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NuMI Off-axis v, Appearance IIES,

Start with world’s most v = 105 m underground
powerful neutrino beam = 1 km from target
NuMI v, beam at FNAL

" = 0.3 kton

Near Detector

e

Decay Pipe
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NuMI Off-axis v, Appearance IIES,

Far Detector

= | ocated on surface
= 810 km from target

rmilab

edrs of Discovery

= 14 kton
= Measure v rates after oscillation Towm "N\?Ash River
= Use of a ratio measurement allows for Fermiae Som =

cancelation of most systematics
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NOvVA Simulation

rmilab

edrs of Discovery
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= Narrowly peaked v flux centred at 2 GeV S .
= Detectors located 0.8° off NuMI beam axis % F ]

. . . 0 b =

= Location optimized for v, appearance ’ ° E [Gev) N
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The NOVA detectors 1L

ANVOvA

WLS fibers

Far Detector

To APD | %
Readout

P e L i, Scintillation | |

.\\\\\\t e

.
4
‘
l

| ~— AR AA
o= PVC extrusions filled
with liquid scintillator Wavelength

155m °,

Paftic/e
Trajectory

Shifting
= ND: 20,000 channels Fiber Loop
= FD: 344,000 channels — =
3.6 cm 506°¢
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Searching for v,

l ANVOvA

Short-baseline experiments (LSND, MInIBOONE) have experimental results which could be interpreted

as dueto a

new neutrino with a mass ~1 eV

= Hints of appearance of v, (v,) in v, (vu) beam

= LSND (1993-1998) observed a (~3.80) excess of v, = v,

Gallium anomaly in solar neutrino experiment (SAGE, GALLEX) results
= Lower than expected cross-sections possibly due to large-mass sterile neutrino

Null results from long-baseline appearance and disappearance searches

17.5

Beam Excess
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LSND, Phys. Rev. D64 112007 (2001)

® Beam Excess
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MlnlBooNE Phys Rev Lett 110 161801 (2013)
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Neutrmo Interactions at NOvA J©

Vu CC | /" Long, straight track >V&A<

v CC |

NC
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Neutrino Interactions at NOVvA W ®

AOvA

v, CC

v, CC

Diffuse activity from

; 4 nuclear recoil system * o

3 ] ¥4 1

| 4 Y . - i
NC F e » ‘I‘"":-f-'::::_!?"'-; ] .= . >v< ]

]: N . \:.v- ) % x ]
E|F ]

= Neutral Current events are insensitive to oscillations between
the active (electron, muon, tau) neutrinos.
= Thus, perfect to search for oscillations to non-active neutrinos
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Searching for v, in NOVA IS,

= NC interactions unaffected by 3-flavour oscillations but mixing between active and
sterile neutrinos reduces the rate of NC events
o NCrate is the same for all 3 active flavours
= Compare number of Neutral Current events between Near and Far Detectors
o Select high statistics ND sample to predict expected rate at the FD

o Select FD events to search for reduced rate due to sterile oscillations

= Null result would allow NOVA to set limits on sterile mixing angles and further
increase the exclusion region

NOVA Simulation
—

T | T
—— 3 Flavor Pradiction

— 4 Flavor Prediction

15

= [ 6.05 x 107 POT-equiv. Search for a depletion of NC
o} B am, = 2.44x10° eV°, 0, = 8.5°, 6, = 45°
2 1of AE, = 0.5 V2, B, = 107, B, 35° events at the Far Detector
8 L ]
a [ ] .. :
= | il This is a rate-only analysis
> 5(— ]
m | —
- — ]
00_ ) ! ] ! ! ! ] ! ! ! :I3 j

1 2
Calorimetric Energy (GeV)
NC disappearance relative to 3-flavour predictions is model independent
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2016 Analysis Dataset PO

= Full detector equivalent exposure: 6.05 x 10%° POT

= Excellent v, beam delivered!
= Analysis uses data from February 6th 2014 to May 2nd 2016

= NuMI beam achieved 700 kW design goal
= Ran routinely around 650 kW in recent anti-neutrino run pre-shutdown
=  The most powerful neutrino beam in the world

Data taking during commissioning

NOvA 2016 Analysis All Time NuMI / NOvA Protons
» ==—DEUVERED (28-day average) & f -
© DELIVERED (dary average) '-‘.‘,‘7 « e )
~RECORDED (28-day average) o L b.,}

RECORDED (day average) )

5

» Ce
B2

2 s

"

S,

al e

118 POT Per Day
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CVN neutral current classifier W&

AOvA

= At the ND, we achieve a 62% NC signal efficiency and 70% NC signal purity for
contained events within the fiducial volume

o At FD, we achieve 50% NC signal efficiency and 72% NC signal purity
o FD training includes cosmic ray data sample to aid NC classification

= Excellent at separating NC events from beam backgrounds

= Analysis cuts developed to separate NC from cosmic background in the Far Detector
r - 1 1 1

= |
E : -+~ ND Data __
o — Total Unoscillated Prediction _
Ei':) [ Beam-induced Backgrounds -
X See talk:
rff-'_ “Deep Learning Applications in the
N NOVA Experiment” (Fernanda Psihas)
iy
=
@
-
it
©
0
0 0.2 0.6 0.8 1

0.4
CVN NC Classifier
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Near detector NC spectrum

10° Events / 0.25 GeV / 3.72 x 10*° POT

ha o =
o o o
LI L L L L I Y IR
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—— ND Data

Total Unoscillated Prediction —|

Syst. Uncertainty
[ Beam-induced Backgrounds

t

k

1 . 2 3
Calorimetric Energy (GeV)

= Normalisation agrees well

= Large uncertainties on NC cross-section

1N

.

©)

AOvA
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Cosmic ray rejection in FD J

AOvA

1 IIIIIII| 1 IIIIIII| LILLBLILLLY LILLILILLLL LU 1 IIIIIIII bl T1
Data Cuality

= Far Detector is on the surface

. Event Quality
o 148 kHz cosmic ray muon rate

= 10 ps spill window at ~ 1 Hz gives 10° Flaucia
rejection _-

Cosmic Background
I CC Background |
I NC 3 Flavor Prediction

= |mprove cosmic rejection further with ~ “omeme
event topology cuts plus boosted B
decision tree based on Cosmic Rejection

o Track direction — —

o Track start and end points NC Selection

o Track length hl ol il sl

o Energy 10 10> 10° 10* 10° 10° 107

o Number of hits Events
See talk:

= Expect 1 from every 1.7 million cosmic | “Exploring Computing Methods for Improved
rays selected as signal in NC analysis Cosmic Background Rejection in NOvA's

Sterile Neutrino Searches” (Shaokai Yang)

DPF 2017, Fermilab - 07/31/2017 G. S. Davies (Indiana U.), NOVA



Systematic uncertainties D

AOvA

SIGNAL

ND Composition| B ND Composition|
Calibration | | B Calibration| N
Normalization | — ] Normalization | ]
ND External Activity B R | ND External Activity B N
Beam Flux | I N Beam Flux | N
Scintillation Model | . | scintillation Model | B
Simulation Statistics | [ | simulation Statistics | N
Neutrino Interaction | o | Neutrino Interaction| N
Acceptance B . N Acceptance B N
Osc. Parameters B i N Osc. Parameters B N

Total syst. error _ Total syst. error
Statisticalerror_” . _ Statisticalerror_” e _
—20 10 0 10 20 —20 10 0 10 20
Signal uncertainty (%) Background uncertainty (%)

= Two detector design cancels many systematics
= Propagate effect of each through extrapolation

= |nclude as pull terms in neutrino oscillation parameter fits
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NC disappearance results O

ANVOvA

We observe 95 NC-like events in Far Detector
MC extrapolated prediction: 83.5 £ 9.7 (stat.) £ 9.4 (syst.)
within 1o of three-flavour prediction
NOVA sees no evidence for sterile neutrino mixing

6 [~ T T T T T T T I T T T T "
o - —+4— FD Data ]
2 25 Total 3-flavor Prediction  —]
8 [~ Syst. Uncertainty -
5 N [ CC Background N
n 20 ' | Cosmic Background -]
g - -
Sk E
() N i
G) R 4
ﬂ 10 —
o - ]
~ - i
2 sk -
c B ]
(] ~ -
i N
D Il 1 1
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Far detector NC selection 1L

AOvA

FD NC selection uses the same variables as the ND selection, with identical cut values

25 I I | | i | | | | | I | I | | I | I I | I | |
—  _4FDData
: [ NC 3 Flavor Prediction

20 [ v, CC Background

B v, CC Background
[ | Cosmic Background

15

AMZ, = 2.44x10° eV?

_ 0,, = 8.5°, 8,, = 45°
10 : 6.05 x 10°° POT-equiv.

Events / 0.25 GeV / 6.05 x 1020 POT

0 0.2 0.4 0.6 0.8 1
CVN NC Classifier
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3+1 model J©

ANVOvA

= v, tov, mixing causes energy-dependent depletion of NC and v,-CC events at Far Detector

1 —P(vy = vs) ® 1 — cos*0,,c05%0345In220,,5in?A4; — sin?03,45in*20,35in%Azy

- - Sin8245in2 624Sin29345in26235in2 2A31

2
Neutrino Energy (GeV) Neutrino Energy (GeV)
107 10 1 107 10 1
1.2 e 1.2
- ND I FD 5
1F ' ol
0 4\;::5@\/—?0_8
T, «F.=3-Flavor Prob : -
>:_ 0-6 | =—J~ ZaVOI' ropo. X . _06
T [ —Am%=0.05eV ! ’
- 0.4 ;—Am§1 =0.5eV? ; o4
[ —AmMZ, =5 eV? : ]
0.2 | —o.2
O_I 1IIII| 1 1 IIlIIII 1 L1 IIIIII : IJIIII 1 Ll IIJIII 1 L1 IIIIII L I_o
102 107 1 10 10° 10°
L/E (km/GeV)
= Solar and reactor neutrino data = 0.05eV2<Am?,;<0.5eV? = Constraint on 6,,
constrains sin%0,, < 0.041 = no ND oscillations = sin?(0,,) =0.514
= Assume6,=0 = PDG 2016
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Sterile mixing angle limits J©

O0——m—m—————— T 1
- NOVA 6.05x10°° POT-equiv.

i ﬁn122=2.44><10'aev2
30" 6y,=85° 8,, = 45° -+ 68% C.L.
C Am 2. =0.5eV?

B — 90% C.L.

o
@
8 20
N

10

0 10 20 30
8,, (deg.)

In 3+1 analysis, for Am?,; = 0.5 eV?

0,, < 20.8° at 90% C.L.
0,, < 31.2° at 90% C.L.

Paper submitted, arXiv:1706.04592
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Sterile m|xmg angle limits J©

0.25

NOVA 6. 05::(1020 POT-equiv.
AmE, = 2.44x10° eV?

6,;=8.5 6, -
ﬂ.m_,_ﬁ 0.5eV?

e
a
T
-
T

= 45°

————— 68% C.L.
— 90% C.L.
— SK90% C.L. *

PRD 91, 052019 (2015) *

|Ugy|?=5sin%0,,=0, cos?0,,=1

|U 4l = cos?0,, sin%0,,
|U,,|? = cos?0,, cos?6,, sin%6,,

In 3+1 analysis, for Am?,; = 0.5 eV?

|U,,1% < 0.126 at 90% C.L.
|U,|% <0.268 at 90% C.L.

o
I~

See poster:

“Sterile neutrino search in
the NOvVA Far Detector”
(Sijith Edayath)
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The future for NOVA v, searches llJ ©

NOvA short-baseline v, appearance-v, disappearance joint flt

A J\O\/r\ Simulation
i AL T
= Probe LSND and MiniBooNE allowed regions with one NOVA £ :
year of NOVA data I i
10 E
NOVA short-baseline v_appearance <
i | — —
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10° ? R R 'I L R T *“é See pOSter' < i -LSNDQO%QL ]
F : 1 | “NOvA Short-Baseline Tau- B il
| _] . 10— iniBoo % C.
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N>‘ i HH [ — NOVA with flux and cross-section syst (1yr)
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- ]
. e . — 175]
= Black line shows NOVA sensitivity to v, 2% >
. = —3-Flavor Prob. =
appearance; rate-only fit to two flavour model Toosf ~ 5. £
= NOvVA will be competitive with previous 002~ 214:2-5” 2
experiments after 3 years of running 0.01- — 81u=15% w
PR | \f\l/‘ T
10°? 107 1 1

0
L/E (km/GeV)
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Summary J©

ANVOvA

Performed the first NOvA NC disappearance analysis with 6.05 x 102° POT

95 observed events compared to 83.5 + 9.7 (stat.) + 9.4 (syst.) predicted

o Within 1o of three-flavour prediction

o Consistent with 3-flavour oscillations

NOVA sees no evidence for sterile neutrino mixing

= Competitive with world 8, limits

ND short-baseline searches underway

= Posters:
o “NOVA Short-Baseline Tau-Neutrino Appearance Search” (Rijeesh Keloth)
o “Sterile neutrino search in the NOVA Far Detector” (Sijith Edayath)

= Stay tuned for summer analysis update with 50% more data!

v fo

@novaexperlment
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NOVA@DPF2017/ ©

ANVOvA

18 Talks

Large-scale Simulation and Data Processing in the NOvA Experiment — Adam Moren

Muon Neutrino Disappearance Analysis in NOVA: Improvements — Diana Patricia Méndez Méndez

Summary of the Second Numu Disappearance Results from the NOvVA Experiment — Michael Baird

Extracting Neutrino Oscillation Parameters Using Simultaneous Fit of v, Appearance-v, Disappearance Data in NOVA — Prabhjot Singh
Energy Reconstruction of NOvA Neutrino Events — Fernanda Psihas

Physics Reach of Electron Neutrino Appearance Measurements in NOvA — Erika Catafio Mur

Reconstruction in NOVA — Biswaranjan Behera

Deep Learning Application in the NOVA Detectors — Fernanda Psihas

A Search for WIMPs Using Upward-going Muons in NOVA — Cristiana Principato

A Neural Network Trigger for Magnetic Monopoles with the NOVA Far Detector — Enhao Song

Status of an Alternative Measurement of the Inclusive Muon Neutrino Charged-Current Cross Section in the NOvA ND — Biswaranjan
Behera

Measurement of Neutrino-Electron Elastic Scattering at NOvA Near Detector — Jianming Bian

Status of the Charged Pion Semi-Inclusive Neutrino Charged-Current Cross Section in NOVA — Aristeidis Tsaris

Measurement of Neutral Current Coherent rti° Production In The NOvA Near Detector — Hongyue Duyang

Current Analysis Status for the Inclusive Neutral Current it® Production Cross-Section Measurement with the NOvA ND - Daisy Kalra
Status of the Electron-Neutrino Charged-Current Inclusive Cross-Section Measurement in NOvA — Pengfei Ding

Exploring Computing Methods for Improved Cosmic Background Rejection in NOvA's Sterile Neutrino Searches — Shaokai Yang
Sterile Neutrino Searches with NOvA — Gavin Davies

11 Posters

Tracking Detector Performance and Data Quality in the NOVA Experiment — Biswaranjan Behera

A Particle Hypothesis-based Approach for Energy Estimation in Muon Neutrino Charged Current Events at NOVA — Erica Smith
NOVA Short-Baseline Tau-Neutrino Appearance Search — Rijeesh Keloth

Sterile Neutrino Search in the NOVA Far Detector - Sijith Edayath

The NOvVA Data-Driven Trigger — Matthew Judah

Background Estimation for the Electron Neutrino Appearance Analysis in NOvA — Erika Cataio Mur

Search for a Large Muon Neutrino Magnetic Moment in the NOvA Near Detector — Biao Wang

Observing Neutrinos from the Next Galactic Supernova with the NOvA Detectors — Justin Vasel

Observation of BNB Neutrinos in the NOVA Near Detector — Ryan Murphy

NuMlI Beam Simulations with Different Horn Configurations with a New NOvVA Target Design — Jyoti Tripathi
Seasonal Variation of Multiple-Muon Events in NOvA — Philip Schreiner
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Backup
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NC selected events in FD
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What is a sterile neutrino? O

*» A sterile neutrino is a lepton with no Standard Model charges; no SM interactions

+* We know the Z boson decays into three light neutrinos
N, =2.984 +0.008
< “light” means below % Z mass Am2,, + Am2,, + Am?,,= 0

E 2 v; [
:E 30 — ALEPH ff 2.42 x 1073 eV?
perem o
20 L OPAL * + 753 x 1075 eV/2
= v, T
" v, —— AT
/ . Am? g p > 0.2 V2 (>> Am?3, >> Am?y))

u | | L L L 1 L |
86 88 90 92 04 |
E_[GeV] Anomaly!

+» Sterile neutrinos can participate in oscillations with active flavours

— — —

O V u VS’ Ve VS’ VT VS ALEPH, DELPHI, L3, OPAL, and SLD Collaborations, and LEP Electroweak Working
Group, and SLD Electroweak Group, and SLD Heavy Flavour Group, Phys. Report:

427,257 (2006
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What did MiniBooNE say? O

AOvA

+* Neutrinos and antineutrinos from an accelerator seem to appear
+¢» Data consistent with antineutrino oscillations for 0.01 < Am?< 1.0 eV?

+* Some overlap with the evidence for antineutrino oscillations from the LSND

L/E ~ 450 m/450 MeV ~ 1 eV?

> 25 ) 1 <102 I
s Neutrino 13 $ [ LSND 90% CL
§ *_Data (staterr) 157 P LSND 99% CL -+ =+ ICARUS 90% CL
:>j 2.0 + [ ve fromp™ ] “‘E ~:"_ &= :l S
= v. fromK* 13 S ---- KARMEN2 90% CL
+ = va from K° ] — 68%
15 E ° misid - 0 :
CJA— Ny ] 10 ¢ — 90%
= dirt ] - — 959,
1.0 other -
—— Constr. Syst. Error ] — 99%
05

Antineutrino

Events/MeV
n

107 E

- Antineutrino ¥ Neutrino

1l lllIIII | IlIlIIII‘."-I IlIlIIII

lllllll | IIIIIIlI | llllllll | | el

. 10° 102 10 10° 102 10" 1
0.2 04 0.6 0.8 1.0 1.2 1.4 ‘IE‘gE (Geé:'),(] sin229 sin229
MiniBooNE Phys. Rev. Lett. 110, 161801 (2013)
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he Gallium anomaly

+* SAGE and GALLEX were both solar neutrino experiments
“* Neutrino detection via "!Ga + v, > "1Ge + e

+* Both measured lower than expected cross-section:
< R=0.76 + 0.09 (2.80 low)

** Ended in 1992; in light of other results, possibility due to
large-mass sterile neutrinos suggested

pimeasuredy p{ predicted)

.

©)

AOvA
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What about disappearance? O

Electron antineutrino MINOS-Daya Bay-Bugey IceCube expect a resonant
disappearance limits on  exclude parameter space matter effect in the

0,, by reactor neutrino allowed by LSND and disappearance of
experiments such as Daya MiniBooNE for: atmospheric anti-numu

Bay and RENO . .
Am?,, <0.8eV2at95% C.L  No evidence; strong limits

No evidence for steriles on 6,,
MINOS+ 3x more data to

analyse; consistent with null
R‘E‘I\|‘(‘)‘,ml‘\|e‘ut‘r_i‘r]9‘201‘6lw e MINOS+ Neutrlno 2016

10

IceCube, Neutrino 2016

Nﬁ
% .l B E 90% C. |_ Allnwed :
=10 3 [ CJLSND
aFf . 10 &— MiniBooNE
j - Bugey ] F — MiniBooNE (v mode) : pEril
- --._..“: 1 R < R 100 L
102 —=H & E ~
- RENO "2 = ,
= = 1 ~ .
- — ~ 10 E ~ o i
L _ = = <t :
E S :
L 14 < I
1051 | 102 10071 ; i
- o ] - 90% C.L. Excluded — TceCube 90% CL
[ — RENO95% C.L. (Fixed sin"20,,) ] 0_3 | — NOMAD 90% CL sensitivity Im v
- ——— RENO 95% C.L. (Varying sin26,,) ] 1 E - :ﬂAHgSENQ Dava Bav/B (68% f‘nd 95%) ,% o)
— A - — MINOS and Daya Bay/Bugey-3 Kopp et al. (2013) gl E
Bugey 90% C.L. (40m/15m) MINOS+ \'e Appearance Data m== Collin et al. (2016) 2 &
10—4 L L L1 \I‘ L L L1 \\‘ L L | I 104 Ll 1l 5 L | I I IIIII 111181l 1072
1072 102 10! oo 1 10° 10' 10*' 0% 102 107 1 1072 1() 1 10°
sin“20 2 2
14 sin“28,,, = 4|Ue4|2|Uu4|2 sin® 26,,
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ANVOvA

Fermilab SBL program D

Fermilab Short-Baseline Neutrino program
LAr1-ND + MicroBooNE + ICARUS T600

1 02 =
= £ T600, 6.6e+20 POT (600m)
B ~~  MicroBooNE, 1.32e+21 POT (470m)
i T LAr1-ND, 6.6e+20 POT (100m)
ok y 3
= v mode, CC Events
- Reconstructed Energy
— B 80% v, Efficiency
¢‘~:l> i Stat., X-Sec., Flux, Cosmics, Dirt
v, Only Fit
S
o = —90% CL
= C —30 CL
< . ---50 CL
10" mmLsnD o cL
T[] LSND 98% CL
C # LSND Best Fit
L + Global Best Fit {arXiv:1303.3011)
| %ssc Global Fit 90% CL {arXiv:1303.3011)
+ Global Best Fit {arXiv:1308.5288)
B Global Fit 90% CL {arXiv:1308.5288)
10—2 ] IIIIIII| | IIIIIII| | IIIIIII| 11 1 {1111
107 107° 102 10" 1

2
Sin“2 0,
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3+1 model analysis D

ANVOvA
% Assume there is an additional sterile neutrino (v,) and an (I
additional mass scale (Am?;,); 0,4, 0,4, 83, and CP phases 8,4, 8,4
Ams3,

Ve Uel UeZ UeB Ue4 Vi Eﬂ

VM _ Uul Uuz Ull3 Ull4 Vo 2 v3_|

Ve UTl UTZ UT3 UT4 V3 y At

V, Usl US2 US3 Us4 Vy v, I

.Ve .VH .vT .VS
1 —P(vy > vs) ® 1 —cos*0,,c05%03,5In220,,8in?Ay; — sin?03,5in%20,35inA3,

-5 sin&,,sin0,,sin205,sin20,3sin%2A3, Ay = AT]?L
v, = V at short baselines (reactor)
Y U,,|% =sin0,, v, = v, at short/long baselines
U,4l% = cos?’0,, sin%0,,
4 |Ugyl? [U 417 =sin%0,,sin%6,, = sin’20 ,
|U,, |2 = cos?0,, cos?0,, sin%0,,

Vv, = V. at short baselines (LSND)

v, = Vg at long baselines (NCs)
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What about disappearance? O

“* MINOS+ results comparing MiniBooNE disappearance, IceCube, and Super-K
< Constraint on 6,,; measures mixing between v, and v

10°

E I 1 |||||| 1 1 |||||| I I F‘-EH“— 11 H
: MINOS+ Prehmlnary N E
10 & 10.56x10® POT MINOS
E 5.80x10%° POT MINOS+
& 1 - v, Mmode
:a; - MINOS & MINOS+
< » data 90% C.L.
10 .. MINOS & MINOS+ — ot BS- oo
o< = data 95% C.L. =1:- :
E ) N Super-K 90% C.L.
< 10 = CDHS90%CL.  —===zs-.....__
1073 | CCFR90% C.L. — IceCube 90% C.L.
= [ sciBooNE + MiniBooNE 90% C.L. M_u-
10—‘4 | |||||||| | | ||||||| | |||||||| |
10" 10° 10 10" 1

sin“(0,,)
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What about disappearance?

150,

107
10
:

<+ MINOS/Bugey/Daya Bay cg
combined (arxiv: 1607.01177) ® 1
— 10

e
* Tension between disappearance (t
results and allowed regions in 8,

.. 102
from LSND and MiniBooNE

107°

107

10°°

ANOvA

= I IIIIIII| I IIIIIII| T TTTI | .I'.,_ [ TTTTI
- 90% C.L. Allowed ?
- [JLSND E 5

— MiniBooNE ':', .

— MiniBooNE (v mn}de}

.. -

90% C.L. Excluded
—NOMAD
-—- KARMENZ2

—MINOS and Daya Bay/Bugey-3

EXCLUDED

L 1 1IIIFH

Lol A aadsl

10* 102 102 10
sinﬁze”ﬁ = 4|U 4|2IU 4|2
= L

107°

1
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What about disappearance? D

< Super-K exclusion in [U4|% [Ugy|?
parameter space

Super-K: Phys. Rev. D 91, 052019

|U,,1? < 0.041 for Am?;, > 0.1 eV? 1—
|U,|2<0.18 for Am?,, > 0.1 eV? i
** Super-K only experiment with 0'8-_
measurement on |U_,|? directly I
comparable to NOVA o 0.6F
=
** Note also there are unresolved =" -
discrepancies in short-baseline  — 0 4__
reactor experiments and gallium- T F
based radiochemical experiments L
0.255
924 034 ‘ U,u,él ‘ - ‘ UT4 ‘ g i
NOvA 20.8° 31.2° 0.126 0.268 -
MINOS 7.3° 26.6° 0.016 0.20 0 I N Bl [ B NN
SuperK 11.7° 25.1° 0.041 0.18 {0° 1072 101 1
IceCube 4.1° - 0.006 - U |2

IceCube-DeepCore 19.4° 22.8° 0.11 0.15
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Making an off-axis neutrino beam Y&

Target Focusing Horns A
— e — IE—
120 Ge - V,u
p* from ¢
- NOvA S|mulat|0r1
Q 105 T T T T T T 3 10 o N
= F 1—-3 GeV —Total 3 [T Ynaxis
% N . | = 7 mrad
E I 97'55% ' ] 8 — 14mrad
1 : - L
E ; 5 E — i 21 mrad
< [ ) > 6
= | o |
010-1.5,. .................................................................................................. g L
o > 4__
& w 4
(i} L
O el /1 [
Q 2L
O : i
“5'3 | IEFLUKAH T
=% o s % 10 20 30

E (GeV) E. (GeV)

0 At 14 mrad off-axis, narrow band beam peaked at 2 GeV
o Near oscillation maximum
o Few high energy NC background events
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Simulation '-IJQ

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 Simulation

T
- Near Detector

T
10

131

Interaction Vertex, XZ Vie

IIIII|IIII|
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Calibration O

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

F L :
. ) . 25 NOvVA Preliminary ]
*¢ Response varies substantially along cell - =
due to light attenuation e °F T_'
8] - r
+» Use cosmic ray muons as a standard & °F E
candle to calibrate every channel 8 1o &
individually . ]
5 -]
*** Use dE/dx near the end of stopping : | | | :
. ) _ _ NOvVA Preliminary
** Multiple calibration cross-checks e
» Beam muon dE/dx 200l ~* Data , -
. B MC rt° signal |
** Michel energy spectrum - ~ MC bked -
0:0 T[O mass peak -g 200__ Data Hu: 134.2 + 2.9 MeV __
L%) - Datao: 50.9%2.1 MeV -
. B MC u: 136.3 0.6 MeV |
**» Take 5% absolute and relative errors on I 47.0£0.7 MeV
100— —
energy scale - 1
oo . 300 40 500
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Calibration IIJQ

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

- T T T T I T T T ! | N
25:_ NOVA Preliminary ]
Calibration achieved using cosmic 20 E
E L 7
rays St 1
w 15— ]
o r 1
Light levels drop by a factor of 8 gmf— _
across a FD cell 5 ]
5w _:
Stopping muons provide a standard ; | | | ]
0 1 1 1 1 1 1 1 1 1 1 |
candle 500 Distance fror% center (cm) >0
NOv A Preliminary
100

20000
Far Detector
Data 15000

60

10000
40

5000

Corrected response / cm

N
o

0o 100 200 300 400 500
Distance from track end (cm)
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Energy Scale

NOvVA Preliminary

—
—— Data

Near Detector
o cosmic u dE/dx [~vertical]

(¢]

beam p dE/dx [~horizontal]

o

Michel e spectrum
¥ mass

o

o

hadronic shower E-per-hit

Far Detector
o cosmic u dE/dx [~vertical]
o beam p dE/dx [~horizontal]

o Michel e” spectrum

All agree to 5%

DPF 2017, Fermilab - 07/31/2017

300 —— MC 10 signal

— MC bkgd

Data u: 134.2 + 2.9 Me
Datao: 50.9+2.1 Me

MC u: 136.3 £ 0.6 Me
MCo: 47.0+x0.7 Me

\'%
2
00 vV

Events

\%
\Y
100

L L L L L L 1 L L L L ] 1 L L L L L L
0 100 200 300 400

7500

M,, (MeV)
> ND, 1.66x10% POT NOVA Preliminary
! ! ! ! | ! ! ! ' | ' ' ! ! | ! ! ! '
60— —

—— Simulated v, CC
Simulated Background
e Data

Events

10 20 30
Average Hadronic Energy Per Hit (GeV)

G. S. Davies (Indiana U.), NOVA




Reconstruction

.

ANVOvA

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

resolution % %

Clustering: Find clusters in angular
space around vertex. Merge views
via topology and prong dE/dx

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

-

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

[p—
——
- —

— D

DPF 2017, Fermilab - 07/31/2017
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Reconstruction 1L

ANOvA

( 200 400 600 800 100(

100 | . Event Separation: Coarse
! e event-level time-space
- e . {_1° _°
z 0 L clustering, or ‘slicing
8 . Utilize density-based DBSCAN
. -l clustering algorithm!
—100 - -
-350 - .
—400 - R =" -
—~ = !' f : : =
5—450 - - - J
>~
=500 - -
-550 |- -]
0 200 400 600 800 100

Z (cm)
NOvVA - FNAL E929

2 | 2.
Run: 22357/ 1 = —510'
Event: 16934 / -- 10
UTC Sun Feb 28, 2016 ) 1

bt 218 220 222 224 226 228 10 102 10°
144:25.490674976 t (usec) q (ADC)

1. M. Ester, et. al., A Density-Based Algorithm for Discovering Clusters in Large Spatial Databases with Noise (1996)
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Reconstruction

( 200 400 600 800 100

100 B ' Vertexin: Find lines of
' energy depositions w/ Hough
= transform
5 =
. CC events: 11 cm resolution
[ NC events: 29cm resolution
—100
—-350 -
—-400
5—450 =
-
=500 =
-550 |-
0 200 400 600 800

NOvA - FNAL E929

2 | 80
Run: 22357/ 1 = —510'
Event: 16934 / -- 10
UTC Sun Feb 28, 2016 1

T 218 220 222 224 226 228 10
14:44:25.490674976
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Reconstruction

( 200 400 600 800 100(

100 b Prong Clustering: Given a
seed vertex, look for clusters
z 0 in angular space around
= vertex.
_ Merge views via topology
-lop and prong dE/dx
-350 - -
—-400 |- —:
5—450 — -
-
=500 - —
-s50 F -
0 200 400 600 800 100(

NOvA - FNAL E929

2 | 2.
Run: 22357/ 1 = —510'
Event: 16934 / -- 10
UTC Sun Feb 28, 2016 1

14:44:25.490674976
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Reconstruction

1L

ANVOvA

Excellent reconstruction capabilities

Reconstruct n® peak — used as a calibration cross-check
o Demonstrates ability to reconstruct NC events

NOvVA Preliminary

300

100

™)
3
I | L | L | L

T T
—4— Data
— MC n0 signal
— MC bked

Data u: 134.2 £ 2.9 Me
Datao: 50.9+2.1 Me

MC u: 136.3 £ 0.6 MeV
MCo: 47.0+0.7 MeV

Vv
Vv
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5 VN

o Classify event-displays!

CNN - deep neural network, inputs are the pixels of the image

DPF 2017, Fermilab - 07/31/2017

G. S. Davies (Indiana U.), NOVA

o0 OOR
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> 30,
330
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Take advantage of recent advances in machine learning/computer vision
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CVN P

This analysis uses same event “A Convolutional Neural Network Neutrino Event Classifier”
classifier as the Ve analysis SO A. Aurisano et. al., JINST 11 (2016) no.09, P09001
o First implementation of a CNN in a A,
HEP result

. . . 60
“Constraints on Oscillation Parameters

from v, Appearance and v, Disappearance s
in NOvA” = [
P. Adamson et al., PRL 118, 231801 (2017) &% f,

30

Calibrated hit maps are inputs to T

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

TN
| |

1
L

Effectively increases our exposure
by 30% compared to traditional ID
methods

~ FEATURE MAPS
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Near detector MC event counts '-lJ@

AOvA

Data quality 95.5 x 108 12.46 86.49 1.05
Event quality  53.1 x 108 13.56 85.33 1.11

Fiducial 1.9 x 10° 28.64  70.35 1.01
Containment  71.8 x 10* 45.68 52.79 1.53
NC selection 27.8x10* 71.22  27.87 1.00
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Near detector spills

Top view 500

200 = 1000 1500 _
100 — E
g ; enamt empmmm T . ]
3 0 YTl ]
] s :
i - :
~100 E
00— Beam direction i
E : -- rm:imeme=am mma=-am= T i
L 0 Wro-=mommmme=mT - B
> i . ) :
[ e " e - ]
1 - .
- Side view i
~200 = | | | E
0 500 1000 1500
Z (cm)
NOVA - FNAL E929 Color denotes

. 2 10? ‘ Y 2 .C | .
Run: 10407 /1 2 E L 0
Event: 27950/ -- E £ 3
LEg L 3 LE [ mwﬂﬂm E

UTC Thu Sep 4, 2014 0 I .

05:28:44.034495968 10 10°

t (Usec)
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Near detector event preselection W

+* Beam spill quality, detector and event quality cuts
¢ Beam positioning, horn current range, minimum spill POT, maximum time to nearest spill

+* Reconstructed event vertex within the fiducial volume

+* Reconstructed track start/stop positions > 25 cm from each detector face

1000

E— o
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Near detector NC event selection '-IJ s

+» Keep selection cuts as similar as possible NOVA Preliminary
in both detectors _— T )
: [ NC 3 Flavor Prediction : N
[ v, CC Background ]
+* Average calorimetric energy/hit > 9 MeV A s -
2 6.05 x 10°° POT-equiv. ]
¢ 20 < Number of hits < 200 i N
=) i
+* Transverse momentum fraction < 0.8 -
** CVN NC classifier value > 0.2 i
500 1000 1500
Z Vertex Position (cm)
NOvVA Preliminary NOvVA Preliminary
20:||‘|4+NDDatall4—fl‘llj ’4HH:—‘H-;Nulmlata""""'HI—_
| [ NC 3 Flavor Prediction } | : [ NC 3 Flavor Prediction ]
= [ v, CC Background _ 12 [ v, CC Background ]
15— [l v, cC Background — : [l v, CC Background ]
- . 10
2 B 6.05 x 10°° POT-equiv. i 2 6.05 x 10%° POT-equiv. E
e L ] 2 ]
w10 ] ] .
5 .
. -125 0 125 . . 0.4 0.6
Y Vertex Position {cm) CVN NC Classifier
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Neutral Current FD Selection IIJQ

e | otal | Ne | vy [ ve | v | comic

Data Quality 23.4x10%° 337.0 230.6 585 ~0 23.4x10°
Cosmic Rejection 88.3 65.0 5.3 3.7 ~0 14.3

IIII| LILBLILLLLL LI LB LB LU LI L
Data Quality

Event Quality

Fiducial

Containment Cosmic Background

[ ¢C Background |

Cosmic Rejection [ NC 3 Flavor Prediction

NC Selection

ol ol ol il sl
10 10° 10° 10* 10° 10° 107
Events
Three-flavour Far Detector extrapolated prediction

L Luce luce by ome

83.7%+8.3 60.6
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Sideband studies O

“ Looked at 3 sideband regions

** Low CVN (CVN < 0.2) 34 33.0 £ 5.8 (stat.)+ 4.1 (syst.) oo Prefiminary

** Mid-cosmic rejection BDT region (0.42 — 0.5) B T rovas ]

12— [ NC 3 Flavor Prediction —|

“* High energy region (4 — 6 GeV) , b lowCWN e

8 E [[] Cosmic Background E

** Good agreement with observed data to S T arf-zaen’ ol
extrapolated predictions g I

i -]

** Including systematics, all within < 1.60 = + ;
s 4

1 2 3
Calorimetric Energy (GeV)

15 8.1+3.8 (stat )£ 4.4 (syst.)  NOvA Preliminary 17 14.3 + 4.1 (stat.)+ 1.8 (syst.)

NOVA Preliminary

—4— FD Data
[ NC 3 Flavor Prediction

—— FD Data
[ NC 3 Flavor Prediction

<o
1 1 | T
fe=]

I v, CC Background . . [ v, CC Background
h Igh energy B v, CC Background mi d . COs. rey). BDT [ v, CC Background
6 L1 Cosmic Background 6 —— [[] Cosmic Background

Amd, = 2.44x10° eV?
8,3 = B.5%, B, = 45
6.05 x 10~ POT-equiv

AmE, = 2.44x10° V2
By, = 8.5° B,, = 45°
6.05 x 10°° POT-equiv.

B

N
\I\l\\l

|

w

g ho

“ T o
wm ar
n 3 !

" o

:
|
(=] rno
OIII‘III‘I\I‘\\Il\

Events/ 0.25 GeV
Events / 0.25 GeV

4.5

o

T 2 3
Calorimetric Energy (GeV) Calorimetric Energy (GeV)
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NC FD Cosmic Rejection IIES,

NOvA Preliminary NOvVA Preliminary
af- = om0 - o +f0ma = ]
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
31]_— [ ] Gosmic Background ] =[] Cosmic 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- : " .-*-. s b e a g o 1l 4 3 ] 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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AOvA

Far detector preselection D

+* Beam spill quality and detector quality cuts

¢ Beam positioning, horn current range, minimum spill POT, maximum time to nearest spill

+* Reconstructed event vertex within the fiducial volume

+** Reconstructed track start/stop positions > 10 cm from each detector face

0 1000 2000 3000 4000 5000 6000

500 |~ -

Top

-500

500 - -

Side

y (cm)
I:
1

=500 —

0 1000 2000 3000 4000 5000 6000
Z (cm)
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Nuclear correlations &

* ND hadronic energy (v, CC) suggests extra process between QE and A production

** MINERVA report similar excess in their data?!
NOVA Preliminary
L T. Katori, QMUL

— NOVAND Data | LV ZE— — ¢ u

Multi-nucleon 2p2h interaction

Events

0.4 0.6
Visible E, , (GeV)

1P.A. Rodrigues et al., PRL 116 (2016) 071802 (arXiv:1511.05944)
2S. Dytman, based on J. W. Lightbody, J. S. OConnell, Comp. in Phys. 2 (1988) 57
3p.A. Rodrigues et al., arXiv:1601.01888
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Nuclear correlations &

* ND hadronic energy (v, CC) suggests extra process between QE and A production

** MINERVA report similar excess in their data?!

NOVA Preliminary . _
— T Modified from T. Katori, QMUL

2.85x 10°P.O.T. —} NOVAND Data -~ N
Tuned 2p2h [ mec .
w and nonres. [ ce i
E imn I Res l
. [Jois :
- Other N
Ao = Epad
0.4 0.6 1 E, = EH * Epag
Visible E,_, (GeV) Q? = 2E,(E, — p,cos(6,) —M2)
lq] =Q% +q,

+* Enable GENIE’s empirical Meson Exchange Current (MEC) model?
% Also reduce single non-resonant pion production by 50%3
“* Reweight to match observed excess as a function of|_q)| transfer

1P.A. Rodrigues et al., PRL 116 (2016) 071802 (arXiv:1511.05944)

2S. Dytman, based on J. W. Lightbody, J. S. OConnell, Comp. in Phys. 2 (1988) 57
3p.A. Rodrigues et al., arXiv:1601.01888
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Nuclear correlations &

NOVA Preliminary
Modified from T. Katori, QMUL

60000
AY

40000 27

Events

no guidance for NC
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** “Empirical MEC” doesn’t do NC; also can’t retune in same way

“* no lepton to reconstruct all |_q)|

** Take 50% systematic on the applied MEC

*» Additional cross-section uncertainty on NCs taken to be equivalent to data/MC
discrepancy observed
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Cosmic ray rejection J

¢ FD is on the surface; exposed to 150 kHz of cosmic rays
** 10 ps spill window at ~ 1 Hz gives 10° rejection

¢ Cosmic background rate measured from data adjacent in time to the beam spill
window

1000 2000 3000 550 ps exposure of FD
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Cosmic ray rejection
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Extrapolation PO

*** We use the measured ND energy spectrum to predict the unoscillated FD spectrum

FDMC

F DPredicted — NDMC — NDData

FD/ND ratio equivalent to

FD reco. E. vs. true E. matrix

Maps the FD reconstructed energy spectrum reweighting reco. E vs. true E. matrix with

to an estimate for true neutrino energy
NOVA Simulation ND,,../ND,c reconstructed energy

NOVA Slmulatlon

T T ‘
—— Far/Near Ratio

b e
» &

DIHI|III\|IIII|\III|II\I|III

True Energy (GeV)

107 Far/Near Ratio / 0.25 GeV

(=]

_hI\\Illll\'lIII|\III|II\I|III

Calorimetric Energy (GeV)

o
B
o

1 2 3
Calorimetric Energy (GeV)

Apply oscillation weights and unfold reco. E. vs. true E. matrix back to reconstructed energy

FD MC extrapolated prediction (3-flavour):
83.71 £ 9.15 (stat.) + 8.28 (syst.)
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Extrapolation PO

*** We use the measured ND energy spectrum to predict the unoscillated FD spectrum

FDMC

F DPredicted — NDMC — NDData

Original ND NC component

All flavours decomposed proportionally Final FD reconstructed energy spectrum
NOVA Slmulatlon NOVA Slmulatlon
B — | | | —|— ND NC Component ] 15 ; —|— FD NC Componenl ]
40 L — B -
> B e 1 B ‘\‘ |
(O] B ] 2 - i
30— — U] B B
o B —_ b wn 10 —
o I~ n C\.I - |
° r i S i
% 20 B = —:‘5 i + i
o f § :E_,’ s ]
A —— % % i 4
Calorimetric Energy (GeV) Calorimetric Energy (GeV)

FD MC extrapolated prediction (3-flavour):
83.5 £ 9.7 (stat.) £ 9.4 (syst.)
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Analysis approach D

ANVOvA

*»* Look for deficit of NCs; active-sterile neutrino oscillation signature

¢ Compare the NC rate with the expectation of standard 3-flavour oscillations
+** Cut and count analysis

Osc. Value NOVA Simulation
Parameter N S L L A T T
> I
P 2.84 g/cm3 & osl i
T I 1=Es
~ 06} =
== u =" .
2 e = — FD MC Efficiency
sin“20,, 0.846 5 | -4 ND MC Efficiency |
- 04l ***s...__ — FD MC Purity —
Am2, 2.44 x 103 V2 5 T nomcrumy
c I 0 B
K It .
L o2} —
923 T[/4 E : ___E-" :
Sin22613 0.085 Ot'r . P T T U S [ ST AR S T ST SRS T | N S S S | .".-:. .T
0 1 2 3 4 5 6
5 0 Calorimetric Energy (GeV)

Restrict energy range from 0.5 to 4.0 GeV
to remove low efficiency ND regions
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Neutral Current FD Data '-IJ@

NOVA Preliminary

— T T T T
—4— FD Data <_§
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[ n, CC Background
[ n,, CC Background
[[7] Cosmic Background

N
ol

Observe 95 events

N
o

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

DmZ, = 2.44x10°° eV?
0,5 = 8.5°% (,5 = 45°
6.05 ~ 10°° POT-equiv.

No evidence of oscillations
involving steriles

Events / 0.25 GeV
&

5 i
Nyata — BG L1
R = data 0 T 2 3 4 5 6
S NC Calorimetric Energy (GeV)

= 1.19+0.16(stat.) + 0.11(syst.)  In 3+1analysis, for Am?;, = 0.5 eV

8,,<20.8° at 90% C.L.
0,,<31.2° at 90% C.L.

Excellent NC efficiency (50%) and purity (72%) promise strong future limits on 0,
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Far detector NC selection

VO Ve

Good data/MC agreement among the
cosmic rejection variables

NOvVA Preliminary
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Event distributions

©)

ANVOvA

NOVA Preliminary
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R-ratio comparison with 3-flavour W

Predicted background

_ Npata—2 B(CC+cosmic) «—— from all v flavours
R - and cosmics

S —_—
NC Predicted NC signal

FD Data NC-like: 95
MC prediction: 83.5+ 9.7 (stat.) £ 9.4 (syst.)
For 0.5 GeV < Calorimetric energy < 4.0 GeV

R=1.19 4+ 0.16 (stat.) 398 (syst.)

Consistent with 3-flavour oscillations (R = 1.0)
NOVA Preliminary
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ANVOvA

Near detector spills ©

¢ Multiple events in ND per NuMI spill

** Over 2 million/year fiducial events
collected

*** Events separated using topology and
timing

¢ Color in display denotes time

¢ Blue hits are early in spill, red are late

‘ ‘ 1500
NOVA - FNAL E929 i Color denotes
210
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