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NOVA Experimental Setup WO)sf

® | ong-baseline neutrino oscillation ® Primary goal is to study 3- e Other goals include:

experiment. flavour oscillations via: - Search for sterile neutrinos.
- NuMI neutrino beam at Fermilab. -V, DU, Y, >, - Neutrino cross sections.
- Near detector to measure beam 0,00, 7, - Supernova neutrinos.

Cosmic ray physics.

before oscillations.
- Far detector measures the oscillated
spectrum.

Far Detector

Fermilab
Chicago, IL

X >k >k %

H I/,u H
Near Detector H :

Ash River, MN

810 km
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Questions that NOVA can help to answer... \C-Q_s/

® | ong-baseline neutrino oscillation ® Primary goal is to study 3- | ® Other goals include:
tflavour oscillations via: - Search for sterile neutrinos.

experiment.
- Neutrino cross sections.

- NuMI neutrino beam at Fermilab. e I R 2
- Near detector to measure beam 0,00, 7, - Supernova neutrinos.
before oscillations. - Cosmic ray physics.
- Far detector measures the oscillated
spectrum.
s the neutrino mass . :
: s there a symmetry Do neutrinos violate CP
ordering normal or
. between u and 7 flavours? symmetry”?
inverted”?
v, Q,
D v
g V. =V, &)
e T
219
| Amg, | 037 Ocp’
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How We Make Neutrinos: NuM| Beam

Decay Pipe

Target Focusing Horns

P +
7T
Far Detector
71 Daily neutrino beam —— Accumulated beam —— Accumulated neutrino beam

. Daily antineutrino beam —— Accumulated antineutrino beam
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The NOVA Detectors W)

9m

e Both are large, (FD 60 m long).

e Functionally identical: consist of extruded PVC cells filled with 11
million litres of liquid scintillator.

* Arranged in alternating directions for 3D reconstruction.
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The NOVA Detectors

* | ight produced when charged particle passes through cells.

* The light is picked up by wavelength shifting fibre. Transported to
an Avalanche PhotoDiode - light collected and amplitied.

® Good timing resolution. ~ tew ns.
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Analysis Strategy WO

Observe tlavour change as a function of energy
over a long distance while mitigating uncertainties

on neutrino flux, cross sections and detector
response.
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Analysis Strategy WO

‘Particle D ‘ ‘Reconstruction ‘

/

Observe flavour change as a function of energy

over a long distance while mitigating uncertainties

on neutrino flux, cross sections and detector \lExtrapolation
response.

\

‘I\/Iodels ‘
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Analysis Strategy WO

‘Particle D ‘ ‘Reconstruction ‘

/

Observe flavour change as a function of energy

over a long distance while mitigating uncertainties
on neutrino flux, cross sections and detector \lExtrapolation

response\
‘I\/Iodels ‘
Mostly
unchanged!
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Analysis Strategy WO

‘Particle 1D ‘ ‘Reconstruction ‘

/

Observe flavour change as a function of energy

over a long distance while mitigating uncertainties

on neutrino flux, cross sections and detector \lExtrapolation
response.

\

‘I\/Iodels ‘

Improved!
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Selection: Cosmic Rejection
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Selection: v

EventCVN

DATA
Timing + . :
, I || Containment |=——>|Cosmic BDT
basic quality
NOVA Preliminary
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Expanding v, Candidate Selection W)

NOvVA Simulation

—~| % 160 —

1T Normal orderi s

r 1 —— Normal ordering 20 S
| Inverted ordering S :
a (o - _:
By s True v, FD events 120 O _ :
0 ’;, 0.5 ® § S ]
Mt 1003 ]
= = ;..
Z =z » -
o | — -
" 0 80 S :
P O ]
© 60 _ :
E g 574 ------------- _
> -0.5 40
A ]
20 (cm)-

-1 B o
0.5 1 15 20
v, energy (GeV)

e For NOVA's energy range and baseline the effect of the mass ordering is
largest at lower energies in the range.

e Challenging for NOVA - predicted number of events in this region is small.

* Pursuing these events with a new BDT classitier.
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Expanding v, Candidate Selection WOsf

v Beam NOVA Slmulatlon
T ]
@ |NOVAFD 'sin?26,,=0.085 -
O - 26.61x10°° POT-equiv in%0,,=0.45-0.60 -
o | ]
x = _
o 10 >
2 F .
GJ - —
> B _
()
Y ]
Sl -
@) _ i
— - 3,_1/2 =
= I Normal MO: Am3, = +2.43x10eV ]
O o — Inverted MO: Amé, = -2.47 x10%V* -
0 g T 37t 2T
2
8CP

e Good separation in some regions.

ot

e Only have sufficient statistics in the neutrino beam mode sample. Analogous sample

in antineutrino beam mode is currently too small.

* Provides increase in sensitivity to the mass ordering of ~ few %.
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Detector Characterisation WO

ND NOVA Preliminary v-beam NOVA Preliminary
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* Improved model of light production e Difference between MENATE and
in the mineral oil (scintillation and default GEANT4.10.4 used to motivate
Cherenkov) in both detectors. a systematic uncertainty.

e Dedicated bench measurements and e In future analyses MENATE will
studies of stopping proton and muon  become part of our nominal
candidates in data. simulation.
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Oscillation Fit @Y

Y

2 o

U

e Hierarchy, octant, CP-

violation

o All results come from a joint fit to neutrinos + antineutrinos, electron + muon.
e Other PMNS parameters are constrained by PDG with one exception.
* Poisson log-likelihood ratio, systematics ~60 nuisance parameters.

® Bayesian approach using Markov Chain Monte Carlo to sample posterior
orobability distribution and build credible intervals.
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Oscillation Fit @Y

o

Ams3,, 5in“6,5, Ocp, SiN“26; 5

U

e Consider three 6,;
possibilities
0,; unconstrained Daya Bay 1D 0, Daya Bay 2D
(NOVA only) constraint (Am322, 0,5;) constraint

(sin*26,; = 0.0851 = 0.0024) (PRL 130, 161802)
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v, — Uz Sector WO

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
> [ B > 002 W
Q2 0015 DES NOVA & - DES w/ 1D
G) — |
A i I:I3G Qn|y 8 0.015[— |:|36 Daya Bay
é 0.01 S
[3 - o 0.01
0 - w }
o . 3 i
ol 0.005:— o 0.005

§35~ 704" 045 05 055 06 065 OF 07 045 05 055 05 065
2 . 2
SN (923) Sin (923)
Maximal mixing is allowed Mild upper octant preference w/ 1D
at < 1o in both cases. constraint (Bayes Factor 2.2, 69% odds).

19 July 22nd, 2025 Alexander Booth | Oscillations at NOvA



v, — Uz Sector W)

( )
Normal mass ordering
- +0.035
NOvA —— 2.4247 5500 1.5%
NOvA+T2K? —e— 2.42910:039 159
IceCube = 2.40 +8 8; 1.9%
T2Kt —— 2506 00z 11.8%
SuperK+T2K* —1® : 2B 2%
Daya Bay nGd —e ' 2.466+0.060 2.4%
MINOS+ - o - 2.40 1008 3.5%
SuperK" : ® : 2.40 010 4.8%
RENO nGd = ® = 2.69 +012 4.5%
Daya Bay  nH | @ C 272 TR 5.3%
RENO nH © *- 2.48 108 121%
2.2 2.3 2.4 2.5 2.6 2.7 2.8
|AmZ,|, 1073 eV?
* 2024 result, PRELIMINARY :
¥ based on 2020 ana. ¥ SKI-V result, arXiv:2311.05105
L f Neutrino-2022 result * based on SK IV and T2K 2020, arXiv:2405.12488

Most precise single experiment
measurement of Am322.
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Mass Ordering with 5. WO

NOVA Preliminary

60 | | | | | | | | | | | | | | | | | | | | | |

- NOVA FD . -

N 00 _ sin“20,,=0.085 -
c 26.61x 1077 POT-equiv (v) |
© | 12.50 x 10°° POT (%) .
O
o I Inverted MO .
c AM2,=-2.47x10°eV? :
5 | ]
O 40 90 —
= sin“0,,=0.54 |
c L _
cU | — —
(2 LO 7
S 301" sin%0,,=0.46 k 7
> B _
m | — —
% B Normal MO .

. 2 _ -3 2 |
I_ 20 _O 6CP= O ® 6CP= TE/Z Am32—+2.43>(1 O eV |

B Ocp= 0 | " Oop= 3n/|2 > S B(last Fit Predilction i

50 100 150 200 250

Total events - neutrino beam

ot

NOVA Preliminary

0.025F Bayesian Cred. Int. ' Marginalized jointly -
_é‘ - With 1D Daya Bay constraint over orderings
» 0.021 g b
& : =BothMO  —1o
0 0.015F |W/ 1D Daya Bay = Inverted MO --26
o) [ ' -Normafl MO --3c 1
E 0.01
0 ¥
O 0.005t
al )
Both MO = -~ —— -t
Inverted e

Normal = ----;---I——_—-l; - | . po=me
0 % T 3n 27
2
8CP

* No strong asymmetry in the rates of

appearance of v, and 1,
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Mass Ordering with 5. WO

. NOVA Preliminary NOVA Preliminary

- " 26.61x 10%° POT-equiv (v) sin“26,,=0.085 1 _,5 002 g With 1D Dayaé Bay constraint over o;rderings E
S 50-_12.50 x 10%° POT (v) B qc) ' f ' = Both MO —15
Q = Inverted MO 1 0O g.01s5F |W/ 1D Daya Bay . =minverted MO --2c
S [ ami=24 1 5 : ; 1, =NormalMO -3¢ ]
5 | 1 = oo01f r E
> O |
4o ~—
s | ] o
é - . et } o e — ]
S 301" sin%0,,=0.46 7 Both MO [fF—+-------=- 5 = -
o | : FETTEC b o
g | ] : :
O o0l . N - - =
I_ 20_0 6CF:': O ¢ 6C|:>= TE/2 Am§2:+ 43X1O 3eV2 ] Normal ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]

0 8= ®O..=31/2 I BestFi iction 0 X " St on

D 0cp= " Ocp= est Fit Prediction 5 5

oo b b b by T

50 100 150 200 250 6C|:>

Total events - neutrino beam

. T
e No strong asymmetry in the rates of Exclude 10 8pp = 5 2t > 36

appearance of v, and 1,.

e Distavour ordering-d,p combinations Disfavour NO 8- = 3z S—

which would produce asymmetry.
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Mass Ordering with 6 WO

. NOVA Preliminary NOVA Preliminary
CNoward 2 A B _ 0.025F E';a_ly'esién Creb. Int. | ' Margir’galized jointly
- " 26.61x 10%° POT-equiv (v) sin“20,,=0.085 1 _,5 002 g With 1D Daya; Bay constraint over o;rderings F
20 — . | . .
_02 50-_12.50 x 10°° POT (v) - GC) : == Both MO — 1o :
o Inverted MO 1 A o.015F |W/ 1D Daya Bay == Inverted MO --26
c AM2,=-2.47x10°eV? : 5 - ' =Normal MO -- 36 :
?) i Uo i E 0.01
£ Sin°0,,=0.54 B ) :
= O 0.005}
< [ i al )
é - LO 1 S ——— ——
S 301~ Sin°0,,=0.46 Bl Both MO SRR | 5
> i : : : ]
o [ | Inverted - =S - 1 - |
S | Normal MO . i 5 |
s _ pom--o-—RRRRR e
I9 20_0 6 = O [ ] 6 = J‘[/2 Am§2:+2'43><1osev2 N Normal ] ] ] ] | ] ] ] ] | ] 1 -Il 1 | 1 1 |I- 1
R o o] 0 i T 3n on
DJp=m ™ ds=3m/2 A BestFit Prediction 5 >
R T NI NN T N SO A NN SO SR N RS S R R R
50 100 150 200 250 8Cp
Total events - neutrino beam
e NoO strong asymmetry in the rates of Prefer:
appearance of v, and 7. Normal ordering with Bayes

Factor 3.2, 76% odds

e Disfavour ordering-6,p combinations S
(frequentist significance 1.40).

which would produce asymmetry.
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Mass Ordering with §-p WO

NOVA Preliminary NOVA Preliminary NOVA Preliminary

- Bayesian Cred. Int. 0.05 - Bayesian Cred. Int. T i  Bayesian Cred. Int.
| No Daya Bay constraint 1 1 77| With 1D Daya Bay constraint- 7 - With 2D Daya Bay constraint |
> 0'04:_ Inverted | Normal soaf Inverted I Normal 0.061 Inverted | Normal |
g 003: .10 Ordering t .16 Orderlng: : E .10 Ordering I .10 OrderlngE i Ordering | .10 Ordering |
a f WES T Ooo ] 0.03F O2o 1 O2s -~ 004 2o + o —
§ 002:_D3G _::_ |:|3G B B |:|3G T |:|3G ] : D3G : |:|36
o R 0.02f— 1 . i 1
8 B I N I ] 0.02— 1 |
- oof- Ey - oot + 4 7 T
0—=% 25 24 23 23 2.4 O3 55 o0 33 5% 04 25 7% 0—=% 25 24 =23 23 24 25 26
2 3 \/2 2 3 1\/2 2 3 \/2
Amz, x10™ eV Amz, x10~ eV Amz, x10™~ eV
- 2
0,; unconstrained Daya Bay 1D 0, Daya Bay 2D (Amj3,, 0,3)
(NOVA only) constraint constraint

BF: 2.2, 69% odds BF: 3.2, 76% odds (1.406%) BF: 6.9, 87% odds (1.66%)

Mass ordering preference is strengthened by the application of the
reactor constraint. Expected: Phys. Rev. D 72: 013009, 2005

*Frequentist significance.
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Summary WO

e First new 3 flavour neutrino oscillation result from NOVA since 2020:
» Doubled neutrino-mode dataset and have analysed 10 years of neutrino and antineutrino
data.
» Updated simulation including improved light response model and neutron propagation
uncertainty.
» Expanded our selection with a new low-energy electron neutrino candidate sample.

» The most precise single experiment measurement of Am3,22 (1.5%).
» Data favours a region where matter and CP violation effects are degenerate.

e Strong synergy with reactor measurements:
» Constraint on 8,5 enhances upper octant preference (69% odds).

» Constraint on Am322 enhances normal ordering preference (87% odds).

e Additional data from current and upcoming oscillation experiments will help to
untangle degeneracies.
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Selecting & Identitying Neutrinos W)

‘ e Use convolutional neural network
technique from deep learning.

é_\ccyﬂ

- NOVA was first HEP experiment to use
CNN for PID.

® Successive layers of “teature maps”:

- ‘CC Ve ‘ /" - Create many variants of original image

which enhance different features.

- Variations which are best for enhancing
most important features for PID are

| learned.
' ‘NC ‘ o - Output is a multi-label classification.

* Improvement in sensitivity
i ' equivalent to 30% more exposure.
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Impact of Systematic Uncertainty WO

v-beam NOVA Preliminary v-beam NOvA Prellmlnary

: Not Ex{rapolated o < - Not Ext rapolated o
Lepton Reconstruction -
P Het | I Extrapolated * N % | I Extrapolated B %
Neutron Uncertainty § 'I 8..
B 1= B =
Detector Response > ‘ -
| | = | _|
Beam Flux O —
I — 2 I —
Detector Calibration %’- ‘
I p— m I p—
Neutrino Cross Sections *
Near-Far Uncor. I
Systematic Uncertainty
] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
-20 -10 o 0 1 0 20 20 -10 o 0 1_0 20
Total Prediction Uncertainty (%) Total Prediction Uncertainty (%)

e Overall systematic reduction is 10 to 15 percentage points.

e Systematics related to neutron propagation and detector response are
now subdominant.
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Near Detector, v, (s

400

N
o
o

10° Events / 0.1 GeV

N
o
S ——

20

NOVA Preliminary

. v-beam

0 1

600}

2

— Total MC

1-c syst. range |

. Wrong Sign

I/Iu

3 4 5

Reco. v, / v, energy (GeV)

® Band around MC shows the large
impact of flux and cross-section
uncertainties when using a single
detector.

e Use samples as a data constraint
on what we predict at the Far
Detector.

® These samples are used to predict

both the v, and the v, signal

spectra at the Far Detector.

* Appearing v,'s are still v,'s at the

Near Detector.
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Extrapolation Q!
v-beam NOVA Preliminary v-beam NOVA Simulation
' ' [t L L L
600 [— — B _
_ Near —+— ND Data i 500 i Far — No oscillation i
-~ | Detector ] - Detector |
8 i — Total MC 1 = — Oscillated 1
g 400 [— 1-0 syst. — (2200 | «G syst. range |
; " ——> |
§ . Wrong Sign ] % | ackground ]
o 200 — @100l -
e | i ]
0 __ 0 I T R T ——— i
0 1 2 3 4 5 0 1 2 3 4 5

Reconstructed v, energy (GeV) Reconstructed Neutrino Energy (GeV)
® Observe data-MC differences at the ND, use them to modity the FD

MC.

e Significantly reduces the impact of uncertainties correlated between

detectors.
- Especially eftective at rate effects like the tlux (7% to 0.3%).
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v, and v, Data at the Far Detector WO
v-beam NOVA Preliminary S-beam NOVA Preliminary
-ttt L L L L L L L L
| ] 14 | —
- —+ FD data - - -+ FD data i

40— — 2024 Best-fit Pred - 1oL — 2024 Best-fit Pred.]
i 1-0 syst. range | - 1-0 syst. range |
= T I Background ) > 10 I Background -
O 301~ Il Wrong Sign: v,CC— © | I Wrong Sign: v,CC -
S f 7] Cosmic bkgd. : S 8 + [ Cosmic bkgd.
P 1 2 f ]
S 2 B S or T| &Y -
g | 1 g I :
- i : oy — ]_ —
10~ - } }
i il 2 — B =

| LE— -

0 0
L ] L T
S _ i S B i
= 1 B —
S L | — @ 0.6 N
o T 1 - o T -
S 0'4__ B ] ) 0.4_— —
i) i ] 9 i 8 i
5 0.2: {L E g 0.2:— 1|\ E
i | | | | | | | | | | | | | | | | | | | | | | | | i B 1 1 1 | 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ]
% 1 2 3 4 5 % 12 3 4 5
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
384 events, 11.3 background 106 events, 1.7 background
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v and v, Data at the Far Detector \c.:,_@_sf

v-beam ~ NOvA Preliminary v-beam NOVA Preliminary

i LowPID . HighPID _ - LowPID ~ HighPID -

80— + "bbata — Bestit Pred. . i + FD Data —— Best-fit Pred. |

- . [ tosyst - - . WSbkg. -0 syst .

i > Ef am o prange — ] i Beam range |

0w D o 8 - [ bkg, T ]
T | 2 gfsmlc o2 ’ ] Cosmic o |© i
c [ U ” Slg 1 °f " vk 3le
LLl 40 |- 2 L — . 2 il
- - _ = .

i il i  &- i

B : 7] 5 — -—0- —- ]

- - ot 1 T O

‘ j ' Lo 10 EJEEA=L giisy - :

0 J‘&A- IR -, . . oBE =N

T 2 3 4 1 2 3 4

05115 1 2 3 4 1 2 3 4
Reconstructed v, energy (GeV) Reconstructed v, energy (GeV)
Total Observed 181 Range Total Observed 32 Range
Total Prediction 186.2  119-250 Total Prediction  30.4 28-38
Wrong-sign 1.8 0.6-1.7 Wrong-sign 2.1 1.0-3.2
Beam Bkgd. 53.7 Beam Bkgd. 9.0
Cosmic Bkgd. 6.2 Cosmic Bkgd. 1.1
Total Bkgd. 61.7 61-63 Total Bkgd. 12.2 11-13
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Improving Sensitivity to Oscillations WOsf

4 NOVA Slmulatlon v-beam NOVA Preliminary
1:2 i - - LowPID High PID ]
0;5 sl ~$- FD Data - —— Bestit Pred. B
5 0'62 : .\I;VS Pkg. 1-0 syst :
= i eam ;
5 0'45 i o range 5 B
§ 0.2} 120 Cosmic o |2 ]
o of %10_— bkg. 8 S ]
o 1.2} = | G -
2 1 Wl o ]
€ o8] 5l -a—a- - -
0.6} - .- :
0.4 - _l_ = -E
% 1 2 3 4 0 1 2 3 4 5 A e T
Reconstructed Neutrino Energy (GeV) Reconstructed v, energy (GeV)
U
H Ve
® Sensitivity depends primarily on the e Sensitivity depends primarily on
shape of the energy spectrum. separating signal from background.
* Bin by energy resolution: bins of * Bin by purity: bin of low and high
hadronic energy fraction. PID + peripheral.
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Mass Ordering with 6., & 6 \aQ_s’

NOvVA Preliminary NOvVA Preliminary

| Bayesian Cred.Int. = ' Marginalized separately | Bayesian Cred.Int. = ' Marginalized Separately

- 68% Cl over orderings, Normal MO - - 68% Cl over orderings, Inverted MO

0.6 |- - 0.6 - -
™ ] ™
GDN GDN

“c e T )
w w

0.4 - - 0.4 |- -

| —— NOVA 2024 —— NOVA 2020 : | —— NOVA 2024 —— NOVA 2020 ‘

1 | 1 | 1 1 1 | 1 1 1 1 ] C Il Il Il Il | Il | Il Il Il Il | Il Il Il Il -

0 I T 3n 2n 0 T T 3n 21

2 2 2 2
Ocp Ocp

e Consistency with previous result (*different reactor constraints used).

e Tighter contours almost everywhere.
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Daya Bay / NOvA Correlations WO

NQVA Preliminary

21T Marglnallzed Jomtly

u over orderings, Normal MO-
N 26 J’\ —
> 5 PRYE--- ]
o B : : _
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