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> Introduction to Neutrino Physics and Oscillations
» NOVA Experiment

» Cosmic Ray Muons in the Detector

> Detector Calibration

» Oscillation Analysis and Results
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Brief Introduction to Neutrinos

The most abundant particle in the Universe after photon

Postulated in 1930 by W. Pauli to explain the continuous
spectrum of the beta decay

Sources: Big Bang, the core of the Sun, Supernovae,
radioactive processes, cosmic ray showers, nuclear
reactions, and particle accelerators

Three generations: 1, , 1, and v/, (and anti-neutrinos)

Charge-less, spin 1/2, weakly interacting and massless in
the Standard Model (SM)

Neutrinos oscillate between different flavors
Transformation of one flavor of neutrinos to another flavor
without involving any intermediating particle is termed

neutrino oscillations

Oscillation implies non-zero masses of neutrinos
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Neutrino Oscillations - Phenomenology

e The flavor neutrino eigen states (|/,)) are quantum superposition of mass eigen states (|2;))
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e U is an unitary mixing matrix and defines the mixing of mass states in flavor eigen states
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® Herec; =cos0; ands;=sint,; and o., is the charge-parity (CP) violation factor

e Oscillation probability from flavor o to o’
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® Here Am_, =m; —m/ is the differences in the masses of mass eigen states
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Current Status of the Neutrino Oscillation Parameters

Oscillation Parameters

- Mixing angles: 0,,, 0,3, 0,3

_ 2
- Mass squared: Am3,, Am% .

>~ CP violation phase: 5cp
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- Mass hierarchy: sign of | Amj3, | 2 | m22 v, T _
9) ’ § Am;, 2
g OCtant Of 923 1 m] yl Ve V,u. 1/3 yﬂ - m3
Normal Hierarchy Inverted Hierarchy

- CP violation: 5cp
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v, — v, Disappearance Oscillations
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v, — U, Appearance Oscillations
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e Matter has the opposite effect on neutrino and anti-neutrino oscillation

o Matter effect determine the CP-violating phase and the sign of the | Amg2 |
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NOvVA Experiment

e NuMI Off-Axis ve Appearance (NOVA)

Sxperiment Ash River, MN, 810
° Ir;Ieutrinos at Main Injector (NuMI) km from the FNAL
eam

e Two detectors (Near and Far)

e [ong-baseline (810 km)

1 km from
neutrino source
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NOvVA Experiment

e NuMI Off-Axis ve Appearance (NOVA)

Sxperiment Ash River, MN, 810
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> Neutrino Mass Hierarchy
> Value of angle 023
» Search for CP violation

1 km from
neutrino source
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NOvVA Experiment

* NuMI Off-Axis ve Appearance (NOVA)

experiment Ash River, MN, 810
e Neutrinos at Main Injector (NuMI) km from the FNAL
beam

® Two detectors (Near and Far)
e [ong-baseline (810 km)
e 14.6 mrad off-axis

e Neutrino spectrum peaks at 2 GeV

AIM 72— NDI| '‘>\\ )
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> Search for CP violation 2 |
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NOvVA Experiment

* NuMI Off-Axis ve Appearance (NOVA)

experiment Ash River, MN, 810
e Neutrinos at Main Injector (NuMI) km from the FNAL
beam

® Two detectors (Near and Far)
e [ong-baseline (810 km)
* 14.6 mrad off-axis

e Neutrino spectrum peaks at 2 GeV

AlM e —— N\ — S
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» Search for CP violation
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Oscillation channels
> vy — Vy disappearance
> Vy—> Ve appearance 1 km from
» Anti-neutrino modes neutrino source

v, CCevents /kt/ 1E21 POT /0.2 GeV
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NOvVA Detectors

e |dentical ND and FD

60.0 m
S ——— -
e Polyvinyl chloride (PVC), 15.5:,/' ________ 1" .
liquid scintillator detectors B
t  Far Detector, 14 kTons, \ | Photodiode
e 3D reconstruction of tracks 896 Planes, |
using orthogonal planes 15.6 m 344,064 channels
a2mp
v " Near Detector, To APD
4.2 4 ) 300 Tons, Readout
e ND measures un-oscillated 1 a0iem e Scintillation
neutrino beam — Jas
.
® FD measures oscillated beam Z L

typical B

charged -~ ~

particle
path

® ND predicts signal and
background events in FD

=

Wavelength—

Shifting Fiber
e%g --------- '
_____________ v
3.3%/

® Reduction in systematic
uncertainties due to identical
detectors
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NuMI (Neutrinos at the Main Injector) Neutrino Beam

Absorber
Target
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NuMl beam in the neutrino mode is

NuMI beam configuration

mostly made up of Uy from the muon and

kaon decay Components
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Event Topologies in NOVA

vy CC 'Signal

'_ NC Background |
/! 70 +71 + p
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Cosmic Ray Muons

Zenith angle, 0

Zenith

Celestial Meridian

South DS, CRERRRR ERRRREERE North
Horizon

Azimuth angle, ¢

Observer

® FD exposed to cosmic ray muons
® Detectors calibrated using cosmic-ray muons

® Acceptance studies optimize cosmic ray selections
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Cosmic Ray Acceptance of the FD

Passing Muons NOvVA Simulation
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Calibration of the Detectors

Charged particle traversing through
the scintillator produces scintillation
light

Scintillation light transfer to the APD
through fiber

Attenuation of scintillation light in
fiber

Energy calibration requires
attenuation corrections

Attenuation corrections applied
using cosmic-ray muons

typical
charged -

particle
path

Wavelength —
Shifting Fiber

To Avalanche
t photodiode
Readout

Scintillation
Light

e

"4

-7 4—‘]— Long-path
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Attenuation Fit

Mean photoelectron (PE) per pathlength (cm) in a cell

ND cosmic data - plane 151 (vertical), cell 25 FD cosmic data - plane 419 (vertical), cell 219
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Double exponential fit is performed to the cosmic data for
taking into account both short- and long-pathlengths
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Calibration Performance

Ratios of reconstructed to true energies as a function of position in a cell

X view, true deplosr[s > 15MeV X view, true deposits > 15MeV
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e Detector response is better after calibration
e Calibration residuals leads to calibration systematics

e Remaining channels uncalibrated due to lack of cosmic data
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Neutrino Oscillation Analysis

Aim of the oscillation analysis is to measure |Ams3, |, sin”6,; and Ocp
parameters

Parameters are extracted by analyzing the v, ~ U, disappearance and v, = U,
appearance data

Both neutrino and anti-neutrino data is used for the parameter extraction but
this seminar only shows the neutrino analysis
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Neutrino Oscillation Analysis

Aim of the oscillation analysis is to measure |Ams3, |, sin”6,; and Ocp

parameters

Parameters are extracted by analyzing the v, — Uy disappearance and v, = U,

U
appearance data

Both neutrino and anti-neutrino data is used for the parameter extraction but

this seminar only shows the neutrino analysis

Best fit values of the oscillation parameter are extracted from the )(2 fit
Data

F
2 Pred. D D
XZ—ZX(Fle _Flata+Flata1nFlPred.>
l
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Neutrino Oscillation Analysis

parameters

appearance data

U

this seminar only shows the neutrino analysis

Aim of the oscillation analysis is to measure |Ams3, |, sin”6,; and Ocp

Parameters are extracted by analyzing the v, — Uy disappearance and v, — L,

U

Both neutrino and anti-neutrino data is used for the parameter extraction but

Best fit values of the oscillation parameter are extracted from the )(2 fit
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Extrapolation - Constraints from the ND

e Extrapolation: I/”CC , V,CC and NC predictions in FD using ND selected sample

e Extrapolation reduces/cancel common systematic uncertainties

Extrapolation Technique

Energy in bin k Ndata
NPrediction Etrue . Vps,Sp Ereco % NMC Etrue Ereco
Vi,Su { — MC k g R v 'k
. V. .S V[J.) €
Events with Reco. Heso
30000(- 30
C Near D C
250000 ear Detector 25f 103
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> 15000 N — s 150 + + =
N SO * . ol g5
- 2 C LX) oty prone 00, >
100008 Events with Reco. < "o o ' 10 €
5000 0.5
e —— R R R e 1
E™® (GeV) Reco. E, (GeV)
35F
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0.0F
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= | | N | |
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Total Prediction Extrapolation

Total yﬂCC signal prediction

energy in bin i

Prediction reco \ __ § : MC v,,ND true true
FV“—H/H,S“ (Ez ) _ FV“—)I/“,S“ (event) R (Ez ) ) PV[J_>V;L (Eevent>

Events with Reco.

e For 1, appearance CC signal prediction, Pyﬂ_%oscillation probability is replaced by

Vy— Ve

e The ND measures beam v, CC, 1,, CC and NC events which constitute beam
backgrounds in the FD

e For FD background events prediction only ND Data to MC ratios are used
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Treatment of Systematic Uncertainties

. - : Systematics Effect
Systematic uncertainties treated as nuisance parameters 1 05 . |n)$$ Valie
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Procedure for Sensitivity Generation

e Sensitivity and contour lines are
generated using Ay’ values

e A grid of points in oscillation space is
created 1

e At each grid point, a fit is run to find *
)(2 values 06

e An overall best-fit point is added to * o
get the minimum )(2

o At each grid point, Ay~ is obtained by s
taking the difference )(}%Ol.m —)(I%F

e Ay’ <230 gives 10, Ay’ < 6.18

gives 20 and Ay’ < 11.83 makes 30
lines
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Simulated Physics Sensitivity (sin2 0> - 5Cp)

NH Ve ONly IH
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Oscillation Fit to the ve Appearance FD Data

Events / 8.85 x 10°° POT
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Oscillation Fit to the v, Appearance FD Data

6r 6
> 0 FD - Q1 > 1 FD - Q2
© 4r O 4f
s | h S [
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> i S B
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Reco. E, (GeV) Reco. E, (GeV)
Components Events
Data 126
Signal 138.05
Beam bkgd. (CC) 0.84 || Total prediction and data
Beam bkgd. (NC) 2.59 are consistent
Cosmic ray bkgd. 5.82 ’
Total signal +
background Prediction 147.3
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Contour Results (sin” 6, -

Best Fit Point (BFP)

Prabhjot Singh, QMUL
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e Marginalize parameters for 1af

1D contours

1D Contours for v -Only
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1D Contours for v

— U, Joint Fit
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Current Status

NOVA Prelimina
NOVA Preliminary — ,,,ry
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Current Status

NOVA Preliminary

NOVA Preliminary ——————
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Global Comparison

NOVA Preliminary NOvVA Preliminary
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e NOVA’s | Amg2 | and sin” 6, results are in good agreement with other
neutrino experiments

o Slight tension between NOVA and T2K o, values at 90% CL

¢ NOvVA and T2K collaborations are currently working on a joint fit to
understand differences
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Future Outlook

sin?0,,=0.45-0.60, Am3,=+2.40x107eV?, sin’20,,=0.085
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e NOVA will be collecting data till 2025
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Conclusions

e NOvVA is a globally competitive neutrino oscillation experiment with many
exciting results

e NOvVA and T2K are both working together towards joint fit results
e Other exciting NOVA analyses are
= Cross-section analysis

= Sterile Neutrinos

= Test beam

= Non-standard Interactions
= Magnetic Monopoles

= Supernova neutrinos

= Multi-messenger signals
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Projected Area of the Far Detector
NOvVA Simulation
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Projected area decreases near ¢ = 153.450

»V(0.¢) = particle’s unit momentum vector — 0

U, = normal vector to the surface of the FD s
>, = area of a detector side

- A, (0.¢) = projected area of side s

~A, = total projected area
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cos 6

Ccos 6

Efficiency of the FD

Passing Muons NOvVA Simulation
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Treatment of Systematic Uncertainties

Converged value of sine,,
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