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NuMI Off-Axis v, Appearance Experiment
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Upgraded NuMI muon neutrino beam at Fermilab (700 kW design)
Longest baseline in operation (810 km), large matter effect (+30%), sensitive to

mass hierarchy
Far/Near detector is sited 14 mrad off-axis to produce a narrow-band beam around
the oscillation maximum region (~2 GeV) 2
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(anti-v,) appearance: determine neutrino mass hierarchy, constrain CP violation

v, appearance analysis at NOvA

v
plelase (0cp) and resolve the octant of 0,,

This analysis: use 6.05x10%° POT neutrino beam data, >2X exposure of the 2015

analysis.

New event identifier based on deep learning to identify v, CC using direct pixel

inputs

v, CC (background)

v, CC (signal)
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Improved Event Identifier - CVN

CVN: a convolutional neural network (CNN), based on modern image recognition
technology

Introduce convolution filters to extract features from the hit map for the training of
the neural net

Statistical power equivalent to 30% more exposure than previous PIDs

Outputs of convolutional filters (features) CVN output in the far detector MC
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av CC event A. Aurisano et al., arXiv:1604.01444, Poster 950 by A. Radovic
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v, data in the Near Detector

* Optimize event selection to maximize FOM =S/vS+B , including both cosmic rejection
and classifier cuts:

73% signal efficiency, 76% purity

* Reconstruct neutrino energy as a function of the reconstructed electromagnetic and
hadronic energy

* Use ND data to predict the energy spectrum in FD 1n 3 PID regions
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Data-driven background constraint

NOvA Prellmlnary
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V., v, and NC components each extrapolated
differently

Reweight Kaon and Pion components in Flux

to match the selected v, CC energy spectrum
in data

Fix beam v, to the flux-reweighted result in
the near detector (up by 4%)

Constrain v, CC (up by 17%) and NC (up by
10%) using Michel Electron distribution
NOVA Preliminary
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Checking signal selection

in Far and Near Detectors

Replace muon tracks in ND v, CC data
with simulated electron showers

- Data/MC difference < 1%

—>Signal events are well simulated
NOVA Preliminary

Remove muon tracks in cosmic rays to
select Brem. showers in the far detector
—> Simulation of EM showers is excellent

Jianming Bian - UCI

NOVA Preliminary T L B L A

T T T T T T T T T T T T T T T T T T B .

B ] 80— s |

30 B —+— Muon-removed FD cosmic data ] | B

O B Muon-removed FD cosmic MC u B v, Preselected MRE Events .

8 B ] - —<¢— Data -

o L ] 60— ——— MC Total ]

g 20— = N - — MCQE _

@ - w c - —— MC Res -
c | | o

e L 1 o F ——— MCDIS i

w L 1 o 40 MC MEC _|

S 101~ —H - _ i

] 20— _

0 0.2 0.4 0.6 0.8 1 B 7]

CVN v, classifier L i

12 -

Poster 1516 by N. Yadav Q b ¢t s ]

= B -+ ]

% 1+ + oy +++++++++ ++++i-+++++-+—+-++4—'-_,_+-o---'—-" -

O osf -

0

0.2 0.4 0.6 0.8 1

CVN v, Classifier



v, prediction in the KD

* Extrapolate each component in bins of energy and CVN output

* Expected event counts depend on oscillation parameters
NOVA Simulation
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v. In the FD data

€

* Before unblinding we check near-PID sideband, high-energy

sideband and events outside of the beam spill window in FD
Observe 33 events in FD
— background 8.2+0.8

NOVA - FNAL E929

Run: 22242/18
Event: 232856 / --

CVYN=0.991
E=1.63 GeV

UTC Mon Feb 15, 2016
04:36:13.437062336

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



Events / 6.05 x 10%*° POT-equiv

v, in the FD data

Fit energy spectra in the 3 PID regions by varying oscillation parameters
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vV, contours

Fit for mass hierarchy, d¢p, sin?0,;:
Applying global reactor constraint of ]
sin?26,,=0.086+0.05

NOVA Preliminary
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vV, contours
* Constrain Am* and sin*0,; with NOvA v, -
. NOVA Preliminary
disappearance results —_
* (Global best fit: Normal Hierarchy, o =

1.497, sin?0,; = 0.4 0.6f _—

* [IH, 8.p~m/2 is rejected (30) for lower cspg _ *
[ B —
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vV, contours
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Summary

With 6.05x10%° POT NuMI data, we performed the second v, appearance
measurement

Vv, appearance significance > 80
Data prefers NH at low significance

IH, 0.p~/2 1s rejected for lower octant

Plan to run antineutrinos in Spring 2017 to solve degeneracies caused by the octant
of 0,;
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The NOVA Detectors

14-kton Far Detector
e 344,064 detector cells

* 0.3-kton functionally identical Near Detector
18,432 cells
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Composed of PVC modules extruded to form long tube-like cells : 16m long in FD, 4m ND
Each cell is filled with liquid scintillator and has a loop of wavelength-shifting fiber (WLS)
routed to an Avalanche Photodiode (APD)

Cells arranged in planes, assembled in alternating vertical and horizontal directions

* Low-Z and low-density, each plane just'0:15 K. Great for e vs nt° 16




NOVA construction (2009-2014)




Beam Performance

* NuMI currently running at 560 kW
e Achieved 700 kW 1n tests on Junel3, 2016

* 6.05x10%° POT FD data has been collected for the second analyses
(more than double exposure of 2015 analysis)

This analysis
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Neutrino Event Topology in NOvVA

im NOvVA Monte Carlo

Im

Ve+N-oe+p

V. CC (v, appearance signal)

Ve Charged Current

V+X->v+ X

NC (background)

Proton
[ ]

.'\"--.
n° (_’W) -!.--.l:i|

=
B B
=

Neutral Current

The muon is a long minimum ionizing particle, the electron ionizes in the
first few planes then starts to shower and the photon is a shower with a gap
in the first few planes. Jianming Bian - UCI 19



Data/MC in the ND

NOVA Preliminary NOVA Preliminary
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Event clustering
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cosmic hits.

* Because NOVA is on surface, hits in a trigger window are a combination of cosmic and beam events.
 First step in reconstruction is to cluster hits by space-time coincidence to separate neutrino hits and




Event clustering
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Event clusters that contain neutrino interactions can be correctly selected in the neutrino spill

timing window



FD cosmic data - plane 84 (horizontal), cell 12
| T T 1 1 |

Calibration
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T2K results

dcp = [-3.02, -0.49] (NH), [-1.87,-0.98] (IH) @90% CL

a ST T T
g [
T2 K a L T2K Runl-7b preliminary -
200 — Normal Hierarchy ]
T2K Run1-7b PRELIMINARY - 1
Q0003 T T T T T T N — Inverted Hierarchy ]
S C i 1501 -
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L ) 10 -
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b Normal Hierarchy - 68%CL . 0 -3 -2 -1 0 1 2 3
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0.002” * i[;1est—ﬁl Inverted }i)l,ierarchy1 1 1 1 ] 'E] 20p l I ' ' ' 'E
03 035 04 045 05 055 06 065 07 & 135 m68.27% of toys MC  Normal Hierarchy E
TAKY D.wen4d 7l ADEL IRMAIMADV Sin (82}) 16 95 '45% Of toys MC —-‘:
14 —Mean Exp. -2InL -
* Prefer maximal mixing 12f- —-2InL; (90% CL) =
, -2InL, (20 CL) 3
* rule out delta=0,pi at better than 90%  °F _ .. 3
8 =
* rule out delta=0 at better than 2 ) E
sigma 4 :
— in popular press claim CP violation at 2 =
0

2sigma (?)
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Measuring v, (anti-v,)
appearance probability with v,
and anti-v, neutrino beam

V, appearance:

— Determine neutrino mass
hierarchy

— Constrain CP violation
phase (3;)

— Resolution of the 0,; octant
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v, appearance at NOvA
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Measuring v, appearance
probability with v, and anti-v,,
beam.

Vv, appearance:

— Determine neutrino mass
hierarchy.

— Constrain CP violation
phase (Op)

— Resolution of the 0,; octant.

When 0,,=45°, this neutrino
run can solve mass hierarchy
for O p=3m/2

26



v, appearance at NOvA

* Measuring v, appearance

1~ 0. T ivetted l'iiqfarchv v T probability with v, and anti-vM
vl : —— Normal Hier:arcl'y : ) beam.
0.08 [~ [ : — V. appearance:
- 1 . . .
i i : _ — Determine neutrino mass
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0.06 - 1020, = - . . .
. | 51n°6,3=0.6 _ — Constrain CP violation
. y for 8p=37/2 - cP
0.04 I — — Resolution of the 0,; octant.
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- 1 ambiguity caused by the
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<450:
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v, appearance at NOvA

* Measuring v, appearance

2 M1 inverearigaey s T "] probability with v, and anti-v,
vl : —— Normal Hler:aml'y : ) beam.
0.08 - : : B * Vv, appearance:
i | : _ — Determine neutrino mass
- : | - hierarchy.
0.06 i : - — Constrain CP violation
i ] phase (O¢p)
0.04 - B — Resolution of the 0,; octant.
I |+ When 0,,#45°, there is an
S—— e o oo oo s ambiguity caused by the
0.02 = octant of 0,, for the neutrino
b — el running, anti-neutrino
0 [/ ol running is necessary

0 002 004 006 008 0.1
P(ve)
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v, appearance at NOvA

)
P(VM — Ve) =~ SiIl2 2013 Sin2 023 Slrzlq(é 1)1)A
+ 2asinf; coso,, sin20,, sin20,, S AA sn(4 - DA cosA
A (A-1)
- 2asinf,;sin o, sin20,, sin20,, s AA sn(4 - DA sinA
A (A-1)
o= A a=2mal A=+G,N,
Am’, AE J_ 2A

* NOvVA measures v, appearance probability and v,
disappearance probability with v, and anti-v, beam.

* Measuring mass hierarchy, d.p and octant of 6,; with v
appearance

€
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v, appearance at NOvA

sin”(A-DA

) . 2
P(v,—v,) =isin” 20,;sin” 0,, A1)

u e

sin AA sin(A-1)A
A (A-1)

sin AA sin(A-1)A .
A (A-1)

+ |2asinf,;/cos o, sin 20, sin20,,

- |2asinf,,sin o, sin20,, sin20,,

Am?
o = 21

2
2 p=2muk A=+G,N,
Am’, AE J_ 2A

Depends on 0,
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v, appearance at NOvA

sin”(A-DA
(A-1)°

e 2 e 2
P(v,—=v,) = sin"26,;sin" 6,

+ 2asinf,coso,,sin20,, sin20,, S AA sn(4 - DA cosA
A (A-1)
- 2asinf,,sind,,sin20,, sin20,, s AA sn(4 - DA sinA
A (A-1)
2 2
o = 2 =2k A=+G,N,
Am’, AE J_ 2A
Depends on 0,

Depends on Op
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v, appearance at NOvA

sin”(A-DA
(A-1)°

e 2 e 2
P(v,—v,) = sin”26,;sin" 6,

sin AA sin(A-1)A cosA

+ 2asinf; coso,, sin20,, sin20,,

A (A=)
- 2asinf,;sin o, sin20,, sin20,, s AA sn(4 - DA sinA
A (A-D
2 2
o = 2 =2k A=+G,N,
Am’, AE J_ 2A
Depends on 0,

Depends on Op
Depends on octant of 0,,
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v, appearance at NOvA

e 2
P(v, —v,) = sin>20,,sin’ 6,, Sm(ﬁ 1)1 A
+ 2asinf; coso,, sin20,, sin20,, s AA sin(A -1 é cos@
A (A-1)
- 2asinf,;sin o, sin20,, sin20,, s AA pin(4 - A sinA
A (A-1)
o= A a=2mal A=+G,N, =
Am’, 4E T 2

Matter effect is the correction to neutrino
effective masses, when they travel through
matter and scatter on electrons

Depends on Am?;,

The difference between normal hierarchy (A>0) and inverted
hierarchy (A<O0) 1s enlarged by matter effect (A)

Matter effect increases with travel distance L
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v, appearance at NOvA

sin”(A-DA
(A-1)°

o, o, e 2 e 2
P(v,—=v,) = sin"26,;sin" 6,

+ 2asinf; cos(—-0.,)sin20,,sin20,, s AA sn(4 - DA cosA
A (A-1)
- 2asinf,;sin(-0,, )sin20,, sin20,, s AA sin(4 - DA sinA
A (A-1)
Am; Am; L L
a =0 A= Aﬂ} N, —=
Am’, AE RN

For anti-neutrinos, flip signs on 0.p and matter effect A
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v, disappearance at NOvA

The value of 6,; 1s currently the
least precisely measured mixing

angle

Vu disappearance 1s important to

determine |0,5| and the octant of 0,,

P(v,—v,) =1-

If sin?20,, =1 (maximum)
If sin220,, #1,

L

2
Am?,

e 2 e 2
sin” 26, si” (

4F

)

Measuring v, appearance
probability with v, and anti-v,,
beam.

V. appearance:

— Determine neutrino mass

hierarchy.

— Constrain CP violation

phase (3p)

— Resolution of the 0,; octant.
When 0,,#435°, there is an
ambiguity caused by the
octant of 0,; for the neutrino

running, anti-neutrino
running is necessary

need v, appearance to determine 0,,>45° or <45°
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Scattering in a Nuclear Environment

1 Near detector hadronic energy distribution suggests

unsimulated process between quasi-elas’ric and delta
NOVA Preliminary

production 0oz 0810

01<|q|/GeV<02 02<|q|/GeV<03 03<|q|/GeV<04
20 20
1. Leptonic model ¢ j
(Dytman model) ) S 10 410
- : B ey = ""——»,,_) 0 ) ) E 0
"""'——_‘vin,_ - - »7_7(7\\;,.»:—77”7- o T T ‘ ‘

I

05<|q|/GeV<06 ;

Loy

0.4 <|qg|/GeV < 0.5 0.6 <|q|/GeV < 0.7

% n -+ NOVA ND Data 1
c - - [[el= : {20
g - . WRES + . E
u [Cois € St 110
3 [l Other -

: : , 1o

3. FSI model g ¥ +
“w=® (hA model) g 0.7<|ql/GeV<0.8 0.8<|ql/GeV <0.9 + 0.9<|ql/Gev<l
20} ¥ T 120

Similar conclusions from MINERVA data : | i |
reported in P.A. Rodrigues et al., o i i 1

PRL 116 (2016) 071802

P

0 0 02 04 06 08 0 02 04 06 3068 1.0

Reco “q,” (=E

02 04, 06 0.
Jianming Bian - ues
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Scattering in a Nuclear Environment

1 Enable GENIE empirical Meson Exchange Current Model

7 Reweight to match NOvA excess as a function of 3-

momentum transfer & 002 1o
01<|q|/GeV<02 02<|q|/GeV<03 O3<|q|/GeV<04_
20 20
7 50% systematic uncertainty on ¥ :
MEC component 1o Fine
. 0. . L 10

o Reduces largest systematics , CESTareav<0e ] :
h d R I n 04< Iql/GeV <05 ~s- NOVA ND Data _ 0.6< Iql/GeV <0.7 __
adronic energy scaie 2 2 mmEC 120
QE cross section modeling 5 = | .
. w10 Oois 410
o Reduce single non-resonant g Woter ;
pion production by 50% 08 - s ] = 0
(P.A. Rodrigues et al, ] 0.7 <|ql/GeV <0.8 | 0.8 <|ql/GeV <0.9 | 0.9<|ql/Gev<1 |
20f T T 120
arXiv:1601.01888.) -
10f ... -+ + H10
o A | i [
MEC model by S. Dy]’man, |nsp|red by 0 qur%n]ing Bldl’l U%? 0 0.2 04 06 038 0 02 04 06 3078 1.0

J. W. Lightbody, J. S. O’Connell, Computers in Physics 2 (1988) 57. Reco “q,” (=E, ;)



v, results with ditferent energy cuts

NOVA Preliminary NOVA Preliminary
1 T L R B

2G T 1 T T ] T T T T I T T T T I T T T T I T T T T I
B I 7 35— 20 : —
- — Prediction Normal Hierarchy i _ NOVA 6.05x10%° POT-equiv. 1
n _ Normal Hierarchy
- — B 0, - i .
— __+_ Backgrougds N i 90% C.L. 0-5 GeV Analysis 1
*=T T -1 ] =~ ——— 90% C.L.0-25 GeV Analysis |
| —~ Data 1 > o 7
l N _ @ B -
ST - — e B .
~ | _ S | _
[2) a
< i ] NEm - .
Q i ] g 25k —
Lu 5 g + ; — |
i |, = | i _
B l WM 1 ol IS A T SO A R SO TN SN Y SN TN TN AN SO TR ST SO S S
0 e 3 7 S 0.3 0.4 025 0.6 0.7
Reconstructed neutrino energy (GeV) sing,,

» x2/dof = 41.5/17, driven by fluctuations in the tail
» No significant pull on oscillation fit from these bins
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LID

Reconstruct dE/dx based particle likelihoods as the
~1nputs of an ANN, extracting features based on physics
.| knowledge from the raw data (pixel).

{

o]
o
T

@D
o
T

hidden layers

Events x 10°
S
o

N
o
T

=370 1 2 3
Longitudinal log likelihood (e/u)

output layer

N O
\\\‘{’?u\\Y/{

E Inputs %\éﬁé.\' Output of the ANN
< NIGRK 'V. is the identity of a
80 T XKL~ N
o o ‘A‘A’Iﬁ."" event
2 60 -p "/ NOAR ‘ e .
240 [ \V' 1 g H‘_”l:”,/‘;j,. ;!

ool — MC v, signal
euron 10E — MC Beamyv, ?
Y5705 005 1 15 - —NCNC —
Longitudinal log likelihood (e/p) MG, GC

Events /6.0 x 102° POT equiv.

B 80;- (Non-)linear functions, inputs are weighted 3 ,.[ :
2% sums of the outputs of all nodes in the ,
S 40p . | B B P B
2 20, previous layers e e s
: (fully connected layer)

95105 0 05 1 1. )
Transverse log likelihood (e/n°) Jianming Bian - UCI 39



Improved Event Identifier - CVN

* Artificial neuron network (ANN) uses reconstructed variables as inputs, but there
are tasks such as vertex energy decomposition need direct pixel level inputs

* CVN: a convolutional neural network (CNN) using raw pixels as inputs

* Introduces convolutional layers to reduce free parameters, in which neurons are
only connected to a small region of the layer before it

» Statistical power equivalent to 30% more exposure than previous PIDs

Fully Connected Layer Locally Connected Layer

Convolutional Filter:

a matrix that convert
grade scales of pixels in
a small region into a
single output

(Non-)linear func?ions,
inputs are weighted sums
of the outputs of all nodes

in the previous layers  §pe 4jovaidblF RUdovic s poster 40




LID

Color: p.d.f. for dE/dx in each plane (e~ assumption)
Points: measured dE/dx in each plane (example event)

0.025 0.1
E 0.02 0.08
L
>
L)
go.m 5 0.06
>
O
L
- 0.01 0.04
qc) I I —

S [Essiges
Q. 0.005 i 0.02
0 0

20 40
N plane from start point

* Adding up log-likelihoods in all longitudinal/transverse slices we have overall

longitudinal/transverse log-likelihoods for each type of particle

» The difference of log-likelihoods indicates the identity of the particle, for example:
LL(e/u)=LL(e)-LL(w) Jianming Bian - UCI 41



LEM

e Compare an unknown trial event to an enormous MC library, using individual cell hits rather
than high-level reconstructed variables

« Extract the pattern function (potential) for the trail event by cell, including both position
and charge information

* Loop over all events in the library, place each event on the pattern function to calculate match
value and record the 1000 best matching library events

* Five matching goodness variables based on the 1000 best matching events, along with the
energy of the trial event are tralned in a Boosted Decision Tree (BDT) to form the PID (LEM)

Trlal event

Best library match

10

3 "r B
Both PIDs have | "gp " O
very similar ; i, .
. 20|~ =
Ze)ﬁi Cl: en Cy (’Zzn d 2 :_Tria:l event Best library match [ | _:
ackgroun i JEeT
rejection of- a8 .
g - -
o & § _

42




Convolutional Visual Network (CVN)

* Calibrated hit maps are inputs to Convolutional Visual Network (CVN)
* Early layers perform convolutions to pick out abstract features

« 64 7x7 filters, each filter convolves the entire hit map. Outputs (features) are used
as inputs of next layer

» Statistical power equivalent to 30% more exposure than LID and LEM

See Alexander Radovic’s poster Outputs of all 64
T convolutional filters
50 = -
R =Nal
or \\“\ : s
o _» EI :

Hit map of an v, CC event

Outputs of a
convolutional
Jianming Bian - lf‘ﬁ]ters

FEATURE MAPS |
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Cosmic Ray Background Prediction

Cosmic ray

NOvVA Preliminary

Good spill & background
veto
Data & .
reco quality Good spill 21.9e6
Contai ‘ Containment & 1.56e4
ontainmen data & reco quality
Cosmic rej. Cosmic rejection 312.16
Preselection - Osc. v, : v_Selection 0.06 (2)
. 12 ps beam
PID I Cosmic Background i i< Spill window
il vl vl vl il sl sl . @
107 1 10 10*  10° 10* 10° 10° 10" & e H
) ——— == 550 pys triggeér == im === -1

Events / 2.74 x 10%° POT equiv.
Because the NOvA FD is on surface, the rejection of cosmic rays is extremely
important.
Three cuts are used to reject the cosmic induced backgrounds prior to PID
* P/P - require the event direction is consistent with the beam direction
* Max Y hit position — remove particles entering from the top of the detector
* Vertex Gap — assure reconstruction quality

Achieves 350 million to 1 cosmic rejection
Jianming Bian - UCI 44



Systematic Errors

* A two detector experiment allows for the canceling or reduction of many systematic
uncertainties such as beam flux and neutrino interaction modeling.

* The residual systematic uncertainties are evaluated by extrapolating our ND data
with our nominal simulation and a systematically modified simulation

* For the appearance measurement, we consider a number of systematic effects

See Kuldeep Maan, Evan Niner and Nitin Yadav's posters

T rrrrrrrr.rYyrrrrrrr—— 17

' i —
Normalization ! Normalization —

——
— Vo — |
v Cross Sections - v Cross Sections
| I ] — 1 —
Calibration . Calibration
[ 1 — B [ —
Beam . Beam l
— 1 — — ! b
Detector Response . Detector Response !

1
Total syst. error - Total syst. error —

Statistical eror| [ Statistical oror | - ||

1 i L L [
PR I

A L l
" ' T T T
20 =T 0 10 20 -20 0 20

Signal uncertainty (%) Background uncertainty (%)
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Systematic Error in Calibration

Our calibration is built on dE/dx from stopping

cOSmMiC muons. Michel electrons
Control samples for calibration uncertainty from muon decays
— m¥ mass peak in ND A U .
— Michel electrons in ND and FD |
-
IY —’7-——
7, W
0 12 y
m? 0=2E_E ,(1-cosd,,) -
. NOVA Preliminar
NOvVA Preliminary o o5 —mm  —————————————————————— y
L NC Tl'o + . B ]
i Data i 0.04]— —|— Data ]
aoojevents + — MC 10 signal ] 2 . .
- — MC bkgd ] 2 00al — Simulation E
QT Data y: 134.2 £ 2.9 MeV | S : .
c 200— — o
o B Datao: 50.9+2.1MeV ] 7 0.021 —
w o r MCu: 136.3 +0.6 MeV ] S r ]
| 47.0+0.7 MeV . 0.01__ ]
100— — B ]
n ] o5 .2|o — 20— 080 700
Calorimetric Energy of Michel Electron (MeV)
% o0 200 300 400  Jamgyng Bian- UCI 46



Detectors readout

Each cell has a wavelength-shifting fiber routed an
Avalanche Photodiode (APD). Scintillation light
emitted 1sotropically and captured in wavelength -
shifting fibers that convert wavelength to APD’s
sensitive region.

Fiber pairs

32-pixel APD
from 32 cells

Liquid Scintillator: Pseudocumene

To APD Readout 0.9 \PD
T T —
; Fiber length
é 0.7 = [\ ~0.5m
S 0 6/ / / \ " 1lm
= Y [\ =2m
S NE 'L’QM T 05 BSTSI.H‘ ll\ /\ fiber emission *:::
» ; l.'“.' l".d . \ spectrum — 12m
b > 0.4 Scintillator | - 1 7m
.... - ~ — PMT QL[
..... :,’1 .8 — APD QL
------- % 0.2
P;mde Trajectory 0.1
350 400 450 500 550 600 650
Waveshifting Wavelength (nm)
Bhet Lo APDs have high quantum efficiency and uniform spectral quantum
wth., efficiency. This enables the use of very long scintillator modules,
- 47

. . Jianming Bjan - UCI .
NOA b el thus significantly reducing %he gfectromcs channel count.



Liquid Scintillator and Wavelength shifting fibers

1 = Pseudocumene emission I
A 1 PPO Emission
= PPQO Absorption
@ 08 ‘ — ) /\,\ A- wald
[ ‘ s 08 |
S (a) 3 v
g \ g
> 0.6 — > 06 (b) —
: : /1 W\
= £ 04
3 0.4 \ E / \
0.2
0.2 / _) \ ‘\
0
0 250 300 350 400 450 500 550 600
250 300 350 400 450 500 550 600 Wavelength (nm)

Wavelength (nm)

——bis-MSB emission

_1 7 _\___I\ /\\ e bis-MSB absiorptioni

S () —

AN :
\

o o
(=2 =]
\

Arbitrary Scale

o
'S
R

\ |
™N
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(=}
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(52
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Fig. 10.1: Light production by liquid scintillator. The emission spectrum of the primary
scintillant psueudocmene when traversed by an ionizing particle is shown in (a): the
absorption and emission spectrum of the first waveshifter PPO is shown in (b): the absorption
and emission spectrum of the second waveshifter bis-MSB is shown in (c).
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Non-linearity in scintillator Detector Response

* The Birks-Chou Law gives an empirical description of non-linearity for scintillator
detector response.

*  We extract effective Birks-Chou constants in Data using ND v CC QE sample.
* We treat the difference between the tuned parameter and typical values as a

systematic error. ND Data and MC, LID > 0.95
B 1 T 1 T I T 1 T 1 I 1 T 1 T I T 1 T 1 I T i
Z_E 400 -
. . x B 1
Light yield = A I
dE dE 2 MC Nominal —
1+ ko—+k (_) B —— MC Birks B ]
B dx ¢ dx 300— —— MC Birks ] o
T §2] ]
0.04+ ] s I i
TR —— Tuned MC - \Z1 200 ]
%) B — Untuned MC i
€ 0.03 — - i
a3 F —} Data 100{— —
s [ i i
5002 _ i
..g ; T T N B :
o S e E

I ] Lo S nﬁ%‘iﬁ %
i i a o.5§— %:’ i:l__%" =|=
S Y o1 0.15 ) T 2 3 7 5
dE x cos(6) (GeV) Slice CalE [GeV]
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Neutrino interactions

* GENIE 1s the Monte Carlo generator at NOVA that 1s used to simulate neutrino
Interactions.

* Reweight parameters in GENIE for uncertainty due to neutrino interaction
simulation:

— cross-section (11 par.)

* Example: Adjust rate of two-pion production in CC and NC for non-
resonant inelastic events by £50%

— hadronization model uncertainties (5 par.)

* Example: Adjust the transverse momentum distribution for low multiplicity
DIS events by +3%

— final state interactions (13 par.)
« Example: Adjust the elastic scattering probability for pions by £10%
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v, prediction vs. data in the FD

* Extrapolate each component in bins of energy and CVN output
* Expected event counts depend on oscillation parameters

NOVA Preliminary
50—

'NOVA FD | in%0,,=0.4-0.6 -
Sig+Bkg (systematic error: 5%) ., 40 0-05x10° POT equiv. -
. 2 _ e
o f ;
NH, 331:/2 IH, .TI?/Z _'C__'U 201 _:
36.4 19 4 |9 - = Data (+10) -
. . 10— — NH —:
- A o I.H M B
00 U T 3n 21
2 8 2

Bkg (systematic error: 10%)
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v, slices for sin’0,,=0.4

NOvA Prellmmary

YA -
5 NOVA FD  sinf0,=04 -
) :6.05><1 0°” POT equiv. — 'NH :
~ 4} . 7
o N IH ]
B ;
@ SF -
O B -
U L _
c  2F =
D L -
N 4 ]
B L ]

% % T 3n 21

8CP 2

Significance as a function of dcp for NH (blue) and IH (red), with fixed
sin® 23 = 0.4. Feldman-Cousins corrections are applied. Signal and

background systematics are taken into account. Am%2 and sin? 2613 are
held within global uncertainties./iznmine Bian - UCI 52



v, slices for sin%0,,=0.5

NOVA Preliminary

[ 1 ! T 1 [ T T

5 NOVA FD | §in“0,,=0.5
- 6.05x10°" POT equiv. —  NH

4 — IH

Significance (o)

llllllllllllllllllllllllll

Illlllllllllllllllll

T 3g 2m
CP

Significance as a function of §¢cp for NH (blue) and IH (red), with fixed
sin® @23 = 0.5. Feldman-Cousins corrections are applied. Signal and

background systematics are taken into account. Am%2 and sin® 2613 are
held within global uncertainties.iiznming Bian - Uci 53
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v, slices for sin’0,,=0.6

NOvA Prehmmary

- ! I ! ! | ! ! ! !

5P NOVA FD  sin0,,=0.6
£ 6.05x10°" POT equiv. —  NH

4 — IH

3

Significance (o)
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o
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8CP
Significance as a function of dcp for NH (blue) and IH (red), with fixed
sin® 3 = 0.6. Feldman-Cousins corrections are applied. Signal and
background systematics are taken into account. Am§2 and sin® 2613 are
held within global uncertainties. /iznming Bian - UCI 54



v, tv, combined analysis

000 Example NOvA contours 36x102 POT
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