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NOVA Experiment

Longest baseline accelerator neutrino
search (810 km)

NuMIl is a beam of mainly muon-
neutrinos created at Fermilab

Two functionally identical
detectors at 14.6 mrad (FD) and
14.6 mrad (equivalent) for smaller
ND

Measures muon-neutrino
disappearance and electron-neutrino
appearance

starting to do the same with anti-
neutrinos

Sensitive to PMNS matrix, mass
hierarchy, CP violation
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How to make a neutrino beam
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NuMI| Beam Performance

- Results today from data collected between February 6, 2014 and May 2, 2016
20

- Data equivalent to 6.05x10 protons-on-target in a full 14 KT detector

- Achieved 700 kW design goal, most powerful neutrino beam in the world

- Switched to antineutrino beam, shut down first week of July

- - - S S _
= 3.0 i This Analy5|s : -
25 50 First Analysis 6.05x1020 : > .
- | 2.74x102° POT-equiv. POT_equiVl o viin Te. —
S 5 of Ry o ¢ ]
O UL Detector Commissioning Rz o -
®) B [ e * .o. J...o' _
O . (Reduced Mass) . . . ~
o 1.5 na" QL G —
I— : 0 * “. : ¢ :
o 1 .0 - w.lﬁ %‘3 .:.: .. “ "'.: * . —

0?— E f"'#' ¥ ] "-'- . ! E‘ . *0° . . (31 . E

o 09 v * ¥ ' =
— [ -,- . . =

28'103-01-01 2013-12-31  2014-12-31  2015-12-31 2016 12-30

vy —> Vi Phys.Rev.D93.051104
vy —> Ve : PRL.116.151806

" S Y

N BB OO 0O O DN

Total POT recorded/10%°

o



NOVA Detectors

15.5 M

/ Single Cell\

.
To APD
Readout
l%, Scintill
. . . Light
- Two functionally identical detectors N v
-
- Extruded plastic cells alternating vertical and horizontal | .« v
orientation filled with liquid scintillator Pt .
aritictie
Trajectory
Charged particles passing through cells produce light which
Is collected by a wavelength shifting fibre and read out with Waveshifiing
an APD Fiber Loop
A 4
"
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—vent Topologies
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Detector Calibration

- Cosmic ray muons used to
correct attenuation

-+ Stopping muons used as a
standard candle

NOvA Preliminary
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Muon-neutrino
disappearance




Muon-Neutrino
Disappearance

- Two-flavour approximation still

basically valid (although analysis 1'4:
uses full three-flavour formalism) 1.2F
g | RN —

- Measure neutrinos in the ND
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[
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- ‘Extrapolate’ measurements to
form FD prediction

_‘,”+_

Oscillated/unoscillated

© © 2 o
+

4 + ++
- Taking into account decay 2 Ve
kinematics, geometry, . .
efficiencies, purities, energy 7 4 6 810
resolutions, etc. “am _ Visible energy (GeV)

- Compare FD data to predictions
to find the best fit oscillation
parameters

P(v,—>v,)=1- sin” (2(9)sin2 (1.27Am*L | E)
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Cosmic Rejection

Far Detector is on the surface and sees
150 kHz of cosmic induced events

10 us beam window every 1.3s reduces
background by 10°

Additional factor of 10’ rejection

achieved from event topology and a
boosted decision tree (BDT) based on:

Predict 2.7 cosmic background events

Jenny Thomas@Rencontres du Vietnam

i I D M I I IR I
Sood soits. e S N N N
Dalacually
o I

Containment § ;

— Cosmic background ]

NC rejection _ - CC v, prediction (max. mixing)
E<5GeV g | ; s 5 : s
mlllld 1 Illlld‘ 1 lllld’ 1 llllM‘ 1L llllld.l 1 Illld‘ 11

10 102 10° 10* 10° 10° 107
Number of events in the spill window

—h

NOVA Preliminary

10
Quality, containment, NC cuts applied

Cosmic data (1/10 scale)

Simulated v ,CC (unosc.)

Events / 1e20 POT

>

| . I . | . . .
0.4 05 0.6 0.7
Cosmic rejection BDT output



Muon dE/dx used in length-to-energy conversion
Hadronic energy estimated from calorimetric sum of non-muon hits

~7% resolution on neutrino energy

Ev — “range T Ehad




Normalized event count

—nergy
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Muon dE/dx used in length-to-energy conversion

Hadronic energy estimated from calorimetric sum of non-muon hits

~7% resolution on neutrino energy
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=xtrapolation

Use high statistics ND data/MC to adjust prediction at FD
Translate ND data/MC observation to true energy
Oscillate ratio to the FD

Smear back into reconstructed energy
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Muon-Neutrino
Disappearance

Using 6.05x1020 POT
equivalent

- 473 +/- 30 events predicted in
the absence of oscillations

-+ Observed 78 events
- 82 events predicted at the best
fit point including 3.7 beam

background and 2.9 cosmic
iInduced events

Jenny Thomas@Rencontres du Vietnam
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https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevLett%252E118%252E151802&v=6f232432
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https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevLett%252E118%252E151802&v=6f232432

Muon-Neutrino Disappearance  arXiv:1701.05891
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eagerly anticipated


https://arxiv.org/abs/1701.05891

Electron-Neutrino
Appearance

Electron-neutrino appearance
IS a sub-dominant oscillation
mode at the NOVA L/E

Matter effects matter (almost 3
times longer baseline than
T2K)
- Sensitive to
Mass hierarchy

- CP violating phase

- Octant of 6,,

Jenny Thomas@Rencontres du Vietnam
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A. Aurisano and A. Radovic and D. Rocco et. al, JINST 11 P09001 (2018)a0[a1]as [s0

40 (40 (42 |46 52

New Classification Algorithm ===l X Ceteer) —— [
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Take advantage of recent advances in machine learning/computer vision

Deep networks extract complex features from input data, GPUs greatly improve training time

Inputs to the network are pixels in image

Apply convolutional kernels to pull out event features



Convolutional Visual Network (CVN) Selection

- Showing a muon neutrino interaction and the first layer of feature
maps extracted from the convolutional kernels

- Strong feature here is the track
80.
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Convolutional Neural Networks

-+ Showing an electron neutrino interaction and the first layer of feature
maps extracted from the convolutional kernels

- The strong features extracted are the shower as opposed to the track
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—lectron Neutrino Selection ND

arXiv:1703.03328

NOVA Preliminary
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/3% Ve CC selection efficiency, 76% purity with CVN classifier

Good ND Data/MC agreement

CVN provides better cosmic rejection and similar systematics to 2015

classifiers


https://arxiv.org/abs/1703.03328
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- Bin analysis in four bins of energy and three of CVN


https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevLett%252E118%252E231801&v=7bab0cfe
https://arxiv.org/abs/1703.03328

Data Driven arXiv:1703.03328
Background Corrections

+ Ve-CC selection in the ND picks out

FD backgrounds "0.75<CVN<0.87 | 0.87<CVN<095 | 0.95<CVN<1 ]
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- Must decompose the data into
constituent components
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https://arxiv.org/abs/1703.03328

Phys. Rev. Lett. 118, 231801 (2017) NOvA Prellmlnary
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https://arxiv.org/abs/1703.03328

vy -> Ve Oscillation
Results

. Fit for hierarchy, écp, sin“023

. Constrain sin®2013= 0.085 +
0.005 from reactor experiments

- Simultaneously fit NOVA
disappearance and electron
appearance data

- Global best fit, two degenerate
points in Normal Hierarchy

- best fit IH-NH, A2=0.47

- Lower octant, IH is disfavoured
at greater than 93% C.L for all
values of 6cp
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L.ooking Forward

Normal 6,,=3n/2, sin2623=0.403 NOVA S| mu |ati0n
Am3,=2.5x10°eV?, sin’0, ,=0.022
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NOVA Switched to anti-neutrino running in February 2017

Plan to run 50% neutrino, 50% anti-neutrino after 2018

3 o sensitivity to maximal mixing of 0,5 in 2018

2 o sensitivity to mass hierarchy and 0,5 octant in 2018-2019
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Conclusions

- Analysis of 6.05x1 0°” POT of NOVA data (1 nominal year)

- Muon-neutrino disappearance (arXiv:1/01.05891)

- Best fit is non-maximal value of 8,3, maximal mixing disfavoured at
2.60

- Electron-neutrino appearance (arXiv:17/03.03328)

- First joint fit of NOvVA appearance and disappearance data

- Weak preference for normal hierarchy

- Inverted hierarchy, lower octant is disfavoured at > 93% C.L.
- Anti-neutrino run 2017 completed last week

- Watch out for new results at next years Neutrino Conference
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