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New Results from NOVA

Giulia Brunetti on behalf of the  NOvVA Collaboration
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Neutrinos

u Neutrino mix: flavors eigenstates are linear
combinations of mass eigenstate

u Non-zero probability of detecting a different neutrino flavor than that produced at
the source

u depends on: squared mass difference , mixing angles,CP -vi ol ati ng phase, hi

u  Mixing matrix for the three -flavor case:
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Neutrinos

u Open guestions:
u  Maximal mixing in the atmospheric sector? ( [ )
u CP-violation? (1 , P(n,) vs P(n,) , matter/antimatter asymmetry in the universe )
u Hierarchy? (i "Q'Qt ), matter effects)
u Majorana or Dirac? (IH & no O n b tlecays)

u Absolute masses?

200+ collaborators
41 institutions

u NOVA (NuMI Off -Axis C)e Appearance) Experiment 7 countries
u designed to answer the next generation of ' questions: tuned for Q, appearance in an

almost pure n_ beam
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NuMI Off -Axis n, Appearance Experiment

NOVA is a long baseline (810 km),

off -axis (14.6 mrad )
neutrino oscillation experiment

NuMI beam at Fermilab
Energy peak @ 2 GeV

2 functionally identical detectors:
u  ND underground at Fermilab. 290

Used to predict event rate at the FD

u FD on surface in Ash River, MN. 14 -kton.

To look for oscillations
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oscillation experlment
situated 14 mrad off
the NuM| beam axis
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The NuMI bea m

NOVA Simulation

FLUKA11 — On-Axis

7 mrad Off-Axis

T—Illlllﬁllllﬂjﬁ "[1?/;/////

m—— 14.6 mrad Off-Axis (NOVA)
21 mrad Off-Axis
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u 120 GeV protons onto a graphite target

u Secondary mesons charge -selected and focused by two
magnets

u Pions decay into neutrinos/antineutrinos
u 6.0510%° POT in 14 kton equivalent detector
u Currently running at 560 kW, achieved 700 kW design goal in tests on Junel3



NOVA Detectors

Functionally identical , PVC cells filled
with 10.2M Liters liquid scintillator

Low-Z, 65% active volume, DAQ runs
without deadtime (beam trigger,
cosmic calibration samples, SNEWS,
exotics)

Read -out using WLS to APDs

Cells organized in horizontal and
vertical planes

FD is 14kton, ND is 0.3 kton

15.6 M

Extruded PVC cells
instrumentedwith

reshiftingriiberand APDS
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TOAPD Readout
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NOVA P hySiCS Event Topologies

u 3-flavor oscillation analyses
u DISAPPEARANCEN. (R)- n. (N,
u Yi, sin? 20,
u APPEARANCE:nN. (R) - N, (f,)

u O3 Op3, ) » Mass hierarchy

u Matter effects over 810 km - °30%

A Good granularity

A X0 =38cm (6 cells depths, 10 cells widths)



n. Disappearance

A T . —— Simulated Selected Events
u The prl nCI ple C - —— Simulated Background
—4¢— Data
u Select n,,CC sample: events with long tracks and distinctive dE/dx C—] Ful 1-G syst range

ND PQT nom_, 372 x 102 POT

u Extrapolation of the ND spectrum to the FD and measurement of the deficit

u 2-flavor oscillation approximation works well in this  case:

5xp i e | 0f—)

0,3 ~45 - at the oscillation max almost all  n,disappear

: ==
u NC and cosmic background  suppression, containment cuts dE/dx Log-likelihood

to remove events with activity close to the detector walls NOVA Preliminary
5 . Tro . - 7 —— Simulated selected events
u n., ID: Multivariate kNN classifier using 4 variables: —— Simuited background
u Track length ﬁoﬁluisﬁzmﬁgm POT

u dE/dXx
u Scattering along the track

u Track only fraction of planes

u 81% selection efficiency for signal with 95%  purity

0.4 0.6
Muon ID




n. Disappearance

u n,ND events

u Hadronic energy scale uncertainty from 14% to 5% with the addition of MEC events to the simulation (w.r.t.
NOvVA 2015 results)

u ND reconstructed energy spectrum unfolded and extrapolated to FD using Far/Near true ratio for prediction

En = Em(L track) + E _4 (7% res)

NOVA Preliminary NOVA Preliminary NOVA Preliminary

Simulated selected events —— Simulated selected events —— Simulated selected events
—— Simulated background ——— Simulated background ——— Simulated background
—¢— Data —4¢— Data —4— Data
[ ] Shape-only 1-c syst. range [ ] Shape-only 1-g syst. range [ ] Shape-only 1-c syst. range
ND area norm., 3.72 x 10%° POT ND area norm., 3.72 x 10°° POT ND area norm., 3.72 x 10 POT

) 1 5 1 2
Reconstructed muon energy (GeV) Hadronic energy (GeV) Reconstructed neutrino energy (GeV)
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n. Disappearance

NOVA Preliminary
u N FD events: 78 events observed oo

Prediction with systs.
—4— Backgrounds

u No oscillation prediction:4 7372380

u Best oscillation fit; 82 events
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u Beam BG: 3.7, Cosmics: 2.9

Reconstructed neutrino energy (GeV)

NOVA Preliminary

NOVA 6.05x10%° POT-equiv.

—+— Data

Best fit prediction

c2/NDF=41.6/17

driven by fluctuations in the tail, no pull in oscillation fit

Ratio with unosc. (bkg subtracted)

Reconstructed neutrino energy (GeV)



n. Disappearance

NOVA Preliminary

u Fitf or 2 & sinfé .,
_ NOVA 6.05x10*° POT-equiv. : : : .-
Normal Hierarchy u Dominant systematic effects included in fit:

90% C.L. NOVA 2016
u  Normalization

s NC background

v Flux

s Muon and hadronic energy scale
s Cross section

u Detector response and noise

u  Our best fit (in NH): Maximal mixing ( 0,5 =45°) excluded at2.5R
| DM2,,| = 2.67 ° 0.12 ¢i0-3eV?2
047, = 0-407393 (0.631992)




n. Disappearance

NOVA Preliminary

Normal Hierarchy, 90% CL
NOvVA 2016
T2K 2014
MINOS 2014

u

Our best fit (in NH):
| Dm?2,,| = 2.67 ° 0.12 Q03 eV?

Sin“gy;= 8 g (18 ? )V

NOVA Preliminary

—@— FD Data
Best-fit prediction: -2LL=41.6

Best maximal: -2LL=48.0 (A=6.4)

Reconstructed neutrino energy (GeV)

Non -maximal fit is driven by bins in
oscillation dip (1 -2 GeV)

Forcing maximal mixing gives:
| Dm2,,| = 2.46 Q08 eV?




Improved event selection

CVN 0o Convolutional Visual Network ~ : new event selection technique based on ideas
from computer vision and deep learning

u Calibrated hit maps are inputs to the
CVN

u Seriesof image processing
transformations applied to extract
abstract features

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

Improved sensitivity equivalent to 30%
more exposure
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n, Appearance

—— Inverted Hierarchy
—— Normal Hierarchy

1.27TAm fJ [ 3\#"2] L{km]
E[GeV]

a=GprN./2 ~ (4000 km)~?!

.-"A.!'j =

u Depends simultaneously on , €52, 805,
u i "Qg— =0.095- most n,goto n,

u Look for deviations due to hierarchy (matter effects ) and CP-
violation

u NOvVA measures P(n- n.) and P(n,- n.) at2GeV,
different dependence on v DO )and #_




n, Appearance

—— Inverted Hierarchy

—— Normal Hierarchy  |+18x10%° POT RHC
—— NHa

cp=3m/2

a=GprN./2 ~ (4000 km)~?!

u Depends simultaneously on , €52, 805,
u i "Qg— =0.095- most n,goto n,

u Look for deviations due to hierarchy (matter effects ) and CP-
violation

NOVA measures P(n, n.)and P(n, - n.) at2GeV,
different dependence on v DO )and #_

B v

Constrain a space region



n, Results

u CVN PID, loosen cut on Pid optimized to favor parameter measurement

u  Separate n, CC interactions from backgrounds, backgrounds evaluated in ND:
u intrinsic beam n, Neutral Currents, n,,CC, each propagate  differently
u Use ND data to predict background in the FD

u Looking for an excess inthe FD

NOvVA Preliminary NOvVA Preliminary

—§— ND data
Total MC

Flux Uncert.
— NC

Beam v, CC
—_— CC

—§— ND data
— Total MC
— Flux Uncert.
— NC

—— Beamv_CC
—_ CC
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Events / 3.72 x 10°° POT

0.85 0.90
CVN v, classifier

Reconstructed neutrino energy (GeV)
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n, Results

Expected events depend on oscillation
parameters:

Sintg,; = 0.5, °5% syst.

Total Prediction (signal+background ):

NH, 3" /2 IH, " /2
36.4 19.4

Background components (  ° 10% sysb):

Total BG | NC | Beam n, | n,CC | n,CC

Cosmics

8.2 3.7 3.1 0.7 0.1
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NOVA FD
6.05x10%° POT equiv.

Each component extrapolated in bins of energy and CVN output

NOVA Simulation
sin6,,=0.4-0.6
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n, Results

Total Prediction ( signal+background ):
NH, 3" /2 IH, " /2
36.4 19.4

Observed events in FD: 33

NOvVA Preliminary

0.75 < CVN < 0.87 0.87 < CVN < 0.95
NH
4 FD Data
— Best Fit Prediction
Total Background
Cosmic Background

20

6.05x107 POT equiv.
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Reconstructed neutrino energy (GeV)
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NOVA Preliminary

NOVA FD
6.05x10%° POT equiv.

== Data (+10)
— NH
— |H




n, Results

u  Fit for hierarchy, dep, Sin?0,s

NOVA Preliminary

u  Constrain sin 2(2q,3)=0.085°0.05 from reactor

u Constrain Dm and sin g,; with NOvA disappearance
results

u Not a full joint fit, systand other oscillation parameters
not correlated

u Global best fit, preference for NH, D €=0.47
u dep = 1.496, sin?(g,s) = 0.40
u Both octants and hierarchies allowed at 1 S

u IH lower octant around d., =06/2 excluded at3 s




n, Results

Fit for hierarchy, dep, SiN?0,s

—— Inverted Hierarchy
—— Normal Hierarchy

u Constrain sin2(2 q,3)=0.085° 0.05 from reactor
u Constrain Dm and sin g,; with NOVA disappearance results

u Not a full joint fit, systand other oscillation parameters not
correlated

Global best fit, preference for NH, D é=0.47
u dCP — 1496, Slnz(ng) — 040
u Both octants and hierarchies allowed at 1 S

u IH lower octant around d.,=06/2 excludedat3 s

Antineutrino Run (planned for spring 2017) will help resolve

degeneracies




Summary

u Early days for NOvA,ougJ D

current  exposure
NOVA collected 6.05 C
u nydisappear ,maxi
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u slight preference
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u IH lower octant

u Antineutrino run in
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u Many other interesting NOVA

sterile neutrinos, cross section measureme supernov e é






