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AOvA

» Long-baseline, off-axis neutrino
oscillation experiment

< Study neutrinos from NuMI beam at
Fermilab

4

D)

> At 14 mrad off-axis, energy peaked at 2 GeV

)
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D)

L)

> Functionally identical detectors

< ND on site at Fermilab
< FD 810 km away in Ash River, MN

< ND Measurement is directly used to predict FD
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Physics Goals J©

ANVOvA

Results from 3 different oscillation analyses
. Disappearance of v, CC events

Vel  Vyu Vi
< Clear suppression as a function of
energy S — s N———
sin®6;3 Amg,
< 2015 analysis results A, | .
Phys.Rev.D93.051104 A — |
X | sin“fa3
’Am%Q‘ SlIl2 (2@23) ' - y- PR—
NORMAL s INVERTED
1. Appearance of v,CC events
615, O3, 5o p, m.  Deficit of NC events?
and Mass Hierarchy = Suppression of NCs could be evidence
» 810 km baseline enhances matter of oscillations involving a sterile
effects neutrino
» +30% effect + Fit to 3+1model

< 2015 analysis results in <« new!
PRL.116.151806

Additionally, many cross section analyses, searches for exotic phenomena
and non-beam physics studies!

9
Amjq, 034,024
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Beam Performance IIJ@

< 6.05x10%° POT in 14 kton equivalent detector
< More than double exposure of 2015 analysis

< Currently running at 560 kW
% Achieved 700 kW design goal in tests on June 13t 2016!
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< oo First Analysis Total Exposure ., ]
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NOVA Detectors and Readout '-IJN@W\

Single Cell | ** Designed for electron ID
f < Low Z materials, 65% active
:

'« Layered planes of orthogonal views
?ﬁ < Muon crossing far end ~40 PE, 0.17 X, per layer

< DAQ runs with zero deadtime

< Triggers for beam, SNEWS, cosmic ray calibration
samples, exotic searches

sc,mmgw < 150kHz of cosmic induced events

EXxtruded piastic| (PVC)-celis Tiied Witk M Itres of;
Seintilater mstrumentea With_=snfiting fnver ana APLC
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Event Selection lll@
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Al =YV 7| Diffuse activity from x X
T nuclear recoil system
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Improved Event Selection (L

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

FEATURE MAPS

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

uel 1N

]

il
\

Improvement in sensitivity from =
CVN equ|va|ent to 30% more exposure 10 - FEATURE MAPS

A. Aurisano et al., arXiv:1604.01444
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Scattering in a Nuclear Environment IIES,

Near detector hadronic energy distribution suggests unsimulated
process between quasi-elastic and delta production

NOvVA Preliminary
0.2 O. 0. 10
0.3< |q|/GeV < O 4 4

gzo
110
1o

0.6 < |q|/GeV < 0.7

0 0.2 0.2

0. 1 < |q|/GeV< O 2 0. 2 < |q|/GeV<O
v H
u 20
/ 10
q=(q,4) 0 o

e 05 < alGey <O

0

0.4 <|q|/GeV < 0.5

Q . - NOVA ND Data ]
5 *- - moe

S T - BRES .

Nucleus

Hadrons ,';” Cois £

3 [l Other E
R T = 0

‘ 0.7<|ql/GeV <0.8 “ 0.8 <|q|/GeV < 0.9 0.9<|ql/GeVv <1 '
200 T 10

Similar conclusions from MINERVA - T E
data reported in P.A. Rodrigues et al., %+, 1

PRL 116 (2016) 071802 *.___ LR =

0 02 04 06 0.8 0 02 04 06 038 0 02 04 06 0.8 1.0

Reco “qOH (=Ehad,vis)
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Scattering in a Nuclear Environment IIES,

< Enable GENIE empirical Meson Exchange Current Model

< Reweight to match NOVA excess as a function of 3-momentum
transfer NOVA Preliminary

0 02 04 06 0.8 0 02 04 06 0.8 0 02 04 0.6 0.8 1.0

0.1<|q|/GeV <0.2 0.2<|q|/GeV <0.3 0.3<q|/GeVv<0.4 _
20 120
< 50% systematic uncertainty on E
MEC component normalisation 10 ER
< Reduces largest systematics L 1o
. E 0.5<|ql/GeV<0.6 1 1
< hadronic energy scale " 0.4<|ql/GeV <05 - - NOVAND Data | 0.6 <|ql/GeV <0.7
. . c ] @mEC - 120
< QE cross section modeling g moE : ]
. o WrES z ]
< Reduce single non-resonant 2 Ems - 110
. . Other g E
pion production by 50% - |,
(P.A. Rodrigues et al, é o : i, Tl/G Yoo ]
. 2 0.7 <|q|/GeV <0.8 .8 <|q|/GeV <. 09<|q|/Gev<l H
arXiv:1601.01888.) ol al i a I
10/ + 110
MEC model by S. Dytman, inspired by 002 04 06 085 0 02 04 06 o5 00z 04 06 05 To
J. W. Lightbody, J. S. O’Connell, Computers in Physics 2 (1988) 57. Reco “q,” (=E,_, ..)
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ANVOvA

Muon Neutrino
Disappearance




Muon Neutrino ND data '-IJ@

NOVA Preliminary

< Addition of MEC events substantially

. . . e I ' Simulated selected events |
improves simulated hadronic energy - — Simulstedbackground ]
diStrlbUtlon B E g:ta:e-onlﬂ-GSySL range
. . - ND area norm., 3.72 x 10 POT 7
< hadronic energy scale uncertainty reduced (14% @ 20— .
to 5%) g [
w
< Reconstructed neutrino energy unfolded " ol ]
to true, Far/Near ratio (bins of true I
energy) used to extrapolate i ]
ND data for a FD prediction oot R
Reconstructed neutrino energy (GeV)
NOVA Preliminary NOVA Preliminary
100 f— I I ;ISiImLLIatled.sellec.teci ex:renltsl I—_ am-— o I S ; éiﬂllullatﬁl!dISl;BICh;dlE!\;El';lS[ o I_-
B —— Simulated background ] N —— Simulated background
B —4— Data i B —+4— Data
80— [ Shape-only 1-o0 syst. range = — | [ Shape-only 1-a syst. range
- Lo d ND area norm., 3.72 x 10 POT . L~ ND area norm., 3.72 x 10%° POT
a [ ] [ _
5 s — 5 }
o [ i oo
T W - e [
20 - i
00_ 1 ' ; — 3 -f:- — _E Ol]- ’ 05 1 1.5 2 2-_15 3
Reconstructed muon energy (GeV) Hadronic energy (GeV)
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Muon Neutrino FD Data '-IJ@

NOVA Preliminary
——————————

; E' T:dsi;i:r:;:::m' Mormal Hierarchy
> 15 | —— Prediction with systs. _
8 " —4— Backgrounds i
'-!N'J' :—+—Data .
E 10— —
@ _ i
. @ : :
< 78 events observed in FD s 4, +| .
% 473 £ 30 with no oscillation | S5 N . RENE:
B 82 at beSt OSCi||ati0n flt Hel:onstrudei:l neutrinoaenergy {G4e‘u') ’
’:’ 3.7 beam BG + 2,9 Cosmic g i r‘f::ﬁ.:ammpm-muw_ 1 —-
.2/NDF =41.6/17 = ]
Driven by fluctuations in tail, 2 P L—]
no pull in oscillation fit E T B
: L[]
o .
E g- i e ; .............. ;...............;:L...... .....I .......... _-

2 3
Reconstructed neutrino energy (GeV)
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Contours '-IJ@

NOvVA Preliminary

33 NOVA 6.05x10%° POT-equiv.

< Fit for g2 and sin’d,

MNormal Hierarchy

— 90%C.L NOvA 2016 < Dominant systematic effects

included in fit:

< Normalization

» NC background

< Flux

< Muon and hadronic energy scales
< Cross section

.I.\l‘? FC C‘?rTeFT.'Q.". I N < Detector response and noise
0.3 0.4 0.5 0.6 0.7

-------- 90% C.L. NOVA 2015

D>

>

Amé, (10° eV?)
| I 1 I I T | I 1 | I

11 (- | .| - | |l I | L1 | I

Best Fit (in NH):
|Am3,| = 2.67+0.12 x 1073 V?

Maximal mixing excluded at 2.50
sin? g = 0.4079.98(0.631002) °
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Contours '-IJ@

NOVA Preliminary

NOvVA Preliminary

35— Normal Hierarchy, 90% CL ] 25:_ —e— FD Data _:
i NOVA 2016 1 - Best-fit prediction: -2LL=41.6 .
- - e T2K 2014 ] 20-_ Best maximal: -2LL=48.0 (A=6.4) ]
N> — -1 - -
Ic 3 - T MINOS 2014 1 @ - g
o | 1§ 15 =
= - @ LNy - Lﬁ [ ]
N - —
=i \ } 10 l —
O 25 \ — K ]
s 1 5t } } E
- No FC Correction . [ .
2 L L L L L L I L L L L I L L L L I L L L L I L L O
0.3 0.4 0.25 0.6 0.7 0 1 2 3 4 5
SIN“Q,, Reconstructed Neutrino Energy (GeV)

Best Fit (in NH):
|Am3,| = 2.67+0.12 x 1073 V?

Maximal mixing excluded at 2.50
sin? Og3 = 0.4070-03(0.6375-02) ;
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ANVOvA

Neutral Current
Disappearance




Neutral Current ND Data '-IJWW\

NOvVA Preliminary

o ¥ = 4nobwa

. . | : [ NC 3 Flavor Prediction |

< Events classified using CVN > | I v. CC Background ]
8 i B v, CC Background |

< Normalization agrees well & |- 6.05 x 10° POT-equiv. -
<+ Data shifted to lower energy § | ND Data i
relative to MC o O -
«Large uncertainties on NCcross ~ } :
section ] i

< No MEC model for NC events Calorimetric ?Iénergy .:GLV) °

Extrapolation of ND data using F/N in reconstructed energy gives a prediction of:

N N e

83.718.3

07/13/2016 GAVIN S. DAVIES, PASCOS 2016



Neutral Current FD Data '-IJWW\

NOVA Preliminary

P oo €]

25— [ NC 3 Flavor Prediction _

N [ v. CC Background ]

- B v, CC Background : ]

E 20— :ICosmtEacigmund : XE/NDF —

+ Observe 95 events o F - 23.31/14 °
g 15 AmZ, = 2.44x10° eV . E

o : - - B4 = B.5% B, = 45° : .
< No evidence of PR hon 107 o, | ]
oscillations involving g F 5 e
steriles F + + E
D: :

S ' 2 3 4
Calorimetric Energy (GeV)

For 0.05 eV? < Am3, < 0.5 eV~
O34 < 350, 0oy < 21° (90%CL)

Excellent NC efficiency (50%) and purity (72%) promise strong future limits on d;,
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ANVOvA

Flectron Neutrino
Appearance




Electron Neutrino ND Data

< Selection re-optimized to favor parameter measurement
< both cosmic rejection and classifier cut

I

RO vA

< increased signal efficiency, including lower purity bins

< Use ND data to predict background in FD

% NC, 3, CC, beam 3, each propagate differently beam 3. up by 4%

: : NC up by 10%
< constrain beam 3, using selected 3, CC spectrum P oY
. . . e 3, CC up by 17%
% constrain 3, CC using Michel Electron distribution
NOvVA Preliminary NOvVA Preliminary
= —1 —r 1 1 3000 — T r 1 T
1000l —%— NDdata 1] - —&— ND data
5 =R Most ¥ i . —are -
o 500—_ :ggam\-acc Slgr'l(ill ) . ;:L :gSamv&CG T
R=R v, CC like : G 2000 —v,cc A
X 800 B x ]
o - o
N ] ~
28} . o8]
:@ 400 ] E 1000
3 ] 3
Q200 - o)
L P R I 1 R R I PR I

0.75

07/13/2016

0.80

1 | 1 L
0.85

0.80 0.95

CVN v, classifier

GAVIN S.

-
=]
=]

2 3 4 5

Reconstructed neutrino energy (GeV)
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Prediction IIJ@

< Extrapolate each componentin

bins of energy and CVN output 0 NOVA Simulation

T “ENOVAFD' ' sin%0,.=0.4-0.6 1

< Expected event counts depend £ 1o 8:05x107 POT equiv 2 E

on oscillation parameters ;& ; :

E B -

Signal events - \/\

(£5% systematic uncertainty): % 20:_ E

NH, 3172, | IH,TY2, g o — NH E

I_ - ] L — IH L ; :

28.2 11.2 Og———— z ' T a3, o
Background by component aCP 2

(£10% systematic uncertainty):
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Electron Neutrino FD Data lll@

>80 electron neutrino appearance signal

Observe 33 events in FD

NOVA Preliminary
oo e [ twomTon | om<omer ] background 8.2 + 0.8
| NH |
_ [ +roDaa ] | NOVA - FNAL E929 ' :
h_l | — Best Fit Prediction | 400 Run: 29242 /18 _
s 15 —{ll Total Background — [ S ) i
[0) [~ | Cosmic Background ] L Event: 232856 / --
(5- - 6.05x10% POT equiv. 1 i __- ]
10— ] = = .
s . o ' CVN =0.991
C | _ - e
s [ i > T o E=1.63GeV ]
o sl - [ ]
i ] -600 (- .
R i § ' UTC Mon Feb 15,2016
0 1 > 3 1 > 3 1 5 3 : 04:36:13.437062336
Reconstructed neutrino energy (GeV) 5600 5300
. . z (cm)
Alternate selectors from 2015 analysis show consistent results
LID: 34 events, 12.2 £ 1.2 BG expected
LEM: 33 events, 10.3 £ 1.0 BG expected
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contours '-IJWW\

NOVA Preliminary

. . . 0.8 o
+ Fit for hierarchy, #p, sin’d,, /\/

< Constrain sin?(2d,;) = 0.085 + 0.005 S06f .
< reactor average, pre-Neutrino 2016 N% 0.4:/\/_:

« Constrain gm?= 2.44 + 0.06x103 eV?, NH ] ]
% =-2.49 + 0.06x1073 eV2, IH 026 15 20

% Systematic effects included as nuisance [Emse  , ,  NoFCCorrectionNH-
parameters

< normalization, flux, calibration, cross section, and
detector response effects
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contours '-IJWW\

NOVA Preliminary

«Fit for hierarchy, #p, sin’d,,
< Constrain gim? and sind,; with NOVA

disappearance results 0 65 sl

. _— ______--_--_____:_

< Not a full joint fit, systematics and other o E ]
oscillation parameters not correlated & O.S*

c -

<Global best fit Normal Hierarchy ® 0.4f < -

5cp = 1.497 0.3
Sin2 ((923) = 0.40

< best fit IH-NH, qa.2=0.47

% both octants and hierarchies allowed at 10

20
Il\lo FC Corrledion NH

--c‘}A
g Q

100

< 30 exclusion in IH, lower octant around
fep=T11/2

Antineutrino data will help resolve degeneracies,
particularly for non-maximal mixing
Planned for Spring 2017
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Summary (LS

AYOvA

With 6.05x102° POT, NOVA finds:

** Muon neutrinos disappear
+* Best fit is non-maximal

** Maximal mixing excluded at 2.50

** Neutral current event rate shows
no evidence of steriles
% With more data, expect strong limits on ds,

+** Electron neutrinos appear
+»» Data prefers NH at low significance

“* Region in IH, lower octant around # = 1/2 is excluded

¢ Looking forward to more neutrinos and antineutrino running planned, Spring 2017

07/13/2016 GAVIN S. DAVIES, PASCOS 2016
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The NOVA Collaboration, C & m WX
234 Collaborators e = :
41 institutio';s , _ = g unm.

arliigs | 9= www-nova.fnal.gov

7 countrles

Argonne, Atlantico, Banaras Hindu Unlver5|ty, Caltech, Cochin, Institute of PhyS|cs and Computer science of
the Czech Academy of Sciences, Charles University, Cincinnati, Colorado State, Czech Technical University,
Delhi, JINR, Fermilab, Goias, IIT Guwahati, Harvard, lIT 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
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Backup ©
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Making an off-axis neutrino beam I

Target Focusing Horns
\ S
120 Geﬁ E —

p* from v
- NOvA S|mulat|0n 10
o 10F N . 3 — "
= 1-3 GeV —Total 1 i ?" "‘“‘"15
w [ ] .~ fmra
E = 97'55% __ 8__ — 14 mrad
E ; 5 g — i 21 mrad
< r § > 6
= Q L
O LT al o E L W O, g L
o — L
8 - I.u> 4_
w i
O el /o, i
Q 2L
O : i
“g_s iIIIlIEFLIUKA1I1lI ol
=% 10 15 0 10 20 30

E (GeV)
E, (GeV)

0 At 14 mrad off-axis, narrow band beam peaked at 2 GeV
A Near oscillation maximum
A Few high energy NC background events
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Beam Performance '-IJ@

Achieved design power 700kW!

Beam Intensity =48.55 E 12D T=1.33300 s) - A9 event 2016-06-13
16:00:49

60 1,000
w40 L. 750 S
N A 4 o
= AAALAAAAA A AAaA A A A <}
3 20 Y 500 2
£ A A L, =>
P <
S A " K
Q. A ®)

A
-20 e A ¥'e 0
3:20 PM 3:30 PM 3:40 PM 3:50 PM 4:00 PM
Time interval 45 minutes
s Beam Intensity A Beam Power
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Detector Performance
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Simulation '-IJN@W\

Beam line production, propagation and neutrino flux: FLUKA/Flugg

Cosmic Ray flux: CRY
Neutrino interaction and FSI: GENIE
Detector: Simulation: Geant4

Detector response: Custom simulation Routines

NOVA S|mulat|0n

- Near Deteclor

T
10

§||

Interaction Vertex XZ Vie

IIIII|IIII|I
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Calibration

I

RO vA

Calibration achieved using cosmic
rays

Light levels drop by a factor of 8
across a FD cell

Stopping muons provide a standard
candle

25

]
o

lllh'll'lII|IIII|IIII|IIII|II

Mean PE / cm

60

40

Corrected response / cm

N
o

FD cosmic data - plane 84 (horizontal), cell 12

—
NOVA Preliminary

JIJJlIIIllllllllhlﬁlll.lllll

R 0 500
Distance from center (cm)

NOv A Preliminary

20000

Far Detector
Data 15000

10000

5000

100 200 300 400 500
Distance from track end (cm)
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Energy Scale

300

@
qc} 200

Near Detector 0
o cosmic € dE/dx [~vertical] 100

o beam € dE/dx [~horizontal]
o Michel € spectrum

o “Omass

o hadronic shower Eper-hit

Far Detector

o cosmic € dE/dx [~vertical]
o beam € dE/dx [~horizontal]
o Michel & spectrum

All agree to 5%

07/13/2016

NOvVA Preliminary
——
—— Data

—— MC “ O signal
—— MC bkgd

Data ‘ :134.2 + 2.9 MeV
Data, : 50.9t2.1 MeV
MC*: 136.3 £+ 0.6 MeV
MC,: 47.0+£0.7 MeV

L L L L L 1 L L L L ] 1 L L L 1
100 200 300 500

0 400
M,, (MeV)
> ND, 1.66x10% POT NOVA Preliminary
T 1 T T I T T 1 1 I T T T 1 I T 1 1 1

60

Events

GAVIN S. DAVIES, PASCOS 2016

—— Simulated v, CC
Simulated Background

e Data

10 20 30
Average Hadronic Energy Per Hit (GeV)



Reconstruction

1L

ANVOvA

Vertexing: Find lines of
energy depositions w/ Hough E
transform CC events: 11 cm

resolution % %

space around vertex. Merge views

Clustering: Find clusters in angular ’ J
via topology and prong dE/dx

T-racking: Trace particle trajectories with Kalman filter tracker.

gl
e
B

- e = o e e e = e

Also, cosmic ray tracker: lightweight, fast, and for large calibration samples, online monitoring.

—_— [p—
——
- —

——— i




Sterile Oscillations

y
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0.6
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0.4
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Extrapolation (LS

All NOVA analyses use ND data to predict the FD spectrum

NOvA Simulation

0 Muon Neutrino analyses:
unfold reco energy, use true
F/N ratio for FD prediction of
track events

0 Electron Neutrino signal: use
Muon-neutrino FD prediction

o0 NCand Electron Neutrino
background analyses: Far to
Near spectrum in reconstructed
energy ratio for FD prediction

Of Shower events n.ﬁ L | i |. | 1 L | 1 L | I L | 1 I |
0 2 4 6 8
True neutrino energy (GeV)

=
£n

v, Far/Near x 10°
5

| 1 1 1 L | | | 1 1 I | | | 1

-y
]
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Cosmic Rejection (LS

NOVA FD sees 150kHz of cosmic induced events

Beam timing gives 10° rejection factor

Combination of containment and event topology gives another ~107 in rejection

3; Cosmic Rejection 3, Cosmic Rejection -
NOVA Preliminary NOVA Preliminary
g R LR I LA I L LA B L B
Good spills g
e e e Veto
Data quality fg 5 : ’ : | | |
I 1 sicequaiy
Cosmic rej. _ Containment
-_ B Preselection
Containment & ’ : .
_ Cosmic background pT/p 6.05" 10" POT equivalent
. _ T 353.69 seconds livetime
NC rejection _ - CC v, prediction (max. mixing) jackward photon . 0, Signal
* T CVN Beam background
E < 5 Gev H H : .
: : i i H i - Cosmic background
1 10 10° 10° 10* 10° 10° 10’ 1 ' 10 ' 1(I)2 1(')3 : 1(')4 : 1(')5 1(')6
Number of events in the spill window Events
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ANVOvA

Backup—
Disappearance
Results




Selecting Muon Neutrinos (L

ND, 1.66x10% POT NOvVA Preliminary
107 —— Simulated v, CC

Goal: Isolate a pure sample of 3,CC ~ * .
events less than 5GeV s .

o Select events with long tracks & 1

> Suppress NC and cosmic backgrounds 1100
4-variable kNN used to identify L
muons

o track length . II\IID,‘1.E|56><I1OI2°FI’O‘IFI | NOvA II:’rIeIilmi‘na?ry

» dE/dx along track . Bt e

o scattering along track
° track-only plane fraction

ND Data matches simulation well
for muon variables

20

5 1015
Length of Primary Track (m)
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Muon Neutrino FD Data '-IJ,V@W\

] NOvA Preliminary
78 events observed in FD e e AL e

o 473+30 with No Oscillation W oo o
o 82 at best oscillation fit

o 3.7 beam BG + 2.9 cosmic

_+_ Backgrounds —— ——
..2/NDF=41.5/16

—4— Data
Driven by fluctuations in tail, no pull in oscillation fit
NOVA Prellmlnary

T T J=£=-==,===-ll -
EE NONA 6.05" 10 POTequw. S L

15

10

Events /0.25 GeV

— TI l-—q
o ] ﬁ i NOVA 6.05x10% POT-equiv . i
B i . Best fit prediction 1 1T : ]
100|— ' ] © L ]
% S B TS Unoscillated prediction : :§ 15— _*_ Data —
w80 $— Data — 2 | —— Bestfi prediction i
=) _ 2 E’ 1= —
=~ 60— ] § = 4
[7p) = . - -
E B — = =
[} ~ - = L |
o “F E £ o5
A i = | ,F
20— -] § C i
s ey ] j e PR SRS SURS SHIFIS S0 S
0 ly. | ! ! ! ! ! ! L I - ] 5
0 1 2 3 4 5

Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino E”EFQY {GE’W
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Contours '-IJ@

NOVA Preliminary i
3.5— S N(;rmlal }-;ierzlarcrlly, I900/:) CII_ B 6 B 1-a range: 2.553-2.701
i NOVA 2016 | i
— : """" T2K 2014 : :\:""C 4_—
> ==== MINOS 2014 N
o 3 — i
5 | L
Em 251 - ol 54 76 23
i 1 ol a anﬁz al
N N R N S R % Reject max. mix.Josc. : 2.5 ¢ 1-0 ranges:
0.3 0.4 . 025 0.6 0.7 al 0.379-0.431
SN0 i 0.597-0.648
Best Fit: :
2 3.2 =T
|Am3,| =2.67 £ 0.12 x 10~ %eV :
. 2 0.03 0.02 -
sin” a3 = 0.407(05(0.637 (" 03) |
0 2 T T

sin’(6,,)
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Checking the Fit J©

NOVA Preliminary NOVA Preliminary
* * * T 20 T T T T T T T
- — Prediction HevR e T ToTe 4 [ FbDa 6.05 10 POT-equiv. -
e _+_ Dat Normal Hierarchy ] I —— Best-fit prediction i
w F ata . . . C ]
g E Performing the fit 15[ MMl Backorownd 2 /NDE_18 64/17
" F 1 below 2.5 GeV a [ ]
S - . S i ]
= 1 improves ..2 2 10- ]
S iii: Total c? of fit: 41.6 / 17 d.o.f. :i SUbStantla”y but 51_ _j
g °E 4 does not change fit - :
SE 2 results, sensitivity, 01 Sns
YT ‘ ; 3 - 0 1 2 3 4 5
’ Reconstructed neutrino gnergy (GeV) or eXCIUSIOn Of Calorimetric Energy (GeV)
NOVA Preliminary maximal mixing NOVA Preliminary
[ LN L L L L L L L L a AL L L L L R L L L L R L L L R I L LI
20 - fbbam 6.05" 10%° POT-equiv. [ robae 6.05 10% POT-equiv.
[ —— Best-fit prediction i 30 — Best-fit prediction —
T Background ] | [ Background ]
15 ] L i
9 B 2 T . . . a 20 i
c r = 7] ]
YT 1 prediction matches" | 1
5[ 1 other distributions 10 B
i 1 well - ]
0) 0)
0 5 10 15 20 25 0 1 2 3 4 5
Length of Main Track (m) Hadronic Energy (GeV)
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Muon Neutrino FD Data
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ANVOvA

Vertex Y (m)

Events

NOVA Preliminary

NOVA Preliminary

60— - . 30F
- - fbbala 6.05 10° POT-equiv. :
| —— Best-fit prediction - 25
- [ Background . -
20 = 201
N Q N
C =
i o 15 =
N LLl N
20 10
i 5t
] . S VS :
0——5 %

o
L L

—e— FD Data
—— Best-fit prediction
I Background

6.05 10%° POT-equiv.

L

300
Total Number of Hits

100 200 200

0
Vertex X (m)
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Disappearance Systematics J©

NOVA Preliminary

— 1T T T ]
35— NOvA 6.05x10™ POT-equiv. =
B MNormal Hierarchy 90% C.L all systs ]
B ====- 68%C.L all systs ]
ST ——— 90% C.L stats only i
[V =
l:‘l'j - ]
= | i
o8 | i :
= 25 —
: . Normalisation +1.0% +0.2%
- | | | L Muon E scale +2.2% +0.8%
‘Bt
i NOVA 6.05x10” POT-equiv. ] Calibration +2.0% +0.2%
-15— Inverted Hierarchy —] .
- 80% CL allsysts {1  Relative E scale +2.0% +0.9%
o = === 68%C.L. all systs ]
< L 90% C.L. stats only i Cross sections + FSI +0.6% +0.5%
o - _
5 I ’ Osc. parameters +0.7% +1.5%
o i 1 Beam backgrounds +0.9% +0.5%
=25 —
< i ] Scintillation model +0.7% +0.1%
o 1 All systematics +3.4% +2.4%
L 1 o1 Stat. Uncertainty +4.1% +3.5%
0.3 0.4 0.5 06 07
sin0,,
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Neutral Current FD Selection '-IJ@

Summary plot of NC selection
and cosmic rejection at the
different selection levels in the
FD

NOVA Preliminary

Jlulﬂ" ||||I'I'I'1 ||.|||.I'I'i lilul‘l" T J'I" LI I'I'I'I
Data Quality
Event Quality -
Fiducial -
Containment - Cosmic Background
- I CC Background —
I NC 3 Flavor Prediction

NC Selection
Cosmic Rejection
|I |||||,|,|,|] ||n||,|,|] |||||||,|] lllllu‘ llll|u|l il

10 10®> 10° 10* 10° 10° 107
Events
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NC FD Cosmic Rejection (LS

NDuA Prehmmary NOvVA Preliminary
A R T w0 ]
n : [ MG 3 Flavor Prediction ] [ \C 3 Flavor Prediction :
L I v.. CC Background - " [ v. GC Background : ]
C B v, CC Background i = [ v, CC Background : 1
30— 7] Cosmic Background ] = [ Cesmic Background T
- - 4{:_ pu—
% - A, = 2440107 eV® ] % | amd, = 2.84x107 eV® .
2 8,y = B.5% B, = 45° - 2 | 8,,=8.5° 8, =45 i
w N B.05 x 10°" POT-equiv. 1 W | 6.05 = 10 POT-equiv. ]
C ] 20— —
‘H]_— ] - .
u- : " .-*-. PR T T T T [ TR TR T ] i . . . . 1 A ; f A O M o M ]
i} 0.02 0.04 0.06 0.08 01 ﬂ_s 0.4 0.5 0.6 0.7
Average E/Hit (GeV) BDT Score
Distribution of average calorimetric energy per Cosmic PID based on Boosted Decision Tree
hit deposition in a cell algorithm sourced from the Numu

disappearance analysis used in rejection of
cosmic backgrounds. Events with cut> 0.5 are
accepted by the selection
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Neutral Current FD Data '-IJN@W\

NOVA Preliminary

— T T T T
—4— FD Data <_§
[ \C 3 Flavor Prediction
[ n, CC Background
[ n, CC Background
[[7] Cosmic Background

N
ol

Observe 95 events

N
o

[En
o
CDIIII|IIII|IIII|IIII|IIII|III

Dm2, = 2.44x10™° eV?
0,5 = 8.5° 0,5 = 45°
6.05 " 10°° POT-equiv.

No evidence of oscillations
involving steriles

Events / 0.25 GeV
&

5 i
Nyata — BG
R = data 0 T 2 3 4 5 6
S NC Calorimetric Energy (GeV)

= 1.19 + 0.16(stat.) + 0.11(syst.)

For 0.05 eV? < Am3, < 0.5 eV~
O34 < 350, 0oy < 21° (90%CL)

Excellent NC efficiency (50%) and purity (72%) promise strong future limits on d;,
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NC Disappearance 2D limits

I AOvA

40

30

10

— 90% C.L. Data

—— 90% C.L. Sensitivity
MINOS* (8, = 11.5°)

11[I]II]I

| NOVA 6.05x10%° POT-equiv.
- AME, = 2.44x10° eV?

[ 6,,=85°6 =45°
L AmMG, = 0.5 eV?

________________

_____
_______
.-
==
-
=
-
=

* PRL 107, 011802 (2011)

NOvVA Preliminary

IIll]llJJlJJlIJIIll

0 20 30
0,, (deg.)

(o))

0

90% C.L. curves obtained by fitting a 3+1-flavor hypothesis with
the predicted FD NC spectrum in data. These sensitivities are valid
in the range with Am? 41 > 0.05 eV? and with Am2 41 < 0.5 eV?
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Electron Neutrino Event Selection lllwm

Selection re-optimized to favor parameter measurement (both cosmic rejection
and classifier cut)

° increased signal efficiency, somewhat degraded purity relative to 2015 analysis
° 91% of selected events have an EM shower

NOVA Simulation NOvVA Simulation

100 T — T L L A A L DL L R LA

- — Signal 1 2 4 [NC -]

go- — MmCC :]-11_,_ - 8 ¢ [1Beam v, CC -

- —NC 15 B Jv,CC :

S [ —Beamn, ] a 3f ~

5 “F 1 % ;

Q - i i . X ol -

o wf Mamtalr?s N g 7 ]

w [ 77% purity 1 o L i

20[- 1 e i -

- 41 & [ i

: e B ] Aﬁ_ :

% T 2 3 4 0 0.5 1 15 2 553
Reconstructed energy (GeV) n° Energy (GeV)
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Electron Appearance ND Data/MCU

NOVA Preliminary
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15008

1000
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o
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N
S
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—e— ND data
++ —— Total MC
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% ¢ e
— Beamn,CC

—n,CC

0 1 2 3 4 5

Primary shower calorimetric energy (GeV)
NOVA Preliminary
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Decomposition (LS

20_1 - N ' — All Ancestors |
5 | :Ethf,ig';i(‘jf““Use ND data to predict FD background
o 15 — K" Ancestor |
N —p*A ] .
o | PSS ING, CC, beam 3, extrapolate differently
£ 10
5 | { ° constrain beam 3, using selected 3., CC spectrum
a Cf 1 ° constrain CC with Michel Electron distribution
S % NOVA Preliminary
True Neutrino Ener (GeV) .............................
¥ :O.75<CVN<O.87 0.87 <CVN <0.95 0.95<CVN<1 :
NOVA Preliminary - 3000~ E]E:zn ] ]
15000_— ' 8 beam 3.up by 4% 8 i . [n.cc i
= Ea‘f‘ . | Ncupbyton E L [ One T i
5 e Nm 1 o 2000 : == Uncorrected MC L —
10000 [Imc ne - CCup by 17% (’E I |
~: i [ IMCcBeamn, © B ]
3 ] a F H .
%5000; ] L% 1000—_ |
g | ] i ]
ol : 1 ?— % T 2 3 4 01 2 3 40123 45
Number of Michels Reconstructed neutrino energy (GeV)
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Checking the Signal Efficiency

)

RO vA

y

Use bremsstrahlung from cosmic ray
muons to benchmark simulation of

electron

o event classifier distributions match well

selection

NOVA Preliminary

CVN n,, Classifier

T ‘ T T T ‘ T T T ‘ T
80— e
n, Preselected MRE Events
—¢— Data
60— —— MC Total —
" = MC QE
12
g MC Res
|.|>.1 - MC DIS
% 40— MC MEC —]
— -
20— —
o 12 + =
2 B tHy, t ot + -+ + + .
g 1 BT I e
O osf -
0 0.2 0.4 0.6 038 1

NOVA Preliminary
—1ir - T 1 1 1

T
—+— Muon-removed FD cosmic data

30

Muon-removed FD cosmic MC

20

10?2 Events/120 sec

0o 02 0.4 0.6 0.8
CVN n, classifier

I

0 Remove reconstructed muons from
selected 3, events, replace with
simulated electron (MRE)

A better than 1% agreement between
efficiency for selecting data MRE events
and efficiency for selecting MC MRE
events
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Electron Neutrino FD Data '-IJ@

NOvVA Preliminary

T e e
NOVA FD 6.05x10% POT equiv. sin°0,,=0.4-0.6

Total events

20/— -
10— —
D_ | L | ]
0 % W 3 2n
8ICF’ e
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Electron Neutrino FD Data lll@

NOVA Preliminary NOVA Preliminary
i L e N L L L R = £
—~ 30— 60— m
= = = | =130
o | ~ | CVN selected events -
T L o | Ks Probability = 84% ER
S sl —— In-time CVN selected T a0l— Y =
. u —— Out-of-time CVN selected| & —20=
Yo 2T i S
o B ~ = - >
© B () — 15W
- L S5 T m
2 o 8 20— 10
T = =
z | 5 :
= [~ — 5
0 - P Y S e PRI Nrm—| M e m —_—rm ol | i | i | i | i | i | i | i | = 0
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Appearance Systematics (5,

n Cross Sections - Detector Response

—— —
Normalization - Calibration —

Calibration - n Cross Sections

Beam l Normalization l

1
1
Detector Response . Beam l
1

Total syst. error — Total syst. error —

L T L L M L L L L | L L i L L | L L L
-20 -10 0 10 20 -40 -20 0 20 40
Signal uncertainty (%) Background uncertainty (%)
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CISCLION NEULrino scicCLlor
Technigues IIES,

86.4% 82.5% 68.8% 56.5%
Signal Background
MC MC

Data

33
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Electron Neutrino FD Data '-IJ@

NOVA Preliminary

[~ 0.75 < CVN < 0.87 0.87 < CVN < 0.95 0.95 < CVN < 1

20—, —
c B -¢- FD Data ]
= | — Best Fit Prediction | ey . .
g 15 | Total Background _ . ] Best fit in Inverted Hierarchy
() | | Cosmic Background IH Best Fit ]
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1o -
o L i
c L i
3]
o [ i
W s —
o ! % I i

2 3 1 2 3 1 2 3
Reconstructed neutrino energy (GeV)
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Electron Neutrino FD Data @

NOVA Preliminary

—4— FD data
—— Best Fit Pred.

j [ Total Background
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Electron Neutrino FD Data IIJQ

NOVA Preliminar NOVA Preliminary
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Electron Neutrino FD Data IIJQ

NOVA Preliminary NOVA Preliminary
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Contours

I AOvA

Significance of hierarchy

exclusion as a function of # for
fixed values of sind,,

c [ NOVA FD

£6.05 10%° POT equiv.
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. 2
NOVA Preliminary 7
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Contours llJ@

0 Fit for hierarchy, #.p, sind,

A Constrain gm? and sin2d,; with NOVA disappearance results

A Not a full joint fit, systematics and other oscillation parameters not correlated
between the two samples

A No Feldman-Cousins corrections

NOVA Preliminary
— ] L L

-NOVAFD _Incl. NOVA n,;16  °
[ 6.05° 107 POT equiv.  ___ nq ]

B — H -
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A. Aurisano et al., arXiv:1604.01444

CVN Architecture ==

6x5

CVN Architecture

Inception
Module

GOOgLeNEt 35 40 |41 |45 50 Inception Inception

H 40 |40 (42 46 52 oj1]|0 Module Module
Inception Module e X 1o -

ojo|o — Max Pooli Max Pooli

C. Szegedy etal., el 1 o 35 oo
arXiv:1409.4842 Example image processing transformation :

nception Inception
e Convolution, or kernel map - —

Inception Inception
Module Module

3x3 Convolution 5x5 Convolution 1x1 Convolution

1x1 Convolution

Example Convolutional
. Max Pooli Max Pooli
Filter Layer 3x3, stride 2 313, stride 2

s NANAEN B o "
3x3 3x3

B V] [ y—— o
Nl La AR ATHRD L o
AGARETN s
3x3, stride 2

HERANIZA

Trained over 4.7M simulated events, i
Trained on FNAL GPU farm .....--.

1x1 Convolution 1x1 Convolution 3x3 Pooling

Previous Layer

Network implemented and trained
in the Caffe Framework
(Y. Jia et al., arXiv:1408.5093)

Max Pooling
3x3, stride 2

Convolution
7x7, stride 2

Process Flow
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