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NOIV/A
overview

DBD16 - OSAKA, JAPAN

NOVA is a long-baseline neutrino
oscillation experiment

Study neutrinos from NuMI beam at
Fermilab

14 mrad off the beam axis

Two functionallyidentical liquid
scintillator detectors:

Far Detector = Far Detector (FD)

14 kton; on the surface
= Near Detector (ND)
0.3 kton; underground



A monumental experiment...
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A monumental experiment...
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NOvVA's physics program

Oscillation channels

Vy 2> Ve V, >V, “appearance”

1%

v u

u—Yv

1 — Vv, ‘“disappearance”

= Neutrino mass hierarchy?
"= @,5 octant?
= Allowedrange of 6.p?

= Precision measurements of sin® 26,3
2
and Ams3,, Other analyses:

_ = Sterile neutrinos
= 2015v, analysisresults: PRL.116.151806

= 2015 v, analysisresults: Phys.Rev.D93.051104
= 2016 results:to be published

= (Crosssections

= Supernovae,
monopoles, etc.
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NUI\/” mMmuon = NuMlI: neutrinos from the Main
neutrino beam [k

= Part of Fermilab’s accelerator complex

Linac: H-ions,
400 MeV
: : Booster:
; R £ protons, 8 GeV
Boc()fter .,\7\%»&- Numl target e -f Main Injector:
NuMl e Wiz 7 B ,_:::3—-. = '—7. protons, 120
Neutrino 7 ‘g 7‘ N NS GeV
Beam /(» Main injector (M) \ These protons
44 f.‘é _ are usedto
: S make the NuMl
# Eerm“ab | ey beam
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NuMI off-axis

Target Focusing Horns 4
2m -
rm— Vu
120 Ge i S o
p* from MI m* L v,

= Ml protonbeam is steered ontoa
narrow graphitetarget approx. 1 m
in length

NOvA Simulation
————

| FLUKATY — On-Axis

7 mrad Off-Axis —

_k
(&)
T

= 14.6 mrad Off-Axis (NOvA) |
21 mrad Off-Axis

—_
o
T T T

* Producedhadronsarefocusedin
and charge-sign-selected by two
magnetic horns

(&)
T LI

v, CC /B6E20 POT / kton /0.1 GeV

o

= 675 m decay pipe e —— e

E, [GeV]

" Predominantly pionsand kaons, At 14.6 mrad off-axis, NOVA observes

+ +
decay modesm™ — u™ + v, a narrow band beam peaked at 2 GeV
K*->u"+v, = v,beam ,

B = Optimalforv, — v,
= Small contamination:v,,Vv
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Beam Performance

= Accumulated exposure:6.05x10%° POT in 14 kton equivalent detector

= Morethan double exposure of 2015 analysis
By July 2016: runningat 560 kW (before 3 month shutdown)
Achieved 700 kW design goal in tests on June 13!

High intensity beam returns this Friday
POT = Protons On Target

E 700 1 ) T ] 14 8
< 600 e, First Analysis ... Total Exposure ... . ... 4, 4
— ) . . ‘ Al — (7]
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= 500 —10 3
% ! ] o
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N@)V/A
Detectors

On the surface (150kHz
cosmic induced events)

DBD16 - OSAKA, JAPAN

PVC + Liquid Scintillator
= Mineral Oil
= 5% pseudocumene

Read out via wavelength shifting
fiber to APD

NOvA Basic
Layered planes of orthogonal cﬁlu
views roAPoRoadou

ND: 214 layers, 18 000 channels
FD: 896 layers, 344 000 channels Scintladon Light

WoaT -




= Detectors are fine-grained, low-Z, highly-

FI nd | ng active tracking calorimeters
ne Utﬂ No = Orthogonallayers = top and side views for

each event
cve ntS = Time and direction help to identify beam
events

View from the top Particle 1

Interaction
Point
: ﬁ ‘ Particle 2
........ ' N E Saman’ Eam ‘
: | | [ | ! . 3
Fermilab /
PVC cell filled with
liquid scintillator
View from the side Particle 2

/];‘,

|

-
| | ]
OO0

Neutrino
from
Fermilab
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Finding neutrino events

AII hits recorded in 550 Slicing: Coarse event-level Selected slice with beam
sec (beam: ~10 usec time-space clustering candidate

- - - ) - - .- . - e - - - .- .- - - - -

L ] s -

2 VT S— L i ————— L ¥ T N—, L —————— 1-%:-.,  — L —~—
Vertexing: Find lines of Clusterlng Find clustersin  Tracking: Trace particle

energy depositions (CC angularspace around trajectories
events: 11 cm resolution) vertex. Merge views via

topology and prong dE/dx
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Event topologies

- v, CC . ;
- N =" Shorter, wider, fuzzy shower >W< .
E -------- \-,- e----- -...II.-...l:-=- E

"Hadronicactivity from

nuclear recoil system
— . _

10° 4 (ADC)

Im
| —
T I T T T T T T T T

CC = charged current; NC = neutral current
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Event selection (particle 1D)

= v, selection: kNN based on muon track length, scattering, plane
fraction, dE/dx. Removes most NC background events

= v, selection: features a new technique based on ideas from computer
vision and deep learning S

- “Convolutional Visual
Network” (CVN)

o Input:Calibrated hit maps

Cell

FEATURE MAPS

o Image processing
transformations = abstract
features

o Network decidesimportant
features + correlations

NN
i

Cell

1
N

o Output: event classifier

10¢ FEATURE MAPS

A. Aurisano et al., 2016 JINST 11 P09001 00__‘1.‘._.,._-,-_»:; .
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M uon . ldentify contained v, CC events in

neutrino
disappearance spectra

spectra

each detector
Measure Near and Far energy

Extract oscillationinformation from
differences between both energy

(simulated v, CCevent)
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10° Events

v, selected events in the ND

NOVA Prellmlnary

100

80

60

40

e — S|mu|ated Selected events
—— Simulated background
—¢— Data

[ Shape-only 1-o syst. range
ND area norm., 3.72 x 10%° POT

Reconstructed
muon track

10° Events

NOVA Prellmlnary

300

N
o
o

E— S|n|1ulated selected events
—— Simulated background
—¢— Data

[ Shape-only 1-c syst. range
ND area norm., 3.72 x 10%° POT

Hadronicsystem

visible

100

length=E,

20

AR L '

25 3

oO
oO

1 2 3
Reconstructed muon energy (GeV)

NOVA Prellmlnary

soo— © ¢ o I — Slmulated selected events __

= Reconstructed v, energyis £,=E, +E, 4 - oo
[ Shape-only 1-c syst. range

B ND area norm., 3.72 x 10%° POT

. ..(2 200f— |

= Use ND datato improvethe FD 5 [ ]

prediction: Unfold the reconstructed o i

neutrino energy + usethe true T B

Far/Near ratio from the ! ]

simulation ot -

3
Reconstructed neutrino energy (GeV)
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v, selected events in the FD

NOvVA Preliminary

NOvVA 6.05x10%° POT-equiv.

" Prediction using ND data: 120 o
473+30 with no oscillation 100 =

>
(O]
= 78 eventsobservedinFD _ 9

Best fit prediction

------- Unoscillated prediction

—+— Data

P

'E n

S F

> 40—

W

20_— l

T T omsoscomrorean. | | - - -
g —+—Data T ()_ L L I lgll_‘l_‘-;)-lﬁv-—#w
a2 e 0 1 2 3 4 5
R A N T Bestfilprediction  —p—~ | | N ] Reconstructed neutrino energy (GeV)
()] i S
5 ]
pan T
% 05_— -
2 0 J J_ T = 82 events at best oscillation fit
S r . _
g [ i """"" B = 3.7 beam bkgd. + 2.9 cosmic

OIII1IIII2I I3I I4IIII5
Reconstructed neutrino energy (GeV)
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Disappearance results

Compared to lastyear

NOVA’s results NOVA Pre"minary = Flt fOI’Amzand Sin2623
——T T

1 | 1 1 1 1 I 1 1 1 1 I 1
3.5

Normal Hierarchy

— 90% C.L. NOvA 2016

(10° eV?)

2
32

Am
[\]
(6]

NoIFeIdman—ICousins C?rrection | |
1 03 1 1 1 1 04 1 1 1 1 025 1 1 1 1 06 1 1 1 1 0'7 1 1 .
Lower octant sin“0,, Upper octant

2 |

Best Fit (in NH):
|Am3,| =2.67+£0.12 x 107 %eV?
sin® a3 = 0.401005(0.637003)

NOVA 6.05x10%° POT-equiv. - USing 2D Gaussian C.L.
(FC corrected: to be published)

= Maximal mixing excluded at 2.5¢

= Dominantsystematic effects
included in fit:

Normalization

NC background

Flux

Muon and hadronicenergy scales
Cross section

Detector response and noise
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Disappearance results

Compared to other

includedin fit:

-
-~ -
------
-----------

experiments NOVA Pre||m|nary u Flt fOI’ Amz and Sin2623
L L I L B AL L . .
35— Normal Hierarchy, 90% CL - = Using 2D Gaussian C.L.
- NOVA 2016 - (FC corrected: to be published)
S T2K 2014 i _ .
- I MINOS 2014 ] = Maximalmixing excluded at 2.5¢c
ol 1 = Dominantsystematic effects

= Normalization

NoIFeIdman—ICousins C?rrection |

=03 04 05 06 07 = NC background
ST e = Flux
Best Fit (in NH): = Muonand hadronicenergy scales

= Crosssection
= Detector response and noise

|Am3,| =2.67+£0.12 x 107 %eV?
sin® a3 = 0.401005(0.637003)
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Electron
neutrino
appearance

DBD16 - OSAKA, JAPAN

Identify contained v, (v,) CC candidatesin
each detector.

Use datato improve the prediction from
the simulation:

ND v, candidates = v, signalin the FD

ND v, candidates = FD beam
backgrounds

FD data outside of the beam time window
—FD cosmic ray background

Interpretany FD data excess over
predicted backgroundsasv, appearance

(simulated v, CC event)




v, selected events in the ND

NOVA Preliminary

= ND:select 3 components:beamv,CC, i — 1o ! ! b
S T fmonen 1 VIOSTE 4
v, CC, NC .ok —% 01 signal k> (I
u 4 9 800— Beam v, CC | signa ,
e | Ve CC like
= Correspondto 3 FD backgrounds X oo | . E
N L s | ]
= Beam V,CC:intrinsicv, componentin < sl | . et |
. € _ . s ]
the beam. Inthe FD, v, — v isa 8 e oo’ "I SRl E
background tov, — V. ——— 1 1 1 :
Actual v, events = score high on 00 N, classifier
classifier (Same events)NO A Profim
VA Preliminary
= 1,CC, NC: eventsthatare [ 075<CVN<087 | 087<CUN<0S5  095<CWN<1 ]
misidentified as v,CCin either 2 LA ]
detector & b - [Dvevce ]
szooo_— D §|:|MCNC - _|
= Translate ND data to a FD bkgd. QT . ]
. . ° ] m - -
expectationin energy x PID bins using s | U ]
. . . < 1000 —
Far/Near ratios from simulation g e :
= ~10% excess of dataover MC. How to L. I ]
o 1 2 3 4 0 1 2 3 4 0 1 2 3 4 5
diVide amOng components? Reconstructed neutrino energy (GeV)
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Data-driven background (l)

Recall: dominantdecay modes —
NuMI beam:

nt - ut+yy,

K*->u"+vy,

Small v, contamination “beamv,”
ut—et +v, + v,

Kt -et +v, m
We can use v, -selected samples
(more statistics, few backgrounds)
to correct the numbers of pion and
kaon ancestors, and thus constrain
the beam v, CC

Using data: we find corrections
~-2% for pions, +17% for kaons

Events / Bin / 6E20 POT

Events / Bin / 6E20 POT

B ‘ o ' " — All Ancestors i
4 —— Other Ancestor ]
- — K? Ancestor
N — K" Ancestor
B —— m* Ancestor
o True v, inthe ]
- ND ;
i 7
/()() 5 110 ‘ 26
True Neutrino Energy (GeV)
x10°
‘ . — All Ancestors |
Tru e Ve I Other Ancestor 1
— K? Ancestor
15 the ND — K" Ancestor

10

—
Jo
o

—— xt¥ Ancestor

M .

5 10 15
True Neutrino Energy (GeV)

20
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Data-driven background (Il)

NOVA Preliminary

v, CC backgrounds: CC eventsthat do .

5000 .
containa muon, but its trackis notclearly 5 E;@a i,
defined and it’s mistaken fora v, event Lroooo|- Owene
Contained event: the muon decays inside St e pean,
the detector. % i
Dominantmodeis u~ = e~ +V, + v, g
“Michel” electron L N S
Looking for Michel-like activity, we can get NOVA Preliminary
a handle on the v, CC 075 <cun <087 isDCVNog " oss<om<r ]
- : =T sean, E
Combiningthe beam v, resultsanda fitto 2 | oo .
the number of Michels in data—> all 3 S ol [ DUCdC N
components are corrected g i | ' ]
2 ool | _‘
Average corrections:beam v, upby 4%, @ | ]
NC up by 10%, v,,CC up by 17% I e e
R R R IR R R R N I I

Reconstructed neutrino energy (GeV)
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Electron neutrino FD prediction

" FD beam bkgd. estimated using - NOvA Simulation
ND data FNOVA FD' | sin%0,,=0.4-0.6 ]

£ 6.05x10%° POT equiv.
= FD signal expectationis pinnedto
the ND-selected v, CC spectrum

(o
o

N
o

Total events expected
S &

= FD cosmic bkgd. estimated using
Ve selected FD data outside of the
beam time window

S
|
|
=
T
|

OO

T 3 25

NIAaf

= Expected event countsdependon

oscillation parameters
Signal events (£5% systematicuncertainty):

NH, 3xn/2, IH, /2,

28.2 11.2
Background by component (£10% systematicuncertainty):

Total BG
8.2 3.7 3.1 0.7 0.1 0.5
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Electron neutrino FD data

NOVA Preliminary

Observe 33 events in FD e P R B 5 R P
B 3=0.4-0.6 ]
[ 6.05x10%° POT equiv. x
" background 8.2+0.8 5 20 d N
= r /_\:
. . . C
= >80 significance of o 30F\_/ 5
appearance o \_/\
PP S 20 7
NOVA Preliminary (e} - -
o om 0w | be—om<om | osm-omer = o F Bl Data (+10) 1
20—\ - 10 — NH 3
hEJ Et;:s?lifta Prediction E : . P _ IH { ]
> 15 [—[ll Total Background — 00 It 0 3n 2n
[0) | || Cosmic Background ] 2 6 2
(L?) - 6.05x10%° POT equiv. . CP
S o -
g - ] NOVA - FNAL E929
q>_) B — Run: 22242 /18
L 5_— ] Event: 232856 / --
i ] 1 ! ] .
O_ 7 | |

& _sant - _
I%econ?structéd neuztrino gnerg; (Ge\/z) ° - . CVN=0.991
E=1.63 GeV

UTC Mon Feb 15, 2016
04:36:13.437062336

5600 5800
Z (cm)
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Appearance results )
NOVA Preliminary
Fit for hierarchy, 8, sin20,, 1~
= Using 2D Gaussian C.L. 08;/\/5
(FC corrected: to be published) : 1

c"C\lj(').G_— =

= Reactor constraint(PDG 2015)
sin?(20,5)=0.08510.05

0-4/\/__
= Am?constraint (PDG 2015) 02&

Am?2=2.44+0.06x1073 eV/2 ‘@30 NH
(-2.49+0.06x103 eV?, |H) B

= Systematic effects included as
nuisance parameters

= Normalization

sin%0

L R L T T T
. No Feldman-Cousins Correction

= Flux
= Calibration

= Crosssection
= Detector response
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Appearance results

Fit for hierarchy, 8.p, sin%0,;

= Reactor constraint(PDG 2015) F o

sin?(20,5)=0.085+0.05 o ]

= Constrain Am2andsin20,;with <& *°F - ;
=k

NOVA disappearanceresults

* Not a full joint fit, systematics and ~

NOVA Preliminary

0.3F =
other oscillation parameters not E;% No %(I:Ifn(;n Cousir NH 3
correlated E o T T - I
0.7
Global best fit Normal Hierarchy
Scp = 1.497 oo —
oY Q
sin“(f23) = 0.40 £ 0.5
= 3o exclusioninIH, lower octant D 04
around &p=11/2 05
: : 1 2
= bestfit IH-NH, Ay2=0.47 Bie H
. . ool
= bothoctantsand hierarchies 0 5 6" 3_275 27
allowed at 1o CP

Anti-neutrino running = help remove degeneracies
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= Below: sensitivities vs time, assuming

O Utl OOk favored oscillation parametersand modest
improvementsin the analysis

= Start anti-neutrinorunningin 2017; run 50%
neutrino 50% anti-neutrino after 2018

" |Inthe nearterm (2018-19) expectto reject
Wrong hierarchyat>95% CL
Wrong octant at >95% CL
Max-mixingat >3 sigma

— H 2 — . . — i 2 e " "

Normal 6,,=3n/2, sin“0,,=0.403 NOVA Simulation Normal 8.,=3n/2, sin“0,,=0.625 NOVA Simulation
AmZ,=2.5x10%eV?, sin2913=0.022 AmZ,=2.5x10°eV?, sin°0, ,=0.022

- I T I. . T I T T T I — - I T I. . T I T T T I T T T I T I —

- NOVA joint v+v, P - NOVA joint v +v : s

- J NH 37‘[/2 = p YA JOI Vet - NH 3m/2 ]

5_....: ................. Max ..m|.x|ng .............................................................................. L. 5| Max.. m|x|ng ................ S——— e, -

: Lower O - - - - ---- Hierarchy | - Upperoctant ]

Y - Octant ............................... St O _: = 4:_....... ........ Qctant................... ____.L-—"' ........ _:

3 _ _..i 1 8 F——CPV Pt = ]

c b=l 1 € ik . N

(U 3 : —_‘,.n..:‘.'. ................................... — (6 3_ —]

O P =71 © N

'c 1 € ]

1) - 1 o §

........................................ 2016ana|ys|stechn|quesw|thproJected__ 1 :_ |
7 [~ | I systematlc uncertalnty mnprovements :
%3076 2018 2020 2022 2024 05016 2018 2020 2022 2024

Year Year
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Summary

Events / 0.25 GeV

Events / 0.5 GeV Bin

NO

VA Preliminary

)
(=]
I

5]
o
\

@
o
T ‘ LILIL

60—

40—

NOvA 6.05x10%° POT-equiv.

------- Unoscillated prediction

—4— Data

Best fit prediction

20

1 2 3 4
Reconstructed neutrino energy (GeV)

NOVA Preliminary

- 075 < CVN < 0.87

[ NH

[~ -4-FD Data

| — Best Fit Prediction
I Total Background

|” | Cosmic Background
L 6.05x10% POT equiv.

1 3

T T T T T
0.87 < CVN < 0.95

P

1 2 3

2
Reconstructed neutrino energy (GeV)
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T T
095 < CUN < 1 7

2

With 6.05x10%° POT, NOVA finds:

= Muon neutrinos disappear: Best fit is
non-maximal

= Electron neutrinosappear: Data prefers
NH at low significance

Excellent detector and beam performance

Looking forward to more neutrino data +
antineutrinorunningstartingin spring
2017

= @,3 non-maximal? Octant?
= Mass hierarchy?

Broad physics program!Sterile neutrinos,
cross-section measurements, exotic
searches...



Thank youl!

-

Argonne, Atlantico, Banaras Hindu University, Caltech, Cochin, Institute of Physics and Computer
science of the Czech Academy of Sciences, Charles University, Cincinnati, Colorado State, Czech
Technical University, Delhi, JINR, Fermilab, Goias, lIT Guwahati, Harvard, IIT Hyderabad, U.
Hyderabad, Indiana, lowa State, Jammu, Lebedev, Michigan State, Minnesota-Twin Cities,
Minnesota-Duluth, INR Moscow, Panjab, South Carolina, SD School of Mines, SMU, Stanford, Sussex,
Tennessee, Texas-Austin, Tufts, UCL,Virginia, Wichita State, William and Mary, Winona State

DBD16 - OSAKA, JAPAN E. CATANO-MUR [ISU] - STATUS OF THE NOVA EXPERIMENT




