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NuMI Off-axis v, Appearance

Physics Program

* Study neutrino (anti-neutrino) oscillations

v, > v, (look for disappearance of v, )  |Am?;,]|, Sin?(205,)

v, Y,

v, > Ve (look for appearance of v, ) 043 , Ocp , mass hierarchy
v, oV,

Look for neutral current suppression (could be evidence of steriles)
* Measurements of neutrino interactions

Eg. intra-nuclear effects - meson exchange current
* Other (exotic) topics

Eg. supernova neutrinos, magnetic monopoles, ...
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NOVA Design
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Beam Performance

Total MINOS+/NOvVA protons to 00:00 Monday 06 June 2016

2nd analysis - 6.05 x 10?2 POT
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Detector commissioning Currently Operating at
(reduced mass) 650 kW beam power

Far detector efficiency >95%

DAQ improvements have brought this to ~98%



NOVA Detectors

NOvVA detectors A NOVA cell

E)ﬂ'.ffl,]df-)d PVC 'd'"'“*}ﬁﬂaafbﬂfn
11M liters of scintillat

Far detector:
14-kton, fine-grained,
low-Z, highly-active

4 tracking calorimeter
32-pixel APD — 344,000 channels
—_—

: - Near detector:
Fiber pairs

from 32 cells 0.3-kton version of 4cm x 6cm
o » the same

— 20,000 channels




NOVA Event Topologies

Long straight track

~5m for 2 GeV v

Fuzzy/ditfuse deposit (shower)

¢

~2.5m for 2 GeV v

Fuzzy/spread out deposits from nuclear recoil
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Disappearance Measurement Approach

* Discriminate v, charged current events from background

* Isolate pure sample of v, (E <5 GeV)

« Extrapolate measured near detector spectrum to far detector to
make non-oscillated prediction

» Fit to the far detector spectrum to extract Am?;, and Sin?(20;,)

* The 2 neutrino approximation works well here so we use it

Am3,L
P(up) =~ 1 — sin? 205, sin? ( 42,2 )



Cosmic Background
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Cosmic Background
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Temporally “zoomed” in on 9.8 ps beam spill window
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Event Selection

Good spills

Beam time window gives factor

. . . . Data quality
of 10° in cosmic rejection.

Cosmic re;j.

Event topology and a muon .

14 101 Comainment : Cosmic background
classifier (boosted decision _—— [] g
tree) provide further 107 NCroecion ey [ oot e

rejection of cosmics T P T .
Number of events in the spill window

* Track direction

* Track start and end points
* Track length

* Energy

Quality, containment, NC cuts applied
Cosmic data (1/10 scale)

Simulated v,CC (unosc.)

*  Number of points

Events / 1e20 POT

2.9 background cosmics predicted

0.4

~ 05 0.6
Cosmic rejection BDT output



Disappearance Results

—— Prediction NOVA 6.05x10% POT-equiv.
[ 11-osyst range

—e— FD Data [
20 . Max. mix. pred.
E—— Best-fit prediction 6.05x10~" POT-equiv. ——- Baokgroun%s

Background 4— Data
Unoscillated

W)
Q2
o2
o=
= 0O
1]
T 3

1 2 3 1
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

78 v, events observed in far detector

* 473 + 30 events predicted (no oscillation)
* Best oscillation fit: 82 events
* Beam background: 3.7, Cosmics: 2.9
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Disappearance Results

 Fitfor | Am?;, | and Sin?(0,,)

Dominant systematics included in fit Normal Hierarchy, 90% CL

NOvVA 2016
e Normalization NOVA 2015
T2K 2014
« NC background

MINOS 2014

e Flux

* Energy scale (muon and hadron)
* Cross-section

Detector response and noise

Phys. Rev. Lett. 118,151802
| Am?;, | =2.67 £0.11 - 10 eV?

. +0.030 +0.022
Sin*(6,3) = 0.404 ) pp (0.624 539 )

Best fit

Maximal mixing excluded at 2.6 o
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Appearance Measurement Approach

* Selection of v, in near detector

* More challenging than v, case

* Evaluate remaining backgrounds in ND

* Intrinsic v, beam contamination
* Neutral current
* Charged current v,

* Look for excess v, in the far detector

Am3, L
P(,ue) = Sinz 2013 Sinz 932 Sin2 < 42,2 > + f( ) + f( )
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Improved Event Selection

- This analysis features a new event selection technique
based on ideas from computer vision and deep learning

Calibrated hit maps are
inputs to Convolutional
Visual Network (CVN)

Series of image processing
transformations applied to
extract abstract features

Extracted features used as
inputs to a conventional
neural network to classify
the event

A. Aurisano et al., arXiv:1604.01444 15



Improved Event Selection

- This analysis features a new event selection technique
based on ideas from computer vision and deep learning

Calibrated hit maps are
inputs to Convolutional
Visual Network (CVN)

Series of image processing
transformations applied to
extract abstract features

Extracted features used as
inputs to a conventional
neural network to classify
the event

Y ) O O G = I P

A. Aurisano et al., arXiv:1604.01444 16



CVN Performance

—e— ND data —— ND data
——— Total MC —— Total MC
~—— Flux Uncert. —— Flux Uncert.
—— NC — NC
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Appearance Results

Prediction (signal + bkgd)

Observed in far detector; 33

)75 < CVN «
NH

Events /0.5 GeV Bin

3 1 2 1 2

y 3
Reconstructed neutrino energy (GeV)
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NOvVA FD
6.05x10%° POT equiv.

D
o

—— Data (x10)
— NH
a H

10% excess in selected v, events (in
ND) over simulation

Data-driven methods used to
estimate fractions of NC, beam v,,
and CC v, backgrounds
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Appearance Results

» Fit for hierarchy, §p and Sin?(0s,)
*  Constrain Sin?(20;5) = 0.0850.005 (reactor)
« Constrain Am;, and Sin?(8,) from NOvA
« Systematics included as nuisance parameters
in fit
* Feldman-Cousins corrections included in
contours

* Global best fit slight preference for NH

«  §cp= 1487, Sin?(205,) = 0.404

* All values of §-p excluded >93% CL for
inverted hierarchy in lower 685, octant

Began
reverse horn current operation in February Phys. Rev. Lett. 118,231801
2017.
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Outlook

Projected sensitivities
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- Analysis and systematic uncertainty improvements

- Beam improvements
Normal §.,=31v2, sin2823=0.403

AmZ,=2.5x10 SeVe, sin2813=0.022

Hierarchy
Octant

- 2016 analysis techniques with proje”c'téd
- systematic uncertainty improvements

Normal 8.,=3v2, sin°8,,=0.403
Am2,=2.5x10°eV?, sin’6, =0.022

NOVA joint v +v,,

A M@X.-MIXING
Hierarchy
Octant

+—— CPV
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Projected beam target
~and analysis improvements

2020

Year
Beam improvements: additional beam running
per year, target improvements and increased
power: 2017 700 kW; 2019 800 kW; 2021 900
kW. Also 25% increase in effective exposure
coming from projected improvements in
analysis. 20



Summary

Have collected and analyzed 6.05 - 10 POT

Muon neutrinos disappear

*  Maximal mixing excluded at 2.60

Electron neutrinos appear

 Slight preference for NH

* All values of §-p excluded >93% CL for inverted
hierarchy in lower 63, octant

Have been running in anti-neutrino mode since
February, 2017 - expect combined neutrino-
antineutrino results for summer 2018

Stay tuned!

21
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The NOvVA Collaboration

200+ Collaborators from 41 institutions across 7 countries

Argonne, Atlantico, Banaras Hindu, Caltech, CUSAT, Czech Academy of Sciences, Charles, Cincinnati, Colorado
State, Czech Technical University, Delhi, Dubna, Fermilab, Goias, IIT-Guwahati, Harvard, IIT-Hyderabad,
Hyderabad, Indiana, Iowa State, Jammu, Lebedev, Michigan State, Minnesota-Twin Cities, Minnesota-Duluth,
INR Moscow, Panjab, SDMT, South Carolina, SMU, Stanford, Sussex, Tennessee, Texas-Austin, Tufts, UCL,

Virginia, Wichita State, William and Mary, Winona State.
23



Disappearance Systematic Uncertainties

Normalisation
Muon E scale
Calibration
Relative E scale
Cross sections + FSI

Osc. parameters

Beam backgrounds

Scintillation model
All systematics

Stat. Uncertainty
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Neutrino Beam Composition
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Nuclear Effects on v Scattering

2.85 x 10° P.O.T.

— NOVA ND Data

q=(q,4)

(four-momentum
transfer)

Nucleus
Hadrons

Data excess in CC channel consistent
with Minerva results (PRL 116 (2016) — —

071802). Visible E,_, (GeV)

For 2nd analysis .
2.85x 107 P.O.T. + NOVA ND Data

Enable GENIE empirical
Meson Exchange Current
Model

Reweight to match NOvA
excess

Hadronic energy scale uncertainty , 04 06
improved from 14% to 5%. Visible E, . (GeV)

had
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Neutrino Oscillations (in a Nutshell)

Mass states (i) made up of superposition

of flavor states (a).

N\ A

Ve

Vu — |0

A% 0
. .

0
050,

-sin0y,

0 )

SN0,

050,

6-059'13

Normal Hierarchy

Vi = Z Uaiva
a

PMNS (Pontecorvo-Maki-Nakagawa-Sakata) Matrix

0 sin@me‘m\

/c-osﬁ12 sinB;, O\

-sinB;, cosB;, 0

Inverted Hierarchy
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