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NOVA Physics Reach

NOVA : NuMI Off-axis v, Appearance

e v, Flavor Symmetry
e CP symmetry violation
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NOVA Physics Reach

NOVA : NuMI Off-axis v, Appearance
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NOVA Physics Reach

NOVA : NuMI Off-axis v, Appearance

e Other neutrinos beyond the
three active flavors?

e Non-standard Interactions?
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NOVA Physics Reach

NOVA : NuMI Off-axis v, Appearance

e Neutrino Mass Hierarchy
o value and sign of
the atmospheric
mass splitting

e v, Flavor Symmetry
e CP symmetry violation
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NOVA Physics Reach

NOVA : NuMI Off-axis v, Appearance

e Neutrino Mass Hierarchy
o value and sign of
the atmospheric
mass splitting

e v, Flavor Symmetry
e CP symmetry violation

NOVA — Symmetric 6,, mixing
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NOVA Physics Reach

NOVA : NuMI Off-axis v, Appearance

e Neutrino Mass Hierarchy
o value and sign of
the atmospheric
mass splitting

e v, Flavor Symmetry
e CP symmetry violation

Muon neutrino and antineutrino disappearance: 6,, and the magnitude of Am232.
Electron neutrino and antineutrino appearance: sign of Am232 and value of 0
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The NOvVA Detectors

Functionally equivalent near and far
segmented liquid scintillator detectors

300 ton Near Detectof underground at Fermilab
15.8 mx 4.2 mx 4.2 m, 214 alternating planes

Recent Results from NOvVA

O Milwau<ee

z Ferm".lab

O

Chicigo




The NOvVA Detectors

Extruded PVC cells filled with 11 million liters
of liquid scintillator

Alternating layers for
3D event reconstruction

Each ~0.15 radiation

300 ton Near Detector underground at Fermilab lengths for e/pi separation

15.8 mx 4.2 mx4.2m, 214 alternating planes
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The NOvVA Detectors

Extruded PVC cells filled with 11 million liters
of liquid scintillator

Instrumented with
wavelength-shifting
fibers and avalanche
photodiodes
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The NOvVA Detectors

Leverage correlations in systematics between near & far detectors
to better constrain the prediction at the far detector.

Nyear(EFe®) = ®(Etrue) x|o(Ee, A) x R(E€) x ¢(...)
Niar(ET6°) = P, Erue) x ®(Elrue) x|o(Etree, A) x R(EIe) x ¢(...)
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Events in the NOvA Detectors — Near Detector
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The NuMI Beam

NuMI Off-Axis — narrowed, 2 GeV neutrino beam
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Neutrino Interactions at NOvA

NOVA is exploring neutrino interactions at an important low-energy region.

e High-statistics data from
NOVA near detector

e Overlap with MiniBooNE, T2K,
& MINERVA measurements

0% cm? / GeV)

e Measurements of both neutrino = :
and antineutrino interactions LLI> 0.8
e Combination of quasi-elastic, \u 0.6}

o X
resonance, and more @) 0.4 B

complex interactions

see tomorrow’s talk from
Maria Martinez-Casales!
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Reconstructing and Classifying Neutrino Interactions

Inside Neutrino Events - muon neutrino charged current

e |dentify components
o tracks, showers,
vertex, hadronic activity

e Reject cosmic rays and
associated activity
© muons, neutrons, etc.
e Convolutional neural network
(CNN) distinguishes between
interaction processes

o v, charged current,
o v, charged current,
o neutral current
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Far Detector - Muon Neutrino Channel
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Far Detector - Electron Neutrino Channel
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Oscillation Analysis Results

Phys.Rev.D 106 (2022) 3, 032004
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Oscillation Analysis Results

Phys.Rev.D 106 (2022) 3, 032004

Comparing Neutrino vs Antineutrino Appearance Probabilities

NOVA Preliminary
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Oscillation Analysis Results

Phys.Rev.D 106 (2022) 3, 032004

Comparing Neutrino vs Antineutrino Appearance Probabilities

NOVA Preliminary
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Oscillation Analysis Results

Comparing Neutrino vs Antineutrino Appearance Probabilities
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Oscillation Analysis Results

Markov Chain MC Bayesian Analysis . NOvA Preliminary _
alternative statistical approach to previous 0.7 =
frequentist analyses D

o
] . Q.
e Allows results to be examined in new ways <
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Oscillation Analysis Results

Markov Chain MC Bayesian Analysis e L Teriiiaty
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Oscillation Analysis Results

NOvVA-Only 6, & 0,, results

e Previously, 0., constrained by
PDG global average

e Here 0,, is measured by NOVA

sin2(26,5) = 0.085+9:929

e Completely different approach
to the measurement of 6., !
o long-baseline v, to v_ appearance
vs reactor neutrino v_ disappearance

o
o
rd
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Beyond Standard Neutrino Oscillations Phys.Rev.Lett. 127 (2021) 20, 201801

Sterile neutrino oscillations(?) at NOvA

e Some compelling short-baseline neutrino rate anomalies ( <1 km, few MeV to ~1 GeV)
o Deficits in neutrino detection rates at electron-flavor sources (e.g. fission reactors)
o Excesses of electron-like events in ~muon-flavor sources (e.g. LSND, MiniBooNE)

e Could be explained with addition of a non-interacting fourth flavor state (“3+1 model”)
o Dark matter candidate?
o See-saw mechanism participant?
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Beyond Standard Neutrino Oscillations

Phys.Rev.Lett. 127 (2021) 20, 201801

Sterile neutrino oscillations(?) at NOVA
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Beyond Standard Neutrino Oscillations Phys.Rev.Lett. 127 (2021) 20, 201801

Sterile neutrino oscillations(?) at NOvA 10° -
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Beyond Standard Neutrino Oscillations

Non-Standard Interactions - anomalous interactions between v & v and matter

H = U}[() UT + }[matter + }[NSI add matter potential terms analogous to MSW
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Beyond Standard Neutrino Oscillations

Non-Standard Interactions - anomalous interactions between v & v and matter

H = U}[OUT + Hoatter + Hisi

add matter potential terms analogous to MSW

H == |Upuns

0

2
Ams,

2
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Upyns + @

a = 2v2GpN,E
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Beyond Standard Neutrino Oscillations

Non-Standard Interactions - anomalous interactions between v & v and matter
}[ — U}[() UT + }[matter + :]'[NSI add matter potential terms analogous to MSW
0

H=— UPMNS Am%l U;MNS + a
Am3,

a = 2v2GpN,E

NSI can add new flavor-changing and flavor-conserving
contributions to forward scattering in matter
e On-diagonal similar to effective mass-squared differences
e Off-diagonal induce effects similar to mixing angles (may include complex phases!)

Take the standard 3-flavor dataset/extrapolation and refit in an NSI scenario...
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Beyond Standard Neutrino Oscillations

Non-Standard Interactions - anomalous interactions between v & v and matter
Take the standard 3-flavor dataset/extrapolation and refit in an NSI scenario...
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Beyond Standard Neutrino Oscillations

Non-Standard Interactions - anomalous interactions between v & v and matter
Take the standard 3-flavor dataset/extrapolation and refit in an NSI scenario...
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Beyond Standard Neutrino Oscillations

Non-Standard Interactions - anomalous interactions between v & v and matter
Take the standard 3-flavor dataset/extrapolation and refit in an NSI scenario...
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Beyond Standard Neutrino Oscillations

Non-Standard Interactions - anomalous interactions between v & v and matter
Take the standard 3-flavor dataset/extrapolation and refit in an NSI scenario...
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Check out the Fermilab Wine & Cheese talk by Jeffrey Kleykamp, this Friday!
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Beyond Neutrinos!
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Conclusions

e NuMI beam power continues to improve and NOvA data continues to grow!

e Asymmetry in v, — Vv_appearance consistent with zero to 25% precision.

e Measure sin?(26,5) = 0.085%3-922 ... consistent with global average, new approach
e Data shows no evidence of a sterile v

And more to come!

e Expect doubling of data over next few years
e Joint fit with T2K collaboration in the works

e Antineutrino cross-section results forthcoming
e Investigating complications in neutrino
scattering (e.g. meson exchange currents)

see tomorrow'’s talk from
Maria Martinez-Casales!

e More analyses extending the 3-flavor
paradigm and beyond
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Extrapolating from the Near to the Far Detector

5 — ND data
- Base Simulation
5 - Data-Driven Prediction

;.50

1 2 3 4
ND Reco Energy (GeV) 10° ND Events

10° ND Events/1 GeV

EN

Data-Driven Prediction:

Reweight the underlying simulated
neutrino energy spectrum using
high-statistics near detector data.

True Energy (GeV)

1

_‘ullllllllllllllllllll

0

Sample the neutrino spectrum in the event selection at the near detector and
extrapolate to predict the spectrum at the far detector...
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Extrapolating from the Near to the Far Detector

3
- 3 — ND data
a s
c . .
z — Base Simulation
e , —— Data-Driven Prediction
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Multiply by the far-to-near flux ratio (shape of beam at far vs near detectors)
and the oscillation probability to predict the true spectrum at the far detector.
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Extrapolating from the Near to the Far Detector

% >
% — ND data 5
£ —— Base Simulation 2
2 —— Data-Driven Prediction o
¢ g ] ] 8
: 3 3
= = : =
"NDReco Energy (GeV)  10°NDEvents  10°FNRao P(v,—v,) " FDEvents "' FD Reco Energy (GeV)
Convert back to reconstructed energy to compare to far detector data.
Leverage correlations in systematics between near & far detectors
to better constrain the prediction at the far detector.
Nyear (B7%) = BB xo (B8, A) % R(ET") % €...)
Nyax(Ere®) = Py EFe) % @(Eiree) slo(Birve, A) % R(ETYeY X €(..)
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Reconstructing and Classifying Neutrino Interactions

Events are classified using a Convolutional Neural Network
80,

muon neutrino charged current
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Reconstructing and Classifying Neutrino Interactions

Events are classified using a Convolutional Neural Network

8
electron neutrino charged current
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Reconstructing and Classifying Neutrino Interactions

Events are classified using a Convolutional Neural Network

8 H

Cell

neutral current

I

FEATURE MAPS
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Reconstructing and Classifying Neutrino Interactions

Cosmics
v, CC
v, CC
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_Oscillation Analysis Results https://inspirehep.net/literature/1907127

Frequentist Analysis
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