam
3 L i =T i
1> [ 1 1= | ] peak)
i 1 B, 1 Matter ~ ~£9% ~=19%
i s ] o e ONrgg:;::; ] effect*
L0d=0 e d=mn/2 ase 4 Lo 0=0 e 0=m _
o waan P i wew2 | CPeffect' -~30% -~ 25%
PR A R I T SRR TR T ST S SN SR | 0 L L L L
OO 2 4 6 8 0 2 4 6 8 *calculated at beam peak energy
P(v,=v.) % P(v,—v.) %
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:MEASURING

SGILI;ATIONS with

1. Detect neutrino interactions.

the flavor.

3. Reconstruct energy. 810 km

'
G N
~
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Far Detector (FD) 7

NOVA Detectors 14KT, on the

surface

ND and FD are
functionally identical

segmented liquid
scintillator detectors.

Tom

scintillation light
\'\‘
b Charged
> Particle

Near Detector (ND)
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NOvVA Detectors

Side View
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» ~150 kHz of cosmic rays at the FD which is on the surface.




NOvVA Detectors

Side View
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Good spatial resolution (~few cm) and timing resolution (~10ns) allows to isolate

neutrino interaction from 99% of cosmic backgrounds.




Tag Flavors &
Reconstruct Energy @ p

= Optimized for EM showers.
= ~6 samples per radiation length (~40 cm)
making muon- identification easy.

=  Neutrino candidates are identified using a
convolutional neural network (CNN).

= Energy is reconstructed via tracking (muon)
and ’

hadronic).
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NOvA ND Data

v-beam v, candidates

600 [— —

~ ND Data

— Total MC

400 [— 1-c syst. —

w1 ® Exceptional statistics at the ND leads to
ol e b negligible statistical uncertainty.
= ~6.5Mv, (~1.5M )candidate events

10° Events / 0.1 GeV

e — e = Use this sample to predict both v,
. IRleconsltrL:ctledl Vu fanlergx (gtalV? -
125— v, candidates g EEER and Veat the FD
o . = = ~100k v, candidate events
range _ . . .
o O = Background intrinsic beam

V. +V,
—NC

= vV, prediction at the FD.
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| PP P
Reconstrucfed Ve energ:?/ (GeV)
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v, candidates vhbeam , NOIVAPrelllmmary
-+ FD data ]
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NOvVA Results: 013 vs 0,3

NOvVA PRL 136, 01180 (2026)

= Accelerator experiments 0'255 N e BT Both MO
have a degeneracy between 0.2k
the measurement of mixing
angles sin? 26;3and o 015
sin? 6,3 & F

= Reactor experiments RN
provide a highly precise
measurement of 6,3 using e £
distinct oscillation T 20 30 g Reactor
channels. 0 0.4 0.5 0.6

Sin“0,,
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9 = Consistent measurements of 8, across reactor and accelerator experiments,
13 provides evidence of the robustness of the PMNS framework of neutrino mixing.

Daya Bay  nGd —o— | 8.51+024 2.8%
RENO nGd —— 8.92+063 7.1%
71 Daya Bay nH ® ' 7.1 +11 155%
RENO nH ® 8.6 £1.2 14.0%
— Double CHOOZ ' ® ' 10.2 +12  11.8%
[ NOvA+T2K' ' o = 8.927158 1599
| NOvA* o 8.6 T4 1749
T2K! | . - 10.361055 15.9%
- 6 s 10 12
sin? 26,3, 1072 1 Neutrino-2022 result

§ based on 2020 ana.
* 2024 result, PRELIMINARY
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NOvVA Results: Am3, and 0,;

Global consistency across
accelerator, atmospheric and
joint-fit results.

3

All data is consistent with
maximal mixing (0,; = 45°)
hypothesis.

2.5

AmZ, (10° eV?)

W Ve
By,
W v,

If 853 = 45° - |U;3]| = |Uq3|
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Note: Accelerator experiments use 03
constraint from reactor experiments

NOVA Preliminary

T T T T I T Ll I T T T Ll I T T T T
|__NOVA NO 90% CL 26.6x10%° POT-equiv. v-beam
| With 1D Daya Bay Constraint 12.5x10?° POT v-beam y
- NOvA &l
Il 2024 i |
| ¥ Bestit ,~-—:'.'.‘.‘.-_-:--~-::-.-.-:f-i"r'l'; ----------- R
¢ Bayesian - o
e IceCube 2024« =+~ T2K2022 ~ -o-e MINOS+ 2020 —
[~ e SK 2023 —— NCl)vA+T2K' =t ISK(I-IV)+T2K’ i

04 05 06
.2
sin“(8,,)
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NOvVA Results:

= Datais consistent with
maximal mixing (0,5 = 45°)
hypothesis.

= Very precise single
experiment measurement of
Am3, with 1.5% precision.

= NOvVA data show a
preference for NO (77%
posterior):10 (23% posterior)

=  Bayes factor of 3.3 for NO/IO
(77/23). NO ~3.3x more likely
than 1O.
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Posterior
probability

. 2
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|am2, | (107 eV?)
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0.55

0.50 |
0.45
26}
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| Bayesian Credible Interval
| With 1D reactor constraint

— Normal MO 68%

-- Normal MO 90%

— Inverted MO 68%

-- Inverted MO 90%

| B N LA A B B S e S
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T2K Detectors

T2K's FD: Super Kamiokande (SK)

PRp— ND280

Downstream
] ECAL

Solenoid Coil

T2K has upgraded their ND
to replace POD with Super

Fine-Grain Detector
Barrel ECAL

= T2K employs different detector technologies for Near and Far detectors.
= ND comprises a set of magnetized detectors employing particle tracking with plastic
scintillator as the target material.
= FDisthe 50 kt Water Cherenkov Super Kamiokande detector.
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v, and v, charged current

N D 2 80 | v, and v, charged current Neutral current S K

Eventnumber : 24083 | Partition : 63 ||Runinumber : 4200 | Spill': 0 | SubRun number :6/| Time : Suni2010-03-2122:33:25 JST [lrigger: Beam Spill —

60 —

Tag Flavors & Reconstruct Energy @ —— ]

40~ . i .
_ v -like v,-like !

I H |
ZT | +++ 1
‘ ++#++ﬂ*++ﬂ+ .++.+++ﬂ+* ,m_+:

Number of events

-2,000 -1,000 0 1,000 2,000

Electron or muon PID discriminator

= Energy of the incoming neutrino is reconstructed from the lepton kinematics.
= ND: Selection based on reconstructed muon track and number of pions - CC1pu0n, CClpln, CC1uN®T
= FD: Particles are identified by their Cherenkov rings and selections use exclusive topologies.
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Flux
Model

T2K Analysis Strategy —
,—«[ Section ]
/ Model
Data ;’
= NOVA and T2K experiments have e { D&tgg;‘l’r ] BVAVERN
different analysis approaches m '\ CO,?;E,MS,"
driven by contrasting detector . i
. v These flts can also be
designs. combinedinto a single
ND simultaneous fit
= T2K has a distinct ND from FD so Corﬁgg‘e'?ed
utilizes the constrained model to ) FD
. —— ! -4 Detector |
transfer the ND data constraints. Data : . Model |
OSCl”atlon
Fit
Osmllatlon
Parameters N
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T2K Analysis Strategy

S. King, Neutrino 2026
T2K Preliminary [== &
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200

ND280 FGD1 Fwd v”CC 0m0p

< E . .
Zosoor- T2K Preliminary
5 3000 |
TECN |
§F
> E
W 2000
1500 -
1000—
j
0 1 T =
21.5F
L
Z o5k

200 400 600 800 1000 1200 1400 1600 0,
B, M
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o Data }
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T2K Analysis Strategy

Oher
D

Pre-fit ~

200 400 600 800 1000 1200 1400 1600
B, (M%)

ND280 FGD1 Fwd v CC O'ITOp

uw

£ —
B as00 T2K Preliminary |m=

s =
5a =
5 —.

GC) =ou.'
>

w

Post-fit

T[T TT T [TTIT [ TTIT[TITT T

0 200 400 600 800 1000 1200 1400 1600
20
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Number of events

[ Pre-ND fit (u £ 0)

[ Post-ND fit (u %+ 0)

25

— =N
(== N < . G e
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B 7] 5
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1 ! 1 ! | L L I I | I
0.5 1.0
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4
1

S. King, Neutrino 2026

_____________________

The ND280 fit
reduces the error
on the number of

events selected
at SK

1-Ring u
19.2% — 3.7 %

1-Ring e
203% — 5.7 %



T2K FD Data:

Normal ordering

T2K Preliminary

T T l T T T T | T T T T | X T T T

s e MINOS+# _ SK+T2KF T2K Run 1-11 v1¥

3 O [ PRL 125, 131802 PRL 134, 011801 e to be published, 2026 -

L ... Super-KF = — - NOvAZ T2K Run 1-11 v2F |

| PRD 109, 072014 PRL 136, 011802 this work i

. _ TIceCube” S T2K+\()1/AB

2 8 I PRL 134, 091801 re 646, 818-824 =t

oy 99 o
=g,

~ - i

% L 1

olo 2.6 _

= i i
.,

msoc\'o 2.4+ |

a [ |

9.9[ : -

: k. i ¥ Frequentist (90% C.L.) :

S - B Bavesis (.
- — ayesian (90% cred.) |
2.0 1 1 1 | 1 1 L 1 1 1 1 1 1 I 1 1 L 1
0.4 0.5 0.6
Siﬂ2 023 28
= New results consistent with the old

measurements with enhanced
precision due to improvement in
interaction modeling.
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v-mode
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S. King, Neutrino 2026
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Preference for
maximally CP-
violating values.

CP-conservation
excluded at the
95% C.L.

Weak preference
for NO at 78%
posterior
probability

o~
<

T2K Results o

><20

10

Hybrid-Frequentist
T T T

Normal ordering

68.27% C.L.
90.00% C.L.
95.45% C.L.

1
NNV
[a%%
EEEE 99.73% C.L.

T T T T T T T T T [ T T

Inverted ordering B

Bayesian

Posterior Probability
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T2K Preliminary
MO Marg., wRC
[ Ic Credible Interval

[ 26 Credible Interval T

[[]3c Credible Interval

Normalised
over both MO

=27 -26 -25 -24 -23

2.6

27
7
A mj3,

x10

S. King, Neutrino 2026

= High asymmetry observed in v, vs v,
appearance in T2K.

)
O sin~ By
T2K OARI11B preliminary =
T I T T T | T T T I T T = T ] T T T l T
I ¢ DBest-fit \() 10 l
30 L ¥ Data = ! 0.6
r 68.27% syst. err. at best-fit
S 25F g
8 [ - ) 0.55
<20k g 5
2T 1FMo.5
N B T .
]_5 -V dep=m -
: = jop=-7/2 : v
[ 0 ép=0 ] 0.45
| ® Jdcp=+7/2 o
10 I NN S ([N | A [N S LS NN (NN (N (NS (NN N[ LN [N (NS . |
60 80 100 120 140
v mode e-like candid.
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Breaking degeneracies - the joint
fits



Accelerator + Atmospherics
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T2K

T2K: L = 295km, E = 0.6GeV

With a 295 km baseline and a beam energy peaking at 0.6 GeV, T2K sees
minimal matter effect and therefore has limited sensitivity to mass
ordering. Any asymmetry observed in v, vs. v, appearance can be
attributed to CP violation.

T2K: L = 295km

|
I T T T T
T | T T T | T ] I2 T ‘ T T T I I 8 _ ]
= sin*26 ,=0.085 = . = gp=1
T T —
- 1 5 55
IAmZ,l=2.5x107%eV? | ' 6 € (=]
sin2923=0.5 : — Normal Ordering ]
B B 1 — Inverted Ordering ]
1 L —— Vacuum
I 0 B | 1 I -
1 0 1 2 3 4 5
- m 1 Neutrino energy (GeV)
] I T T T I
i | 8 T2K L=295 km -]
| | sin*26 ;=0.085 §
B h IAm3,l=2.44x107ev? ]
I 1 : sin’0,,=0.5 ]
Lod=0 e d=n/2 1 .
-0 d=m . o=-11/2 | | | 1 3
! 1 i 1 1 1 I __
2 4 6 8 I 1
Il
P(v,—v.) % ; ' 3 z 5
. Neutrino energy (GeV)
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SK =  The atmospheric neutrinos at SK travel through the earth at various

angles and experience strong matter effect in the few GeV region,
which is not degenerate with dp.

Atmospheric neutrino oscillation probability (normal ordering) P (B0 SeEReTER

_0.7 ~

P(vu—» ve) Vacuum s

—05 The resonance
appears only for v
in NO and 7 in 1O

cos(zenith)

0.4

2 Sensitivity to
mass ordering

INSS 2026 - Long-Baseline Oscillations Il
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SK + T2K

Posterior probability

1072 SK+T2K preliminary, Analysis 2
go —_| LI | LI I L L I L I L I LI |_:
: Both .
80  Ordering E
60 | . -
C 30 >30
50 r
40
30 F
20 |-
"
O : ' ‘l 1 I 11 I l 1 l 1 1 l 1
-3 -2 -1 0 1

x107°

A. Eguchi. NNN 2023
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22 23
Am2, (eV?)

Joint analysis shows moderate
preference for Normal Ordering (~90%
posterior) as compared to ~78%
posterior for T2K-only fit.
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SK + T2K

SK+T2K preliminary, Analysis 2

z' 90 1 rrprrrr|yrrrr|yrrrr|prrrr|rrriy A Eguchi’ NNN 2023 SK+T2K preliminary’ Analysis 1
= : : >.‘ _I T T T T I T T T T I T T T T I T T T T | T T T T I T T T T I__
o) - Both 1 a ~ ]
o . i 0= — T2K -
& 0F By 20 1 & osE — SKGND)
o : E 2 - —— Normal ordering -
5 60 - — E é 0.5 . Y Inverted ordering
§ 50 30 ’ |>3e = 0.4F -
40 F : 03 -
30| E 02F =
20 = 0.15 3
10 :_ ﬂ —:I 0 0 l -‘\"T:::l::.l‘..] T 1. 'l'.':'r'-'.n.. ........ l--‘--I--:--l-.-l‘-l-..l.-‘- -%
s ] T3 -2 -1 0 1 2 3
0 [ 11" bl e v s by s v s bvw v s by v g a by —x10 6
-3 -2 -1 0 1 2 3 cP
Am2 (CVZ) . .
A. Eguchi, NNN 2023 32 = A~20 exclusion of CP conserving values of
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dcp irrespective of the ordering.
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Accelerator + Accelerator
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Resolving Degeneracies

= T2K measurements isolate impact of CP violation while NOVA has significant sensitivity to mass

ordering.

= Joint analysis probes both spaces lifting degeneracies of individual experiments.

T2K: L = 295km, E = 0.6GeV

T e Toows

I IAm2,=2.5x10%eV> |
- sin’0_,=0.5

S 6 23 :
q) -

l> |

(I .
= L

|

m -

2_ ]
L0d=0 e d=n/2 dcp phase
rod=t = d=-/2 T

O PR N SN SR TR T S S ST SRR |
0 2 4 6 8

P( Vu—Ve ) %

INES 2C25 - l.ong-Baseline Oscillations Il

NOvA: L= 810 km, E = 2.0 GeV

T
| Inverted Sin%0. =05
6 Ordering 2, B - L (baseline) 295 km 810 km
. Energy 0.6 GeV 2 GeV
4r % - (beam
i peak)
oL Matter ~+9% ~x19%
I Normal effect*
Lod=0 e d=n/2 Ordering
fod=n wd=w2 | | CP effect* ~+30% -~ +25%
0 L | I I L | L I
0 2 4 6 8 *calculated at beam peak energy
P(v,—v.) %
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Nature 646, 818-824 (2025)

- I I I I | I I l | I |
NOvA + T2K Joint Dataset S0 — Normal |
— — Inverted
The joint-fit used 2020-era data collected by each 401 N
experiment. Using both experiments data roughly B i
doubles the total statistics at the far detectors. w | i
@ i
5 30 ~
MO el E ‘I\:IOlVA:::}:::l:::‘
133 25—_T2K .
v, 82 94 (v,) I S -
14 (v, 1n) 20(— —
- 08,=0 ~ .
7, 33 16 C Olar=0 S
15— @
- Odgp=m
v, 211 318 - W5, =-m2
10_ | I | 1 1 l 1 | |
v, 105 137 60 80 100

V. candidates
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NOvVA + T2K Joint Results

Areurwpa1d 7L-VAON

> 0.04[ Bayesian Cred. Int. ! ! 7
g With reactor constraint == Both MO — 1o
% 0.03F ==Inverted MO ---20 —
8 0.02F ==Normal MO -3¢ -
.;‘:: . :
O -
% 0.01F 1
o [ .
o — | ; — f—ﬂ”ﬂfi
Both MO [y ¥ I =

Inverted | }-- -l
NOI'Inal _ ----- *| """""""" e | ’ - R o |
-t _m 0 T N

2 2

CP

= |fthe ordering is inverted, CP conserving values of
dcp (0, ) lie outside the 3-sigma credible interval.
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Nature 646, 818-824 (2025)

I I I I | 1 1 I I 1 I
— Normal

— Inverted

-]
N
~

08 =0
03, =12
O8cp=m
B3, =-m/2

80 100
V. candidates



NOvVA, T2K, NOVA+T2K

Nature 646, 818-824 (2025)

- T2K-only 10
== NOVA-only 1o
Nova+TK 10 l20 30
1 l 1 1 l 1 1 l 1 1 l 1 ]
LY L L 1LY
2 0 2 2 0 2
6CP éCP
= NOvVA+T2K joint fit weakly prefers 10 (58% posterior in 10, Bayes factor 1.3), driven by overlap in

dcpSpace.
= Even across different baselines MO and §cpremain degenerate.
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Accelerator + Reactor
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Synergies for measuring Mass Ordering

= Precision in Am3, measurements presents an orthogonal lever to measure MO*:
=  Under wrong mass ordering assumption, reactor and long-baseline
measurements of Am3, will disagree.

Conceptual Sketch (not to scale)

True Inverted Ordering True Normal Ordering
A A
—— Long-baseline
Reactor
) 2 - 2 g
Am3, | o Amgleo Am§2|lo Am3; |no

*Nunokawa, Parke and Funchal, PRD 72, 013009 (2005);
Parke and Funchal, PRD 111, 013008 (2025)
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Fitter: ARIA
0.25 —

- Bava '20'23 "' NO Conditional ] %
| === ay ay _
NOvA+T2K+Daya Bay 02 NowA 12K o . 1z
@2 0.155— — §
: : N - ]

= |ncluding the Am%z constraint from the Daya Bay, & . ]
7 S qo

reverse the mass ordering preference back to the Normal oosk- 18

= 18

Ordering. 912 IE

= No significant preference for either mass ordering in

. . : 0B " IO Conditional | Z
the joint analysis. - — DayaBay 2023 10
0-2:_-NOVA-T2K wlo reac. E ;

0.15F -] s

NOvA - T2K w/0 NOvA -T2K - 1D NOvA - T2K - 2D C h :
reactor Daya Bay Daya Bay . 0.1;— — 3

2.47 1.34 1.44 a 48.

Bayes Inverted/Normal Inverted/Normal Normal/Inverted S R N w 18
factor ~71% : ~29% ~58% : ~43%, ~59%, : ~41%, o A [V

posterior posterior posterior 2 24 26 28

|Am§2| x107 eV?
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NOvA + Daya Bay

= Including Am3, from reactor
experiments enhances mass ordering

significance.

= Driven by precision in Am3,

measurement.

External
Constraints

NOvA w/
Sin2 2913
Daya Bay

NOvA w/
sin220;35 + Am3,
Daya Bay

Bayes Factor
(Normal/Inverted)

3.3
77% / 23%
Posterior density

6.6
87% / 13%
Posterior density
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Posterior density

0.03

0.02}F

0.01

NOVA PRL 136, 01180 (2026)

5-‘0-08_-I'nv[er'te'd 'Or'dériﬁg' ' o T Normal Orderlng - ]
< [ — NOvVA
3.0.06 B — Daya Bay -+ i
Iz I (PRL 130,161802) |
8 o0.04f s 1
S |
8 0.02 1 |
- [
o L
o L
ol— | | L heee—) | R R -
-2.8 2.6 2.4 2. F 2.4 2.6 2.8
Amz,(x 107 eV?) AmZ,(x 107 eV?)
Trr o LI B rrr Trr ol
[ Inverted MO 1 Normal MO ]
B OO CJ1l @ ./ .3 B 41
| T 2c 36 | Yo 20 36 |
NOVA w/ NOvA w/
sin;, zev:3 sin® 2815
[ Daya Bay FAms
[ Daya Bay
| ek L Pl I....“..l
-2.5 -2.4 24 25 -2.5 -2.4 24
Am2, (107 eV?) Am2, (102 eV?)
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NOvVA + JUNO*

= With JUNO’s precision Am3, value,
released at Neutrino 2026% the

combined mass ordering preference

can be determined.

*See JUNQO'’s Talk
External Bayes Factor
Constraints (Normal/Inverted)
NOvA w/ 3.3
sin? 2913 77% / 23%
Daya Bay Posterior density
NOvVA w/ 15.74*
sin? 20,5 Daya Bay 949, / 6%
+Am%, JUNO Posterior density
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Posterior density

NOVA Preliminary

— — 1 I T T T
S 0.08f Inverted Ordérlng T Normal Ordering
< — NOvA
> 0.06 — JUNO+Daya Bay}
‘@
c
& o.04f
S
i)
S
0 0.02}
7]
o
n- 0 L Al . . | L Lol | R T R
-2.8 -2.6 -2.4 . 2. 2.4 2.6 2.8
AmZ,(x 10° eV Am2,(x 102 eV?)
M3, 32
R e T —_— II\IO\I/AIF’reIIimIinalry
[ Inverted MO 1 Normal MO ] CICM 123080 T .
ooa- B3 B3 0 B3 B OEM 12300 |
oo2f  Sin*2013 sin220,3 + 1
Daya Bay Daya Bay :
+Am3, + .
0,01 JUNO
- | L AI Il L
0 — L o — 2.4 2.6 2.4 2.6
25 24 ) ia 22'4 25 Am2, [1073 eV?] Am2, [1073 eV2]
Amg, (10™ eV¥)
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The next generation: Hyper-
Kamiokande & DUNE



Adapted from annurev-nucl-102020-101615

Location Beam Baseline Near Detector Far Detector
Hyper-K | Japan J-PARC 1.3 MW 295 km Suite of detectors, on-and off- Water Cherenkov, 187 kt fiducial, off-
(Tokai to Kamioka) axis, intermediate movable axis
Water Cherenkov detector
DUNE United States LBNF 1285 km Liguid argon time projection

(Fermilab to Lead,
South Dakota)

2 -2.4 MW tunable

chamber + suite of detectors, on-
axis, movable off-axis

Liquid argon time projection
chamber, 40kt fiducial, on-axis

INSS 2026 - Long-Baseline Oscillations Il
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https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102020-101615
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102020-101615
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102020-101615
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102020-101615
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102020-101615
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102020-101615
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102020-101615

DEEP UNDERGROUND
= Hyper-Kamiokande Current Status m— NEUTRINO EXPERIMENT

7
-

|

Ao

e
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DUNE FD1-HD
simulated 2.5 GeV v -
e DUNE FD1-HD

= Excellent particle identification Lo B
and spatial resolution. s
= | ow thresholds of a few-MeV.

. Hyper-Kamiokande

= Clean separation of muon and
electron Cherenkov rings.
= Excellent timing resolution (~ns).
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True Atmospheric Atmospheric +
.. Sin%0,3 v only accelerator v
Hyper-K Sensitivity
Mass 0.40 2.20 3.80
orderin E »
91 o060 490 6.20
5 0.45 2.20 6.20
i i i o?tant E »
= Duetoits short baseline, HK is 0.55 1.60 3.60

unable to break the degeneracy

, 10 years w/ 1.3 MW beam & normal ordering assumed
between CPv and MO with only

HK 10 years (2.70E22 POT 1:3 v¥)

Atmospheric v’s partially recover
CPV sensitivity, or if MO already
known through DUNE/JUNO or
other experimental input.

— 18
beam data. W 16 Beam (Known MO)

g OF ceeeiaie.n. Beam (Unknown MO)

~ 14 Atmospherics (UnknownMO)
o Combined (Known MO)
-% 12 ceeeerenenenes Combined (Unknown MO)
S
8
o

||1I|III’III|III|IIIIIJI

sin(3.p)
©S N B N

T R T A e PR R
-3 -2 -1 0 1 2 3
Hyper-K preliminary True &
True normal ordering, improved syst. (V/V, xsec. error 2.7%) cp
sin%(8,,)=0.0218 sin*(,,)=0.528 |[Am?,|= 2.509 x 10~ eV*/c*  arXiv:1805.04163
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https://arxiv.org/pdf/1805.04163.pdf

Hyp er- K S enSltIVIty ------------- ﬁﬁ:iﬂf& Zr;lsyt (vo/V, xsec. error 2.7%)
------------- Improved syst. (v,/V, xsec. error 4.9%)
.......................... T2K 2020 syst. (v,/V, xsec. error 4.9%)
;w?25.:.. ""J‘”;,”'."l'u){'l'"'l“\."'";,,,;""w-
;g), 20f
. < 15}
= Hyper-K has excellent precision PN
on Am3,, 8cp , 0,5 with multiple 5 sp
years of running. M e T T T T T T
3., (degrees)
= Jtwill also probe astrophysical, —— smsoro ony -
----- =---:= IMprovea syst. (v ve_xsec. error 2. °o°
solar, and atmospheric o a5X100 e TEKovel RollE] (w0, xoco ortor 4.2%)

. . e e e  F . 6
neutrinos, with sensitivity to the 5 sob \ L El
solar mixing parameters. s \ E

g 20:_... 5 ..54
f 1
B S S T R

HK Years (2.7x10%' POT/year 1:3 vv)
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Deep Underground Neutrino Experiment (DUNE)

FD: 4 modules of 17 kt ND_: A _suit_e of detect_ors to LBNF Beam: Most intense
Liquid Argon TPC detector provide in-situ constraints and accelerator neutrino
achieve required sensitivities. be

{ i) o ."‘\
SLTICE Soal ‘,35 y » ,‘I,W"’~
. 1 um .

g | ‘ o

| .
23
SURF | &l e Fermilab

South Dakota \®



DUNE FD Located at a baseline of 1300 km from
the beam target and 1.5 km underground

Detector electronics

1.5 km

underground
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T2K NOvA DUNE

DUNE FD: LArTPC Technology g:; 4 Rl oo e zeter
= Exquisite imaging for flavor ID and energy é !
reconstruction. i o
= Excellent particle identification and spatial ‘§z:
resolution. 20.2
= Low thresholds for charged particles enables "o

precise reconstruction of lepton and hadronic
energy.

DUNE FD1-HD

' DUNE FD1-HD
simulated 2.5 GeV v, -

-simulated 3.0 GeV v,
v, tTAr—-uppn’

Vet Ar —seppm

58




LI LN L DL L
! — DUNE (1.2 MW) 1
— MINERVA i
— NOVA

— BNB (SBND)

v, /cm?/GeV/year (x 10')

8 10
E, (GeV)
LBNF PIP-11l BEAM: MOST POWERFUL ACCELERATOR
NEUTRINO BEAM IN THE WORLD

DUNE sits on-axis and will sample the broad beam!




With great power ...
COMES GREAT PILE-UP

1.0
0.5
0.0
-0.5
-1.0
-1.5
-2.0

y [m]

2.5

0.0

\
25 ™ DUNE Simulation

~100 v interactions at DUNE ND in a single LBNF beam spill
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DUNE FD Technology DUNE ND-LAr Technology

Pixel readout
Anode plane

Sense Wires
uvy V wire plane waveforms

Liquid Argon TPC

Charged Particles

/

Cathode
Plane

Charged particle

Y wire plane waveforms

DUNE ND-LAr: Powered by Pixels
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DUNE ND-LAr 5 x 7 array of LAr TPC

modules (1 m x Tm x 3m)

1. Modular TPC
d short drift distances

Pixelated Anode

Optical Detectors

2. Pixelated Charge readout
O unambiguous 3D tracking

<
—.
=

3. Optical Segmentation
L contained scintillation light

4. Low-profile field cage
 Llimitinactive volume

62
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DUNE ND CompleX Downstream Magnetized Tracker

(such as TMS)

Muon-range

=  Combined best- spectrometer

practices from current
and previous generation
of long-baseline
experiments to design

the ND. B 4> ND-LAr

= DUNE’s physics goals
and precision needs

require it! SAND

System for On-Axis

Neutrino Detection System for moving the LArTPC and tracker up to

30m transverse to the beam
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DUNE PRISM

/_.\.

1 2 3 4 5
Neutrino Energy (GeV)

Far off axis

1 2 3 4 : 30
Neutrino Energy (GeV)

= A novel concept of movable detector being
implemented by DUNE (and Hyper-K) for the first time!
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Pred. Event Rate per 1 GeV

@ [em~? per POT per GeV]
SV}

DUNE PRISM

x1078

ND Flux

w

—

o

0

48 KT-MW-Years Exposure,

= —— 0.0m
| 5.0m
/ 10.0 m
15.0 m
2 20.0 m
25.0 m
1 2 5

3 4
E, [GeV]

L AmZ, = 2.52 x 10° eV, sin’(8,,) = 0.5

1000

800[—

600—

400~ |
]

DUNE-PRISM v, Disappearance
—e— FDv, Data
[7] ND Data Linear Comb.
I ND Linear Comb. Error
(v, +v7)CC
(vo + ¥ CC
NC
B ; - v, CC
FDv, CC Corr.

I I NS ' WS W N

0\\.\1.”,2‘.13. : L : L . :
Reco E (GeV)
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X

Lin. Comb. Wei

ght

=
N
T

o

|
=
N

x107°

10 0
Off Axis Position (m)

@, (cm? per POT per 1 GeV)

N w L
T

—

x1 =

|

—_ <I>Vu - d)vu
PRISM

i,

[, T R——

2

4 6
E, (GeV)

Using a linear combination of ND flux at various

off-axis position, we can construct a prediction

that matches the oscillated FD flux

do Near to Far matching.

Zoya Vallari

Reduces dependencies on simulated models to
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DUNE Future Data

DUNE data has spectra information.

= With 10,000s of v, and 1000s of v, collected over 10 years, DUNE will conclusively
determine the mass ordering and have excellent potential to discover CP violation.

> E DUNEFD v,  ===eeee NO sin e ,=0.44
) = .
(0] 900 C  Stat errors only —— NO 3'“ 923 = 0.56
n = 5.0 = immeesam 10 sin’e,, = 0.44
o 800: 12 —— 10 sin 9:2-056
fg-. 700F- years } NOsin’0,, =0.50
.3" 600
> 500 "H’_

400 - : v

300

200 —

10 o™ T

0 = s i ; ] i TR
0 1 2 3 4 5
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Reconstructed E, (GeV)

v +V, per 0.5 GeV

DUNEFD v, -====== NO sin 823 =0.44
350 |~ Stat errors only —— NO 3'“ 623 =0.56
samll | 0 e IOSInB ,=0.44
—— 10 sin 823 = 0.56
300 12 years } NOsin%6,, =0.50
250
200 Rl
150
. ve
100
sof ey 00202020 e
0 L l L I l L I L I
0 1 2 3 4 5 6
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DUNE Sensitivity

= DUNE’s longer baseline and correspondingly higher neutrino energy, completely removes
the degeneracy between the measurements of mass ordering and §cp

g 300 DUNE Simulation ® 5,,=0

g L 200 kt-MW-yrs n 5cp = +1/2
o [ —— Normal Ordering o 5cp =n
= 250 — Inverted Ordering A SCP =-1/2
® - sin’0,, = 0.5

3 - 2.0<RecoE, <3.5
£ 200 \

° C

£ -

= -

3 150

0 -

£ r

= B

c C

S 00| NQK\\

u -

Q -

—

K L

)

wn

PRRETIN [T TN ST T [T TN ST TN S NN SO ST T S Y Y ST SO W MY
200 300 400 500 600
Selected neutrino-mode v, events
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Seleted antineutrino-mode v, events

DUNE Sensitivity

=  DUNE’s longer baseline and correspondingly higher neutrino energy, completely removes
the degeneracy between the measurements of mass ordering and dcp

F DUNE Simulation * acp =0
T10F 200 kt-MW-yrs " Sep= 412
100 é —— Normal Ordering fo) SCP =T
- — Inverted Ordering a SCP =-1t/2
90F sin0,, = 0.5
F 0.5<RecoE, <2.0
80:—
70F
60
3 o,
a0
] R T T U P PO T P TP T
60 80 100 120 140 160 180 200 220 240 260

Selected neutrino-mode v, events

300 DUNE Simulation ® 3,=0
i 200 kt-MW-yrs ™ 5cp=+n/2
| —— Normal Ordering o 5cp= b1
' 250 —— Inverted Ordering N SCP:-n/2
- sin’0,, = 0.5
r 20<RecoE, <35
ot \
150~
100~ \Ko\\
N BT BT BN B B
200 300 400 500 600

Selected neutrino-mode v, events

140

120

100

80

60

DUNE Simulation . Scp =0
200 kt-MW-yrs "D cp = +T/2
- —— Normal Ordering o SCP =T
| —— Inverted Ordering s dp=-n/2
sin’6,, = 0.5

3.5<RecoE, <6.0

PP AP NI TS ATS AUAT ST UAC AT ATACAT S AT AT M|
100 120 140 160 180 200 220 240 260 280
Selected neutrino-mode v, events

= DUNE can measure oscillation parameters in many different bins of L/E.

= |f 3-Flavor paradigm is robust, data should give the same answer every time.

INSS 2026 - Long-Baseline Oscillations Il

Zoya Vallari

68



12.0
| L P L I T 1 T 7T I | I L) | T T 1 7T [ L T I | L L) l_
l - _— r DUNE Simulation —— MO Sensitivity ]
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© 105 —
DUNE Goals: Discovery B 105E oo :
= 9.0 Normal Ordering ]

> A
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2 2 o 6.0 :— _:
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DUNE Goals: Precision

'l L LA )

LU L L L L
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What’s next?

INSS 2026 - Long-Baseline Oscillations Il



More neutrinos are coming

INSS 2026 - Long-Baseline Oscillations Il

Zoya Vallari

5 years!
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dcp: Do neutrinos
violate CP?

/ Mass Ordering(MO): Normal or
Inverted?

Normal Ordering Inverte d Ordering
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‘) Mass Ordering(MO): Normal or ‘) SCP: Do neutrinos

4 Inverted? ° violate CP?

Normal Ordering Inverted Ordering
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Key takeaways

= Three generations of long-baseline experiment: K2K/MINOS/OPERA > T2K/NOvVA >
HK/DUNE.

= T2K and NOvA continue to deliver world-leading measurements, but CP-violation and the
mass ordering remain unresolved. Joint fit delivers complementary information.

= Reactors anchor 6,; and add an independent handle on the ordering.
= Hyper-K (statistics, CP) and DUNE (matter effect, ordering) are complementary by design.

= The next decade would deliver definitive answers on CP violation and the mass ordering!



