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2024 marks the 10t anniversary of NOvA's data collection, and
the first analysis adding new data since 2020
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2024 marks the 10t anniversary of NOvA's data collection, and
the first analysis adding new data since 2020

February 5th, 2014 — NOvA's Period 1 data
taking began with run 12941 at 11:57 pm ID

650

February 11, 2014 - NOvVA "1st Neutrino Event”
Celebration in the Main Control Room

(No evidence of cake at
this event)

Fermilab JETP June 28th, 2024 Erika Catano-Mur (NOvVA, William & Mary) 3



10 years, many milestones, a few cakes...

§
) July 2014 -
—So'% FD completed

April 2015 -
"Gary-fest”

February 2017 -
NuMI 700 kW
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Earlier this week (Wednesday, June 26%") the power delivered
to NuMI surpassed TMW for ~3 hrs

Proton Intensity (E12)
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Beam Intensity =56.29 E12 Pwr =1020.99 KW (DT=1.06600 s) - A9 event 2024-06-26 06:43:46
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The NOVA collaboration currently consists of more than
200 scientists and engineers from 50 institutions in eight
countries.
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The NOVA collaboration currently consists of more than
200 scientists and engineers from 50 institutions in eight
countries. Many more have contributed over the years...
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The “2020" dataset - with 6 years of NOvA data - has
generated many interesting results

New Oscillation Results from
the NOVA Experiment

Alex Himmel, Fermilab
‘ ~5va for the NOVA Collaboration

July 24, 2020

A Bayesian Look at 3-flavor Oscillations in NOvA:
Drilling Deeper into PMNS

£& Fermilab

THREE FLAVOR
NEUTRINO OSCILLATION RESULTS
FROM NOvVA

|
f=———
‘ [robust measurements
I

in an uncertain world)]

Jeremy Wolcott
Tufts University
Joint Experimental-Theoretical Seminar
Fermilab
September 18, 2020

Tufts

RO v

2020 analysis
Neutrino 2020, July 2" 2020

Search for CP-violating Non-standard
Interactions at the NOvA Experiment

Jeffrey Kleykamp
On Behalf of the NOvA Collaboration
Sept 2, 2022

=UNIVERSITY~

MISSISSIPPI

WRC, Fermilab - Sept 2%, 022

Bayesian analysis
JETP Jan. 11, 2022

arXiv:2311.07835
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NSI analysis
JETP Sept. 2, 2022
arXiv:2403.07266

JETP Sept. 18, 2020
PhysRevD.106.032004

NOvVA-T2K
Joint Analysis
Results

Zoya Vallari, Caltech
On behalf of NOVA & T2K Collaborations
: g

NOvA-T2K joint analysis
JETP Feb. 16, 2024
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https://indico.fnal.gov/event/62062/
https://indico.fnal.gov/event/55483/
https://arxiv.org/abs/2311.07835
https://indico.fnal.gov/event/55482/
https://arxiv.org/abs/2403.07266
https://zenodo.org/records/4142045
https://indico.fnal.gov/event/55639/
https://doi.org/10.1103/PhysRevD.106.032004

Today: we'll discuss NOvA's 3-flavor neutrino oscillation
analysis, and the new results with 10 years of data

1. 3-flavor neutrino oscillations v

2. The NOvVA Experiment

3. Building an oscillation analysis

P

¢ ¢ NOVA Preliminary
I " ] v cotengs, Mo MO
New results! {|7) ‘ru .
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3-flavor neutrino oscillations




Neutrinos are fundamental particles. They are fermions that
do not have strong nor electromagnetic interactions, and have
unusually small masses relative to their charged partners
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Neutrinos are fundamental particles. They are fermions that
do not have strong nor electromagnetic interactions, and have
unusually small masses relative to their charged partners
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https://arxiv.org/abs/2406.13516

The neutrino flavor eigenstates are related to the mass
eigenstates by the PMNS unitary mixing matrix

Ve Uel UeQ UeS V1
vy — U 1l U (2 U TR} %)
Vr UTl U’T2 U’T3 V3
Flavor states (interaction) Mixing matrix Mass states (propagation)
W
TR .. —imzL/ZE
Vu | V: 0;; e VM
Ve
Vo, 3
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3-flavor neutrino oscillations are transitions in-flight between
the flavor neutrinos, caused by non-zero neutrino masses and
neutrino mixing

+ -
Al A IB
\\Y% Vi \\Y
>
V, < V,
V., =M Source v o Target Vo =M
ATE
Oscillatory in distance  Lgy; = 7r s
—z |Amz-j
P(vg — vg) = g 2E Uﬁz | .
Amplitudes proportional to products of
elements in the mixing matrix
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Different neutrino sources + experiments have typical L/E, and
correspondingly ranges of Am%]- to which they can be most

sensitive

1]

Solar neutrinos (v,)

»l.

Far detector

Near detector

Decay tunnel

Proton accelerator | v, beam diverges
1

Cosmic
rays

Shower

Atmospheric
neutrinos
(Vs Ve)

-

—T =
A \ La
g
Target Magnetic horns Near detector

Earth
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Far detector

Long-Baseline Neutrino Experiments

M.V. Diwan, V. Galymoy, X. Qian, A. Rubbia
Annual Review of Nuclear and Particle

Science 2016 66:1, 47-71
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https://www.annualreviews.org/doi/abs/10.1146/annurev-nucl-102014-021939

Different neutrino sources + experiments have typical L/E, and
correspondingly ranges of Aml?]-to which they can be most

sensitive

Experiment L (m) | E (MeV) | |Am?| (eV?)
Solar 1010 T 10-—10
Atmospheric 10¢ — 107 | 10%-10° | 10~'—10—*
Reactor VSBL-SBL-MBL 10 — 10° 1 1-10"°
LBL 10* — 10° 1074 -10"° l l l l
Accelerator | SBL 10° 10°-10% >0:1 .
LBL 105 — 105 | 103 — 10% | 102 — 103 | “eutrinos (v Cosmic
rays
Reactor
7, flux Shower
L > Atmospheric
| Far detector neutrinos
Near detector (Vs ve)
Decay tunnel .
Proton accelerator | v, beam diverges
= _
—)x'- L T . -
A \ d Far detector
Target Magnetic horns Near detector

Earth
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A phenomenologically-useful parametrization of the mixing
matrix reflects the sensitivity of different types of experiments

1 0 0Y( ¢ O spe™®)(c, s, OY(1 O 0
U= O C23 S23 0 1 O _512 C12 0 O eia O

\O —n G \—s13e+’5 0 ¢ JLO0 0 1) 0 0 €%
s; = sin 6y, c;; = cos 0 0 : CP-violating phase
0, : the mixing angles a, [ : Majorana phases
Atmospheric/LBL Reactor/LBL Reactor/Solar
023 o 450 913 v 850 912 [ 330
AmZ, ~ £2.5% 1073eV? Op il Am?Z, ~ 7.5 X 10™%eV?

L. Cremonesi
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Our understanding of the neutrino oscillation parameters has

evolved over the past 25 years.

0.8
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‘98 2000

Snowmass NFO1 report
P.B. Denton et al
arXiv:2212.00809

2005 2010
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https://arxiv.org/abs/2212.00809

Open questions in the 3-flavor paradigm include the neutrino
mass ordering, the octant of 6,5, and CP violation
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https://www.symmetrymagazine.org/archive?s=neutrino
https://arxiv.org/abs/hep-ph/0312131

Accelerator experiments have the potential to answer those

questions, by measuring muon (anti)neutrino disappearance
and electron (anti)neutrino appearance

(=) (-) o ) 2 L
p (vu — vu) ~ 1 —|sin” 2623 sin " Am”@

(" Mass Ordering |
0w v, survival / 1% -~ and |Am3, |

v, disappearance S !
E\Mlxmg angles L CP Phase 3¢p

Ve appearance 4

Z. Vallari

Fermilab JETP June 28th, 2024 Erika Catano-Mur (NOvVA, William & Mary)

20



Accelerator experiments have the potential to answer those
questions, by measuring muon (anti)neutrino disappearance

and electron (anti)neutrino appearance

100
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The NOVA experiment




Long-baseline experiments like NOVA use neutrinos produced
by a particle accelerator. Neutrinos before (after) oscillations
are measured with a Near (Far) Detector

Near Detector

HyY NOVA Preliminar
Vi, V P v-beam y
sv”vivﬂu v-beam NOVA Preliminary voeeem o 77
HVM 600 |- . 800~ 7]
o0 + o Data ] ! {»FD data
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Fermilab’s NuMI muon (anti)neutrino beam provides NOvA a
narrow-band, highly pure neutrino flux peaked at ~2 GeV

A low-energy neutrino
beam to MicroBooNE

proton beam
toSeaQuest,
TestBeam ’ ;
Facility - high-energy
: ~—‘ <= — neutrino beam
to MINERVA,
MINOS, NOVA

Booster
Linac
beamstartshere= ionsource  muon beam to Muon g2, Mu2e

Muon Delivery Ri‘f

Erika Catano-Mur (NOvA, William & Mary)
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Fermilab’s NuMI muon (anti)neutrino beam provides NOvA a
narrow-band, highly pure neutrino flux peaked at ~2 GeV

120 GeV
protons

Neutrino Beam

Focusing Horns

Decay Pipe

NOVA Simulation

Neutrinos!

Antineutrino Beam NOVA Simulation

»H
T T T I T Ll T I T 1 T l T T T

———

NOvVA Far Detector
v, Spectrum
v, Spectrum

] T T T

I T L T

Flux 1-5 GeV
95% v,
4% Vi
1% Ve

l L T T

L

1 1 | l 1 1 1 l 1 | 1 I 1 | 1

T T T

10° Neutrinos / m?/ GeV /5 x 10" POT

0 1

Fermilab JETP June 28th, 2024

2 3 4
Neutrino energy (GeV)

10° Neutrinos / m?2/ GeV /5 x 10" POT

)]
oo

Erika Catano-Mur (NOvVA, William & Mary)

LI IR B B
NOvVA Far Detector

v, Spectrum

v, Spectrum

Flux 1-5 GeV
6% Vy

93% v,
1% V,

1 1

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

2 3 4
Neutrino energy (GeV)

(o]

25



The NOVA near detector is 1Tkm from the beam source, 100 m
underground, with a mass of 0.3 kton
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The NOVA far detector is 810 km from the beam source, on the
surface, with a mass of 14 kton
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The NOVA detectors are segmented liquid scintillator
detectors. Orthogonal layers of cells provide top and side
views for each event
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t o o it
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3.9cm © rticle

Fermilab JETP, June 28th, 2024

Erika Catano-Mur (NOvVA, William & Mary)

28



The NOVA detectors are segmented liquid scintillator
detectors. Orthogonal layers of cells provide top and side

views for each event
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Event candidates comprise hits clustered in space and time
and matched across views. Energy is reconstructed via tracking
(muon) and calorimetry (electromagnetic, hadronic)
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Neutrino interaction candidates are identified using a
convolutional neural network (CNN)

Im
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We select millions of muon neutrinos and anti-neutrinos in the
near detector

~6.5 M candidates ~1.5 M candidates
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Building an oscillation analysis




The full FD selection includes quality, containment, cosmic
rejection, and the event-classifier (CNN) cuts. Sensitivity can
be enhanced by further splitting the samples

f’V selection :
@ K @ jLVe selection

:

¢ Basic Quality cuts

no . .
Basic Quality cuts i Peripheral selection
( Containment cuts ]— ¢

v ! i~
( Containment cuts) Peripheral bin

Core selection g _y
VO

‘ ‘ Peripheral sample

v
Cosmic Rejection BDT L ¢
v

[ LowPID | | HighPID |

[ PID cut ) N _ Low Energy Selection
¢ Core sample ¢

LowE bins

Selected Vi \ _
NV

Low energy sample
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For the v, sample, the sensitivity depends primarily on the
shape of ‘the energy spectrum. We bin by hadronic energy
fraction, as a proxy for binning by energy resolution
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For the v, sample, the sensitivity depends primarily on
separating signal from background. We bin by "purity” with
bins of low & high PID
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~~ 20
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A new selection was developed to retain lower-E v,
candidates. It increases the mass ordering sensitivity by ~few
%(depending on oscillation parameters)

NOVA Simulation

P(v, = v,) - PV, > V,)
P(v‘l - V,) + P(Vu -V,)

Asymmetry

1 —— Normal ordering
Inverted ordering
[ ] True v, FD events

Events / 26.61x 10 POT-equiv

80

60

o
o
A®D G'0 / SIUBAS (04 °A anu |

40

20

Maximum ordering sensitivity from ve-ve
asymmetry at lower Ev

1.5

v, energy (GeV)

20

Total LowE events expected

(previous analysis had a cut reco. Ev > 1 GeV)

Fermilab JETP June 28th, 2024

Erika Catano-Mur (NOvVA, William & Mary)
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|:| Cosmic

1 v Beam NOVA Simulation
[NovAFD ' ' sin?20,,=0.085 -
L 26.61x10%° POT-equiv $in0,,=0.45-0.60

101 =

5_ —
[ Normal MO: Am3, = +2.43x10%V? ]
- Inverted MO: Am3, = -2.47 x10%V?

" PO S SR SR AT S S SR S (T S SR T
% X Tt 31 or
2
6CP

o2

0 0.2 04
Low energy v, BDT score
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We make inferences about the oscillation parameters by
measuring neutrino candidates in the FD and comparing our
observations to simulated predictions

L LA A A A
- A NOVA - Toy MC .
@ 0.8 — Oscillated A ;
o B — Oscillated B =
8 | i
= T | T T T T I T T T T | T T T T | T T T ] g 065 i
— = — o i ]
100f i | NOvA-ToyMC ) o | |
i ’V” | — Unoscillated " o %4 u
«» 80 | | — Oscillated A — 2 r 1
g [ [ 7 —Oscillated B i T ool .
% 60— | | - i i
c N ! L i oL PR A TR RS BT
© i | | i 0 1 2 3 4 5
ol B ] 1 o) Reconstructed Neutrino Energy (GeV)
S 40~ | | - NOVA: L=810 km
L - _] I_.I - 100 N I o ¥ ‘ L I b * L} % 1 = 4 b L) 1 K ]
L L B - ]
20— | — |— S
| L 2 80 F =
o : L 1 L 1 1 1 ‘E 60 ;_ _;
0 1 2 ~ 3 4 5 tF , N
Reconstructed Neutrino Energy (GeV) = 10F —Oscillated A~
o ool —Oscillated B -
B el R R T S VI, IR T S N
0% 4 5

—1l 3
Neutrino energy (GeV)
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Simulating events in the detector is a multi-stage process. We
also use data-driven techniques to improve the predictions.

/

4 N N

- Detector response

Neutrino flux - Neutrino interactions to charged

on detector materials
| I
W
, TS, ..
\_ ol ' AN

particles and light
propagation S =

——
X

g
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The cross-section model is largely unchanged from previous
analysis: GENIE 3.0.6 Custom configuration and tuned to
external data and NOvA ND Data.

NOvVA Preliminary

Neutrino - free nucleon interactions BN ! i

o L= . . : " Neutrino Beam [JMEC -

Valencia 1p1h RS CC selection mlel= ]

Z-expansion axial form facror L Defavft Genle TRES i

Berger-Sehgal 30 —— NovaTune i

2] []pIS ]

Deep inelastic Scattering (DIS) |Bodek-Yang § : Wother |
Multinucleon interactions L 20 a

< P o s

Valencia MEC custom adjustment = i

Meson exchange current (MEC) to NOVA data for 2p2h i
10 —

Interactions with the nuclear environment .

hN Semi Classical Cascade 3

07 03 04 05 06
Reco E (GeV)

Final State Interactions (FSI) Custom fit to external pion
scattering data.

had, vis
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New for 2024: extra systematic uncertainties treating pion

[ ]
production.
ND NOVA Simulation NOVA Simulation
i T T T l T T T l 1 T T l T T T . N N I T T T T T T T T T =
101~ NeutrinoBeam  ——— 2024 sim. ] L Neutiiho Beam E X 1
v + v selection ] 6 + . pHI X =
8 F Cross section unc. # |+ I + X selection N>t g
>0 Vi B rev. (PRD 106,032004) | £ | [ other 1
(0] . (7 - & Total + %5 new unc. _|
e - 2024 analysis N O 4_ |
g v | -
>

m - -
© 2 _

g

€

2

...................................................... 3

£

)

Shifted / Nominal

U 0.4

: 0 0
Hadronic Visible

Ener'gy (Gé) ' ' Hadronic Visible Energy (GeV)

, , « Modest effect on the inclusive sample
* RES: relative ratio of Delta vs. non-Delta resonances « These uncertainties will prove important

* RES & DIS: rates of charged vs neutral hadron contributions to pion-sensitive cross section
production measurements

Fermilab JETP June 28th, 2024 Erika Catano-Mur (NOvA, William & Mary) 41



The propagation of final state particles is simulated with
GEANTA4. Light readout and front-end electronics use a custom

simulation.

e NOVA Cell
AT A A ]
T w7}
Al
Readout
View from the top Particle 1
-
/ . ” { ‘: 4 lPr:?nrtaction
A W g : Scintillation
/ Particle 2 o 1=
N ST = Light
g ::g::rino Particle 3 / “'v
Fermilab Fermilab S

& -

PVC cell filled with "’;‘ s

liquid scintillator R A

“" 3
View from the side Particle 2 Particle
Trajectory
Particle 1
Int_eraction og e
P Waveshiftin
__________ Fiber Loop
y

ermilal

— ﬁcﬁ‘

3.9cm ©

Particle 3
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Updates to the simulation include an improved light response
model and neutron propagation uncertainty

v-beam NOVA Preliminary
ND NOVA Preliminary e
6 T T T 1 — T T T T T T T T = 600 . —
: ;3 I ;3 3 Data ] 8 NOvA's Standard Geant4 ]
5 S8 ——— Simulation (Old Light Model) & .
21 2 ———— Simulation (New Light Model) - - MENATE Supplemented Geant4 a
o ] © al X
4 SN | = < 400 —
R S1F § & — a
> 2iF S . - —e— NOVA ND Data
= 3 a _—2 - ; a
S il S 200 .
T 2F _?EL.‘.“‘- —oeeees - v—vTj! 3\: |
1k ; > i
T 1F = - i
) | XN T REE ! ! ! ! £ oF
L S——: | — x E I OO S e e
@ SES | -3 3 S 0.8y MRS L
3 e S== g ETYe
8049 ............... . E_ ...... _f 8 06_ . X X
02 01 T 0T 02 03 04 05 08 07 08 09 1 11T T2 T 0 0.05 0.1 0.15 0.2
log(By) = log(p/(Mc)) Neutron candidate visible energy (GeV)
Improved light production model Improved n-'2C inelastic scattering model
(Cherenkov & scintillation) Difference between MENATE_R* and default Geant4.10.4
in both detectors, from dedicated bench measurements informs systematic uncertainty

& in situ stopping muon and proton tracks

* P. Désesquelles, et al., NIM A307 366-373 (1991), Z. Kohley, et al., NIM A682 59-65 (2012)
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Data-MC differences observed at the ND can be used to
modify the FD MC. “Extrapolation” constrains the nominal
prediction and the effect of systematic uncertainties

10° ND Events/1 GeV

— ND data _ _ Base Simulation
Base Simulation SeseRInLaion ——— Data-Driven Prediction

= — 2|'r|'|1'rr|'r|1'r|'|1'rrr|1| rTrmrmTrmrFm‘ -

o — =3 | o s
£ -_Upwards = - 8 S % %’

" correction = N D = L:> § FD 7] )
6 4 T = — 9] — 60 ¥

B « - (@] =] Upwards - ~

- - Convert z o Convert cOrree N N «
4 C_ = Downwards — to true E X u\j x =X toreco E Downwards_T} qCJ

N correction i o 8‘ o

L - T = L
2 |- - — 0 < 20 N

f = - n = TR
00 1 2 3 4 5 OFS 2 63 4 1 ‘ T o 1 2 3 4 5 9

Reconstructed energy (GeV) True energy (GeV) Reconstructed energy (GeV)

... Via Far/Near transformation that : :
. . . . ... results in constrained
Correcting ND simulation comprises well understood effects -~ :
: ) . FD E, prediction highly correlated
to agree with data in reco E.... (beam divergence, detector

s with ND correction
acceptance) + oscillations

J. Wolcott
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v,-like and v,.-like ND data samples are used to correct the a-
priori simulated predictions of FD signal and backgrounds.

600

400

10° Events / 0.1 GeV

n

o

o
T

0 1 2
Reco. v, / v, energy (GeV)
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| v-beam ' '
~+4- ND Data
— Total MC
I:I 1-oc syst. range |
. Wrong Sign
i v-:bearﬁ DA

3 4 5

ND v, -like samples are used
to correct the FD v, - v, and
v, — Vv, signal predictions

ND v,-like samples are
used to correct the FD
v, background predictions

Erika Catano-Mur (NOvVA, William & Mary)

10° Events / 25.50x10%° POT

10° Events / 11.38x10%° POT

1.5
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NOVA Preliminary
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———
-4-ND Data
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range
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.
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—NC

|

2. 3 4
Reconstructed v, energy (GeV)

3] 1 1 | — l 1 i —

NOvVA Preliminary

_—
-4-ND Data

— Total MC
1-0 syst.
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+++ —Ve+ Y,

—Vp+V,

—NC

P I

1 2 3 4
Reconstructed v, energy (GeV)
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ND constraints reduce the systematic uncertainties in the FD
predictions from ~15% to 4-5%. Statistical uncertainties are
dominant in the oscillation measurement.

NOVA Simulation

Detector Calibration

v-beam NOvA Prellmlnary

- Not Ext rapolated
| I Extrapolated

Neutron Uncertainty .l

Neutrino Cross Sections

Lepton Reconstruction Near-Far Uncorr.
Detector Response

Lepton Reconstruction

uonos|es °a

Beam Flux

Uncertainties on the -

B * | oscillation parameters: e
Beam Flux .o p .. Total syst. unc.

— ‘ — statistical vs systematic — ! —

Detector Response

Statistical unc.

Detector Calibration

Neutrino Cross Sections *

| I —] NOvA S|mu|at|on

- 05 0 05 1
Uncertainty in §,./n

Near-Far Uncor.

Syst tic U taint Lepton Reconstruction -
ysiematic uncertainty — —]
M R A E Neutrino Cross Sections -

—20 -10 0 10 20 —

Neutron Uncertainty

Total Prediction Uncertainty (%) L ! |

Near-Far Uncorr.

Detector Calibration

i
. . . D R
Example: Systematic uncertainties on the nue cletor Response| :

candidate count: a-priori vs improved predictions Beam Flux

Total syst. unc.

1
Statistical unc. —
— —

01 005 0 005 of
Uncertainty in Am3, (x10™ eV?)
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We perform a simultaneous fit of all samples, using Bayesian
or frequentist techniques. External constraints are used for the
solar parameters and optionally reactor constraint on 6,

Bayesian Markov Chain Monte
Carlo
(marginalization)
(technique described in
arXiv:2311.07835)

Bayesian credible regions

sin®0,, = 0.307 (PDG 2023)
Other mtlxmg Amzy = 7.53x10%eV? (PDG 2023)
parameters: p =274g/fcm? (CRUST1.0)

Fermilab JETP June 28th, 2024

] =

vﬂ o
% /

m?23,, sin%6y;3,
Sln22913 ,6CP

Octant, Hierarchy,
CP-violation

Daya Bay 1D 043 constraint
sin?2043 = 0.0851 + 0.0024

Erika Catano-Mur (NOvVA, William & Mary)

e

Frequentist X2 minimization
(profiled Feldman-Cousins)
(technique described in
arXiv:2207.14353)

Frequentist confidence regions

Daya Bay 2D (Am?3,, 6,3) constraint
(PRL 130, 161802)
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New results



This analysis uses 26.6x10%° POT neutrino + 12.5x10%° POT
antineutrino beam mode data. A 96% increase in neutrino-
beam data compared to 2020

Far Detector

7 «  Daily neutrino beam —— Accumulated beam —— Accumulated neutrino beam 60 O
. Daily antineutrino beam —— Accumulated antineutrino beam §
k= 6
o 2024 analysis dataset 50 QC—)
a —t
o .
- 5 <

)
S 40 o
~ X
o4 |8
S 2020 analysis dataset 30 Q
33 S
= ®
v 20~
>2 o
= N
(@] 10 8
1 : 1Yo
) —
o‘ s N —

40

2019 2020 2021 2022
Date

2015 2016 2017 2018
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This analysis uses 26.6x10%° POT neutrino + 12.5x10%° POT
antineutrino beam mode data. A 96% increase in neutrino-
beam data compared to 2020

Far Detector

7 «  Daily neutrino beam —— Accumulated beam —— Accumulated neutrino beam 60 O
. Daily antineutrino beam —— Accumulated antineutrino beam §
k= 6
o 2024 analysis dataset 50 QC—)
a —t
o .

<
EN 402
— )
~ X
v 4 ko)
S 2020 analysis dataset 30 Q
33 S
= ®
v 20~
>2 o
= N
a : 103
1 .- HI @)
* . : i S 3 4 3

40

2018 2019 2020 2021 2022 2023
Date

2015 2016 2017
Fermilab’s NuMI
beam reached

design power of
700 kW in 2017

: 'l/'W Cta'ffb'e Typical NuMI beam  Achieved 1.018
arget, horn power ~900kW, with MW record in

installed in )
record 959 kW in |
2019-2020 5023 June 2024!
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We observe 384 v, and 106 v,, candidates in the FD. In the
absence of oscillations, we'd expect ~2100 and ~500.

v-beam NOVA Preliminary v-beam NOVA Preliminary
L
e : 14 - .
! + FD data ] i +FDdata ]
40 — 2024 Best-fit Pred. 12| — 2024 Best-fit Pred ]
i 1-0 syst. range | - 1-o syst. range
> [ B Background i > 10l I Background ]
oy el © r B Wrong Sign: v,CC ]
O 30~ I Wrong Sign: v,CC— R & g oign: v, L -
S | 77 Cosmic bkgd. i o 8 + [ Cosmic bkgd. -
PN 1 a | ]
€ 20 ] c 6 — —
5 | e :
> = - L - _
Ll . 4 41— —
10 - | - .

: : 2 —

0k s
0 1 2 3 4 5 0 1 2 - 4 5

Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
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We observe 181 v, and 32 v, appearance candidates in the FD.
The predicted backgrounds are 62 and 12 respectively.

v-beam NOVA Prehmmary v-beam NOVA Preliminary

- LowPID = High PID | LowPID  HighPID ]

L FDData  __ : - ]

l + - —Bestit Pred. : 5| —$- FDData  —— Bestit Pred. |

i WS bk i : 5 .

B . . ) 1-0 syst. " - - WS bkg 1-c syst 7

I eam range N B .

ol B Wokg. T N b ranee © ]
"9 [ GCJ _GC) =] _.U_,’) 10 Cosmic () 6 —
o [ W s {4 BV ke 5 |5 |
> 2 o 21 © |5 ]
W 40 __ 3 o -_ L i JJ o _
f i A b

20 |- - - :
R ' ol —— g | ]
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The appearance data favor a region where matter and CP
violation effects are highly degenerate

NOVA Preliminary

I 1 1 I ' 1 I T 1 l T ] 1 T I 1 T T 1 I T 1

—NOVA FD
| 26.61x 10%° POT-equiv (v)
L 12.50 x 10%° POT (v)

(o]
o

sin22913=o_085-_ Frequentist results

B (w/ Daya Bay 1D 043
constraint)

Normal MO Inverted MO

S0 Inverted MO
i Am§2=—2.47x10'3eV2 Am?3, /103 eV?2  +2433 jgg;g -2.473 j(g)(;);ss
i - +0.032 +0.028
sl . uo SN 623 0.546 _0.075 0.539 —0.075
i sin“6,,=0.54 Scp 0.88 1 1.51m
i Rejection 136
i significance (o)
30

Normal MO
[0 85p=0 © 8p=m2 AM3,=+2.43x107eV?
[0 8.p=T ™ §p=31/2 X 2024 best fit

50 100 150 200 250
Total events - neutrino beam

Total events - antineutrino beam

N
(=)

1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 L 1 l 1 |
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The data disfavor “extreme” asymmetry combinations: (10, 6 =
nt/2) and (NO, 6 = 31/2). CP-conserving points outside 30
interval in 10

NOVA Preliminary

50 T T I ]
— 1o posterior range Both MO ]
” 45+ ¢ FD Data — Normal MO 1
O — Inverted MO
© a0l 1
O
©
S 35f .
(@)
> s |
— 30:_060P=O,21'c ]
<< | o5y =n2 ]
251 m §.,=3n/2 ]
O8gp=m
20 1 1 1 | 1 1 | 1 1 1 1 |
100 150 200 250
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All v, candidates

NOVA Preliminary

0.025F Bayesian Crell. Int. ! Marginalized jointly J
_-é‘ - With 1D Daya Bay constraint over orderings
» 0.02F : : | _
o : =BothMO  —15 ]
0O 0.015F = Inverted MO --2c
o - ==Normal MO -- 3¢ 1
§ 0.01
8 0.005
Lo
Both MO - :
Inverted D e R
Normal —‘——F----l---l——_l——l——--i I . Fume
O % T 3_7[ 27'C
2
8CP

Erika Catano-Mur (NOVA, William & Mary)

54



The new NOVA result is consistent with our previous analysis:
improved constraints lie in ~ the same regions

NOVA Preliminary NOVA Preliminary
| Bayesian Cred. Int. ' Marginalized Separately | | Bayesian Créd. Int. = ' Marginalized Separately
- 68% Cl over orderings, Normal MO - - 68% Cl over orderings, Inverted MO -
0.6 -~ 0.6 | =
™ ™
D D
c = = .
%) )
0.4 |- - 04 |- .
- NOVA 2024 — NOvVA 2020 - NOVA 2024 — NOVA 2020
1 I 1 l L 1 1 L I 1 L 1 1 - - I I ' l
0 T T 3n 2n 0 T T 3n 2n
2 2 2 2
Ocp Ocp
Note: results use different choices NOvVA 2020 2019 PDG avg 613
of reactor constraint NOvVA 2024: Daya Bay 2023 1D 613
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The new NOVA result is consistent with its previous analysis.
T2K, joint fits, favor different regions in NO, same region in 10

NOVA Preliminary

NOVA Preliminary

[ Bayesian Créd. Int. ' Marginalized Separately [ Bayesian Créd. Int. ' Marginalized Separately
- 68% Cl over orderings, Normal MO - - 68% CI over orderings, Inverted MO -
0.6 |- ~ 0.6 | =
™ ™
S S i
7} 7
0.4 | —— NOVA 2024 — - NOVA+T2K (2020) - 0.4 | —— NOVA 2024 — - NOVA+T2K (2020) -
[ ——NOvA2020  ----- T2K 2022  —— NOvA 2020  ----- T2K 2022
[ - - T2K (2020) + SK (IV) ) -= T2K (2020) + SK (IV)
- L 1 1 1 l L 1 1 'l l 1 L 1 L I 1 1 'l 1 - L 1 1 l L 1 1 L l 1 1 1 L I L 1 1 1 -
0 % n 3n 2n 0 % n 3n 2n
2 2
8CP 8CP

Note: results use different choices
of reactor constraint
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NOvA 2020 2019 PDG avg 613
NOvVA 2024: Daya Bay 2023 1D 613

Erika Catano-Mur (NOvVA, William & Mary)

T2K 2019 PDG avg 613
NOvVA+T2K Daya Bay 2023 1D 613
T2K+SK 2019 PDG avg 613
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In the v2 - v3 sector, our measurements are consistent with
accelerator, atmospheric, and joint results

NOvVA Preliminar

S e e LA e S e e e e e e Frequentist results
3l-NOVA NO 90% CL 26.6x10* POT-equiv. v-beam _| (w/ Daya Bay 1D 813
L Wi int 12.5x10%° POT ¥-beam : cosstrzint)
With 1D Daya Bay Constraint v Normal MO Inverted MO
- NOVA 2 +0.035 +0.035
— 2 -3 2 . . -2 .
c\T>\ [l 2024 ......................... | Am<3, / 10> eV +2.433 _0.036 2473 _0.035
¥ Best-fit AN i g L : +0.032 +0.028
w :. . It s i . =3 2 . M
A ‘ 3 Y : Sin 923 0.546 _0.075 0.539 _0.075
o 1 bcp 0.88 151 m
™ - -
N 1 Rejection 136
- T :
as 4 significance (o)
=
< -
2—---n--- IceCube 2024 -~~~ T2K 2022 meE R ey MINOS+ 2020 —
lceCube 2024: arXiv:2405.02163
™ s SK 202::, _—— NCl)vA+T2K' —imm ISK(I-IV)+T2K’ 71  T2K2022: 10.5281/zenodo.6683821
e — — — MINOS+ 2020: Phys. Rev. Lett. 125, 131802
0.4 0.5 0.6 SK 2023: Phys. Rev. D109, 072014
SinZ(e ) NOvA+T2K 2024: KEK IPNS seminar, FNAL JETP seminar
23 T2K+SK 2024: arXiv:2405.12488
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Am?;, is now the most precisely known PMNS parameter.
NOvVA's new result achieves a precision of 1.5%

NOvA* —e— 2.42413938  15%
NOvA+T2K® —e— 2.42910039  15%
IceCube ——— 2.40 100 1.9%
T2K' —e— 2.50670 0% 1.8%
SuperK+T2K* i 2B 50 2%
Daya Bay nGd et 2.466+0.060 2.4%
MINOS+ - o - 2.40 1308 35%
SuperK?Y . 2.40 011 4.8%
RENO nGd ' ° ' 2.69 +0.12 4.5%
Daya Bay  nH | o 5 U2l 5%
RENO nH © = 2.48 1028 121%

.....................................

|Am2,|, 10 3 eV?
* 2024 result, PRELIMINARY

§ based on 2020 ana. 9 SKI-V result, arXiv:2311.05105
T Neutrino-2022 result * based on SK IV and T2K 2020, arXiv:2405.12488
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Without any external constraint from reactor experiments,
there’s a degeneracy between sin? 0,5 and sin? 20,3

NOVA Preliminary

0.25 -
- Bayesian Cred. Int. .
" No Daya Bay constraint Both MO 013 unconstrained
- (NOVA only)
0.2
2 0451
@ L
N -
N\-/ -
= 01k .
7} Tk, Daya Bay 1D 043 constraint
: Sin22613 = 00851 + 00024
0.05(—
B —_— 1 =—=20 ---- 30 Reactor
b ] ol I ] g gl g e
P304 045 05 055 06 065
P
Sin“(6,,)
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The NOVA results show a mild preference for the upper octant

that emerges from applying the reactor constraint. Maximal

mixing is allowed at <10

Posterior Density

Fermilab JETP June 28th, 2024
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04 0.45 0.5
Sin?(6,,5)

Probability

Upper Octant 57%

preference

1.3

Bayes Factor

Posterior Density

Probability

NOVA Preliminary

0.025

[ Bayesian Cred. Int.

- With 1D Daya Bay constraint Both MO
0.2 W
B .26
0.015F 3o
0.01-
0.005—
C
P35 0.4 0.45 05 0.55 0.6

69%

Sin?(6,5)

Bayes Factor

2.2
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Precision measurements of Am%, in both accelerator and
reactor experiments offer more ways to resolve degeneracies

NOVA Preliminary

2 ',._‘ " Marginalized jointy
- ] over orderings, Normal MO
26— : —
A - .
= § ]
(O} r i
@ 25— —
o r ]
- - -
X L _
g - —— 20 —
23 el e 3
- Daya Bay CV | | | N
C Bayesian Cred. Int. ' Marginalized jointly
~2.3No reactor constraint over orderings, Inverted MQ
o C e, ]
> - .
2.4~ -
o 2 R, :
o - \ ]
- - } i
X =25 —
8 /7 .
i) C m_—— |
< _2 6 __ =" —_
: — NOvA . Daya Bay
2.7k ' —DayaBay2023 | 9p (Am?23;, B43)
2. = . e ] A B 5
0 0.05 01, 0.15 0.2 constraint
sin“20,, (PRL 130, 161802)
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Precision measurements of Am%, in both accelerator and
reactor experiments offer more ways to resolve degeneracies
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https://doi.org/10.1103/PhysRevD.72.013009

NOvVA data prefer the normal mass ordering. This preference is
enhanced by applying reactor constraints (1D and 2D)
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Summary



Summary and Outlook

The NOvVA 2024 analysis is the first large update since 2020 P
* Doubled neutrino-mode dataset with 10 years of neutrino & antineutrino data ﬂ

« Updated simulation, including improved light response model and neutron propagation
uncertainty

* New low-energy ve candidate sample

NOvA's most recent oscillation analysis results:
* Most precise single-experiment measurement of Am23, (1.5%)
« Data favors region where matter, CP violation effects are degenerate

Strong synergy with reactor measurements
« Constraint on 643 enhances Upper Octant preference (69% odds)
« Constraint on Am2;, enhances Normal Ordering preference (87% odds)

NOVA has a bright future ahead

» Goal of doubling antineutrino dataset = Increased precision measurements of the osc.
parameters, disentangle mass ordering / CPV?

« Test beam results could address some of the largest systematic uncertainties in NOVA
« Sterile searches, NSI, cross section measurements, cosmic ray physics, exotics... and more!

Erika Catano-Mur (NOvVA, William & Mary)
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https://agenda.infn.it/event/37867/contributions/233955/
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Duomo di Milano, as seen by NOvA
(nex 1:1 scale)
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Beyond the standard 3-flavor picture... is there undiscovered
physics impacting neutrino mixing and oscillations?

Artwork by Sandbox Studio, Chicago

Fermilab JETP June 28th, 2024 Erika Catano-Mur (NOvA, William & Mary)
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Non-standard interactions (NSI) are a BSM extension of the
matter effect. The phenomenology is enclosed via effective
parameters &£,z

H = Uvj—lol]Jr + Hmattcr + HNSI
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Non-standard interactions (NSI) are a BSM extension of the
matter effect. The phenomenology is enclosed via effective

parameters &£,z

H = Uvj—lol]Jr + Hmattcr + HNSI
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The off-diagonal complex terms introduce CP-violating
phases. NOvA's v, - v, channel is sensitive to ¢,, and ¢,
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New degrees of freedom
(one row at a time)
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We re-analyze the data with added degrees of freedom to
estimate the effect of non-zero NSI parameters ¢, and ¢,
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The NSI parameters &,, and &,

are added separately to the
oscillation fit.

These fits to data are not
significantly better than the
standard oscillation result.
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This analysis constrains the NSI parameters |¢,,| < 0.4 and
£,.] < 0.8, 1.4 < |e,.| <2
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Allowing non-zero NSI parameters <., and ¢,, can significantly
affect the measurement of the standard parameters (esp. écp)
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