Latest NOvVA Oscillation Results
from 10 Years of Data
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Neutrino Oscillation

ANeutrino oscillation: neutrinos produced in a specific lepton flavor can change to a diffe

flavor during their travel
ANeutrino oscillatdbecause their flavor (interactioajgenstategn,, n,, n,) are not mass
eigenstategn,, n,, ny)

A As neutrinos propagate, the phases of the three mass| s{qtgadvance at different rates
Therefore the flavor elgenstates oscillate.
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Including two squared mass differenc#s’,,=m?,-n¥,; andDn¥;,=m?;-n¥,, there are
6 freeparameterthat determine neutrino oscillation probabilities.



Key Open Questions in Neutrino Oscillation

A CP phasél-p: whether neutrinos and antineutrinos behave the same way in
oscillation? Implications for matt@ntimatter asymmetry in the universe




Key Open Questions in Neutrino Oscillation

A Mass ordering (hierarchy3ign Of DY (o =MZ3-¥y ), Mx>My , OF My >M,?

Implications for absolute neutrino massgsndunified theories and neutridess
double beta decay searches

Normal Mass Ordering Inverted Mass Ordering
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Octant ofg, : Isq,;exactly 48?7 Isn,
more strongly coupled t@ or n.?

Long baseline accelerator neutrino experiments are designed to S
these questions
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NuMI Off-Axis n, Appearance Experiment (NOvVA)
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A Muon neutrino beam at Fermilab near Chicago
A Longest baseline in operation (810 km), large matter effect, sensitive to mass

ordering

A Far/Near detector sited 14 mrad-affis, narrowband beam around oscillation
maximum



Neutrino Beam Performance

MW capable target, horn installed in 2019-2020

Upgraded beamline targets, horns
and accelerator
~megawatt beam achieved:

0 Regular ~900 kW
0 Record 959 kW
7 Daily neutrino beam — Accumulated beam Accumulated neutrino beam 60 N
- Daily antineutrino beam Accumulated antineutrino beam 5
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A 20142023: 10 years of beam NOVA
A Neutrino beam data: 26.6x2®Protons on Target (POT)+96%)
A Antineutrino data: 12.5 x 20POT 5



NONA Detectors

Far Detector (FD):

A 14-kton, finegrained
A 344k detector cells
0.3-kton functionally identical Near Detector (ND), ~20k ce
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Detectors are c&hposed of PVC modules extruded to form londikebsells
Each cell: filled with liquid scintillator, hasavelengthshifting fiber (WLS) routed
to Avalanche Photodiode (APD)

A Cells arranged in planesssembled in alternating vertical and horizontal directions
A 3-D information of neutrino interactions !
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Neutrino Oscillation Measurement at NOvA

Far detector:
Ash River, MN
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1. Make a beam 2. Select vy and ve candidates 3. Interpret E, distributions
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Use the ND data and simulation
distributions to constrain FD predictions
(Extrapolation)



Deep-Learning based neutrino classifier (PID)

A CVN: a convolutional neural network (CNN), based on modern image recogni
technologyA. Aurisanoet. al, JINST 11, P0O9001 (2016)

A Extract features directly from pixel maps
A New cosmic rejection CVN used for 2024 analysis

Pixel size: ~4 cm x 6 cm X-View only CVN OUtpUt in the far detector M
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FD event selection

LV/[ selection| V¢ selection
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Expanding v, selection

Previously v-beam NOVA Preliminary
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v-beam

A Muon neutrino energy is reconstructed 15}

by E;=E,+E4q

A Location of the dip irs,-disappearance
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Near detector observations

ND spectra reflect unoscillated beam

b Vbeam NOvVA Preliminary
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10° ND Events/1 GeV

Far/Near detector extrapolation
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Systematic uncertainties

v-beam NOVA Preliminary v-beam NOVA Preliminary .
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Events /0.1 GeV

3843, data candidates(11.3 background)
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Extracting oscillation parameters (Fitting)

Bayesian Frequentist
Markov Chain X? minimization
Monte Carlo (profiled -
(marginalization) Feldman—Cqusms)
(technique described in ) e descrlbe(; &
| I | 4
Bayesian credible regions —— Ams,?, sin20s, sin?26+3, &¢ }4 - frequentist confidence regions
- &
Consider three 613 possibilities: Daya Bay
- - 2D (Am?s,, B13)
: el ey constraint
O+s unconstrained | | 1p g.. constraint | or f |
(NOVA only) 5in?26:s = 0.0851 + 0.0024 B |
\ PRL 130, 161 P,

Other mixin sin%6:2 = 0.307 (PDG 2023)
arameters? AmZ: =7.53x10%eV2 (PDG 2023)
P ‘ p=274g/cm®  (CRUST1.0)
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Frequentist Confidence Region  NOVA Preliminar

T T T T I T T T T I T T T T I T T T T
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i
sin“(8,,)
2 _ +0.035 | -3 2
(Frequentist) AM3, =[+2.433" . X10 “eV
best fit: 2 _ +0.032
sin"6,, = 0.546_ -

Mild Upper Octant preference
(69% prob; Bayes factor = 2.2)

NOvA*
NOVA+T2K'

IceCube

T2K! ——
SuperK+T2K! ——
Daya Bay nGd ———
MINOS+ —_—
SuperKY .-
RENO nGd ——
Daya Bay  nll .
RENO nH -
2.2 2.3 24 2.5 2.6 2.7 2.8
|Am3,|, 1073 eV?
2024 result, PRELIMINARY <
based on 2020 ana KI-V r t, arXiv:2311
Neutring-2022 resul d on SK TV and T2

24247008 15%
2.429100380 1.5%
240 1000 19%
2.5067 (0% 18%
25117508 24%
2.466+0.060 2.4%
240 00 3.5%
240 Ty 48%
2.69 +012  4.5%
272 T} 5.3%

248 02 1919

—0.32

« NOvVA’s measurements consistent
with the rest of the accelerator and

atmospheric experiments

. Am322 best-fit lies in the normal

mass ordering (NO)

» sin’(f,;) best-fit value lies in the
upper octant
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3 2 3 3nixing

NOVA Preliminary NOVA Preliminary
. 0.025F :
- Bayesian Cred. Int. | Bayesian Cred. Int.

0.02 [~ No Daya Bay constraint Both MO - With 1D Daya Bay constraint Both MO
= C B > 002 W/ 1D
2 o015} [Heo NOVA Z B b
s B ) g ayd
Q e only o 0.015) : Y
- B — - d
2 oot 2 I 4
Q I © 0.01
n - b7 [

5 0.005- S B
P Q- .00}
3 045 05 055 06 5
.2 .
sin“(8,;) Sln2(923)

Mild Upper Octant preference
(69% prob; Bayes factor = 2.2)

emerges from applying reactor constraint
(due to correlation between 013 and B3, see overflow)

Maximal mixing is allowed at <10
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Ma s s

Normal Mass Ordering NOVA Preliminary
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Mass ordering and CPV

0.025

0.015

Posterior Density

Both MO

Inverted

Normal

NOVA Preliminary

0.02}

0.01}

0.005}

- Bayesian Cred. Int.
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Mass ordering and CPV

Bayesian Credence Region
NOvA Preliminary NOvA Preliminary NOvA Preliminary
- Bayesian Cred. Int. ' ‘ ' 005-_Bay'esian Cred.Int. T ' ‘ s [~ Bayesian Cred. Int. T ‘ ' PEErn
[ No Daya Bay constraint I 1 ™| with 1D Daya Bay constraint{- i - With 2D Daya Bay constraint | §
> 0'04; Inverted | E 004: Inverted T . O'OGT Inverted | 5
g, 003: .10 Ordering + D15 {"%E .1«5 Ordering ¥ D10 ] | Ordering | ij |
()] . [— e ] B T ] B T N
) F 0o T O ] o.os}DZG T [eo . 0.04}- 020 + Oz ]
5 002:_D36 _:_ DSG _: B D30 B DSG ] | |:|30 1 D36 i
g T 1 002 + 41 | 1 ]
3 - T i - T 1fo.02|- 4+ =
o 0.01? 1T ] 0_01__ 1 ] B T N
et s % 51 rerr— e % sq s | i s oS 23 24 25 28
Am2, x10° eV2 Am2, x10° eV2 Am2, x10° eV2
No reactor constraint Daya Bay sin?26:5 only Daya Bay (sin?26813, Ams,?)
N.O. preference: N.O. preference: N.O. preference:
69% prob. (Bayes factor: 2.2) 76% prob. (Bayes factor: 3.2) 87% (Bayes factor: 6.8)
Frequentist significance*: 1.40 Frequentist significance*: 1.60




Summary and Prospect

A NOVA 2024 results: First neNOVA neutrino oscillation measurement since 2020, with
doubled neutrino beam dataset

o

Most precise singkexperiment measurementai?;, (1.5%)

o

With reactor constraints afj; andgam?;,:
I Upper Octant preference to 69% odds

I Normal Ordering preference to 87% odds.

o

NOVA is expected to complete data collection in 2027

o

Full-dataset analysis is under development, featuring Al/ML integration throughout the
reconstruction chain
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Summary and Prospect
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