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mixing near-fi naximal

+ Electron neutnnos appear: Inverted Hierarchy at 6. = /2 disfavored at
iection.
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+ Excellent detector and beam performance.
°Sgnmccmt nmprovement in our analysis tools. Expected to continue
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[ naBHble pe3ynbTtaTbl 2017 roga

v 8,85 x 1020 npoTOHOB-Ha-MULWEHb yckopuTenbHoro komrnekca NuMl B nyyke MHOOHHOIO
HEUTPWHO OatoT criegyolne pesynbraTthbl

= B Mmoae NCYE3HOBEHNA MIOOHHOIO HEUTPUHO: YNiydlleHne namepeHns Ameass, HoBbIU
pe3ynbTaT 6/IN30K K MakCUMasZisbHOMY CMELUMBAHWUIO yra 62s.

= B Mofe noaBneHnNsa 3N1eKTPOHHOroO HEUTPUHO: obpaTHasa nepapxma ona §qp = m/2

NCKIOYaeTCcHa TakXKe Ha ypoBHe 30. HoBble pe3ynbTaTbhl NPUOAMXKatTCS B UCKHOYEHNN
obpaTHON nepapxmm Ha ypoBHe 20 a1 Bcen obnactm napameTpoB pasbl CP-4yeTHOCTW.

= [Jony4yeHbl 3Ha4YNTENbHbIE YYYLLEHUS B OnMcaHnm paboTbl AETEKTOPOB N HEUTPUHHOIO
nyyka

= NOVA B xopollen dopMe Asid Nosy4yeHns HOBbIX Pe3yibTaToB MO aHTUHEUTPUHHOW MOJE
aTm netom (NEUTRINO-2018).

= B HacTosuee Bpemss NOVA (Ha psagy ¢ T2K) aBnsaeTcs KnoveBbIM “UrPOKOM” B
pas3peLleEHN BOMNPOCOB onpeneneHna napameTpa Hapywenns CP-cummeTpun B
NenTOHHOM CEKTOPE 1 nepapxmm macc HEUTPUHO




Y KOro nHrepec pasaropescs —
neTtasu...
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Neutrino Oscillations

A. Radovic, JETP January 2018
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Why Study Neutrino Oscillations®

@ A. Radovic, JETP January 2018
Neutrino oscillations raised as many questions as it answered:

* Why Is lepton sector mixing much larger than quark sector
mixing? |s 62,3 maximal?

* \What is the hierarchy of neutrino masses”

* |s there CP violation in the lepton sector?




NOVA Physics Goals

A. Radovic, JETP January 2018

Precise measurements:
AmZ435 and Sln2(2923) for
neutrinos and antineutrinos

2
Ams3,

2
Ams5;,

Strong Constraints on:
023 octant

Ocp

mass hierarchy




v, Disappearance

A. Radovic, JETP January 2018
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NOVA Physics Goals
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A. Radovic, JETP January 2018

Precise measurements:
Am?25, and sin2(26,3) for
neutrinos and antineutrinos

Strong Constraints on:
Oo3 octant

Ocp

mass hierarcny



NOVA Physics Goals
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Precise measurements:
Am?25, and sin2(26,3) for
neutrinos and antineutrinos

Strong Constraints on:
Oo3 octant

Ocp

mass hierarchy



NOVA Physics Goals

A. Radovic, JETP January 2018

Arp2 Precise measurements:
A1 Am25, and sin2(20,3) for
neutrinos and antineutrinos

Am3, Strong Constraints on:
O3 octant
6Cp
mass hierarchy




Ve Appearance

A. Radovic, JETP January 2018
By measurmg beam muon neutrinos which have oscillated to

electron neutrinos we gain the power to constrain:

623 octant
6cp
mass hierarchy

i(Am232L+6 )
iE cp
atm©€ on \/Psol

/ N\
» Am3, L

Patm — Sin2 923 Sin2 2913 Sin AR ~400

P(v, = ve) =




V. Appearance

D |74 A. Radovic, JETP January 2018
By measuring beam muon neutrinos which nave oscillated to

electron neutrinos we gain the power to constrain:

0.10[#[\’9”1, © Aelar - interference

: L=810 km, 6=3n/2 _

623 octant 0.08 t :\ sin®6,3=0.01 J

6cp ~ i Vv,V ]
- . A . : _

mass hierarchy Shad 210 /\ N solid !

8 : ) [H: dashed ]

Electron neutrinos experience = AV

an extra interaction as they

pass through matter, modifying

oscillation probabilities, giving us a
window Into the mass hierarchy.




NuM| Off-axis ve Appearance
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NuM| Off-axis ve Appearance
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Studying oscillations
over a 810km
pbaseline with two
functionally identical
detectors and the
worlds most powerful
MuonN neutrino beam,

NuMI.
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Beam EXposure
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*50% more exposure than the 2016 analysis

*Currently running

-neutrino mode

N ant

*Running at 700 kW design goal since June 2016!

2017 Dataset

All Time NuMI / NOvVA Protons
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The NOVA Detectors

A. Radovic, JETP January 2018

Optimized tor electron ID, fine

% «  segmentation, Low-Z, anao
7,0 \b 62% Active.




The NOVA Detectors

A. Radovic, JETP January 2018

ND: 330 ton, 1km from source.

g FD: 14 kton, 810km from
g, \b source.




Detector lechnology

D s A. Radovic, JETP January 2018

 PVC extrusion + Liquid Scintillator
* mineral oll + 5% pseudocumene
* Read out via WLS fiber to APD
D has ~344,000 channels
* muon crossing far end ~40 PE
* | ayered planes of orthogonal views

______________

""""""" Scintillator cell with looped

WLS Fiber.

Plane of vertical cells

Plane of horizontal cells



NOVA Event Topologies

A. Raolovio, JETP January 2018
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What s New?

-More data, 50% more than our last oscillation update.

Improved analysis, continued use of deep learning tools for our
appearance and now also for our disappearance measurements.
Binning In energy resolution that better exploits the information in
the existing data.

Retuned cross section modeling, continued development of
how we treat cross sections including crucial multi-nucleon
effects.

*Detector simulation improvements, dramatically reducing
some our largest uncertainties in previous measurements.

Data driven flux estimates, developed by MINERVA.

A. Radovic, JETP January 2018




Deep Learning Inspired PID: vg & v, Selection

D |74 A. Radovic, JETP January 2018
Previously only used for

our v, analysis, NnoOw our
v, analysis also tfeatures
the same event selection

technique based on

ideas from computer e 0
vision and deep " | e EEEEEEESNSED
learning. | _ ]

: | —> —— -
Additionally now used to | O
reclaim a new class of | HH am

previously rejected v L L I

Plane

A. Aurisano, A. Radovic, and D. Rocco et al
e V e n 't S Journal of Instrumentation, Volume 11, September 2016
| |



Deep Learning Inspired PID: vg & v, Selection

D |74 A. Radovic, JETP January 2018

Previously only used for

our v, analysis, NnoOw our

v, analysis also tfeatures D E D
the same event selection

technique based on

ideas from computer S0 TTTTF T
vision and deep Bk | amam -
learning. | B EEnEERE
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Additionally now used to 7 | o T
reclaim a new class of | Emma ]
previously rejected v, @ W e @ —— =

A. Aurisano, A. Radovic, and D. Rocco et al
e V e n 't S Journal of Instrumentation, Volume 11, September 2016
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Simulation

D |74 A. Radovic, JETP January 2018

 Beam hadron production, propagation, neutrino flux: GEANT4/External Data
* Cosmic ray flux: Data Triggers

* Neutrino Interactions and FSI modeling: GENIE v2.12.2

* Detector Simulation: GEANT4

e Readout electronics and DAQ: Custom simulation routines

Simulation: Locations of neutrino interactions
that produce activity in the Near Detector

NOVA Simulation

viewed from above il ‘."j":_h,- 'ﬁ Cme et o L RS T ! S0 -~ Near Detector

I

(a|eos Jeaul|)




Retuned Interaction Modeling

D |74 A. Radovic, JETP January 2018
* Nuclear effects on the initial state (nuclear charge screening/'"RPA" effect) and

reactions themselves (multi-nucleon ejection e.g. 2p2h via Meson Exchange Currents

(MEC)) remain important components of our interaction model, particularly of the
hadronic energy component of our interactions.

* Theory for these effects and how they fit together remains incomplete and model
evidence ambiguous. R

* Important that we not  (Dytman model)
just have the best
possible central value
tune, but also [ e ;
appropriately ——@ P
conservative \ /7 @ T~/
uncertainties.

- S W

[ S “Meson Exchange Current (MEC) Models in
Neutrino Interaction Generators”

3. FS| model AlIP Conf.Proc. 1663 (2015) 030001
(hA model) Teppei Katori

(Nucleon cluster model) o

)



http://inspirehep.net/author/profile/Katori%2C%20Teppei?recid=1229336&ln=en

Retuned Interaction Modeling

D |74 A. Radovic, JETP January 2018
* Continue to tune MEC to match the excess in our data, now fit using default empirical

MEC’s™ model tor energy transfer to the hadronic system (Qo).
* QE RPA from the Valencia group via Richard Gran™ now included in central value tune.

* New MEC and RPA uncertainties that better capture limits of theory & data constraints.
NOVA Simulation x10° _ - INOVA Sllmtflatllon
—_— —_— —_— — T — | - —— Allv, CC candidates Near Detector }
B Empirical MEC i . —— True MEC only All MEC uncertainties -
B i . 150|— —
I Emp.MECq —QEq  _ c [ - -
al — _
2 [ Emp. MEC q — RESq_~_ S 100l —
- X — _
> | - > L -
S I B 1 £ [ -
s [ aup | & s
< H ™ B i §
- - i T |
g Il 1 e vE o
I e L &U 8'21 ST SRS T "' el ot i RN i i Sl RS
0 0.2 0.4 T 0.6 G Vo.s 1 1.2 N : 5 3 7l
rue q, (GeV) Reco E, (GeV)

* “Meson Exchange Current (MEC) Models in Neutrino Interaction Generators”, Teppei Katori, Nulnt12 Proceedings, arXiv:1304.6014
* “Model uncertainties for Valencia RPA effect for MINERVA”, Richard Gran, FERMILAB-FN-1030-ND, arXiv:1705.02932


https://arxiv.org/find/nucl-th/1/au:+Katori_T/0/1/0/all/0/1
https://arxiv.org/abs/1304.6014
https://arxiv.org/find/hep-ex/1/au:+Gran_R/0/1/0/all/0/1
https://arxiv.org/abs/1705.02932

Improved Detector Simulation
@ [T

ANANO -~

A. Radovic, JETP January 2018

* Previously detector response uncertainties were some of our largest. Reduced by an
order of magnitude in new detector simulation, driven by addition of cherenkov light.

* Absorbed and re-emitted Cherenkov light is a small but important in modeling the
detector response to hadronic activity.

« Expected energy resolution for v, CC events moves from 7% to 9%.
NOvVA Simulation NOVA Simulation
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New Flux

@ A. Radovic, JETP January 2018

* A new data driven flux, Package to Predict the FluX (PPFX), based on thin target
hadron production data from NA49 and MIPP.

* Comes with greatly reduced flux uncertainties.

* Pioneered at MINERVA. NOvVA Simulation
14 Flux U:}certalnty — 2016 Analysis
H —— 2017 Analysis

—
(S

Fractional Shifts

=
[e?

“Neutrino Flux Predictions for the NuMI Beam”
MINERVA Collaboration (L. Aliaga et al.)
Phys.Rev. D94 (2016) no.9, 092005

=
()

0"'1""2' 3 4 5
Neutrino Energy (GeV)


http://inspirehep.net/search?p=collaboration:%27MINERvA%27&ln=en
http://inspirehep.net/author/profile/Aliaga%2C%20L.?recid=1473668&ln=en

Simulation

A. Radovic, JETP January 2018

NOvVA Preliminary

NOVA Preliminary o
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vy, Disappearance
)

Sy A. Radovic, JETP January 2018

1.Select, measure & characterize ND and FD v, events.

2.Extrapolate beam expectation to FD and measure cosmic
expectation from FD data out of the beam spill window.
3.Compare measured FD energy spectra to expectation.
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2200 | 2400 2600 2800 3000 3200 |
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Improved v, Selection
)

Sy A. Radovic, JETP January 2018
Even with excellent timing resolution @ 1/ selection
cosmogenic activity at the Far Detector * -

remains a challenging background due to ~106 Events
raw rate.

NOVA Preliminary
L B B B B B L L B
B — Total Predicted ] l
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O T - l
150 —
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Improved v, Selection
)

Sy A. Radovic, JETP January 2018
Even with excellent timing resolution @ 1/ selection
cosmogenic activity at the Far Detector | -

remains a challenging background Au€ tO [ sasiquaity cus
raw rate.

NOVA Preliminary ~103 Events
1000 T T T
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Improved v, Selection

D |74 A. Radovic, JETP January 2018

»New selection using CVN, a retuned @ 1/, selection
cosmic rejection BDT, and a new PID cut | |

e Equivalent background rejection with Basic Quallty cuts
11% more signal selected. !
NOVA Preliminary

!

B —+— Cosmic Background _
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Improved v, Selection

D |74 A. Radovic, JETP January 2018

»New selection using CVN, a retuned @ 1/, selection
cosmic rejection BDT, and a new PID cut | |

e Equivalent background rejection with T ——
O :
11% more signal selected. ¢
NOVA Preliminary
o T e
B ——$— Cosmic Background
8 _— - Beam Background —_
< i
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Improved v, Selection

D |74 A. Radovic, JETP January 2018
* Improvement Is most pronounced In key low energy region.

e Expected overlap between old and new PIDs Is conseqguentially
low, particularly in cosmic background events.
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Cosmic Background Prediction

|74 A. Radovic, JETP January 2018

e Cosmic backgrounds are characterized using cosmic activity
recorded out of the beam spll. NOVA Preliminary
e Final cosmic rate " Estimated total cosmic background
comes from cosmic 06l | S i
activity recorded > | Il 4 Estimate used (5.8 ovents)
adjacent to the beam g o f-} -
spill, ensuring a [ 7| :
perfectly matched et T H :
detector performance. | TE B
——

L Ty,

0 1 2
Reconstructed Neutrino Energy (GeV)



vy Energy Estimation

|74 A. Radovic, JETP January 2018
NOvA Preliminary

NOvA Prellmlnary
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Resolution BINS

A. Radovic, JETP January 2018

e-our bins of equal populations in FD, split in hadronic energy

fraction as a function of reconstructed neutrino energy.

eResolution varies
from ~6% to ~12%
from the best to
worst resolution
DINS.
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v, Systematics

Sy A. Radovic, JETP January 2018

e Systematics were assessed by generating sets of shitted MC.
e Those shifted datasets were used instead of our nominal MC to
assess the impact on our final result.

Abs. Calibration | — Abs.Calibraion| = A 00
Cross Sections : — B Rel. Calibration B _ B
Normalization e Cross Sections | o B
Abs. E, Scale B i B Value of o, B — B
Rel. Calibration | - B Normalization | — )
Neutrino Flux | ' B Abs. E, Scale | _ E
Rel. E, Scale | i | Scintillation Model | ] N
Scintillation Model B i B Neutrino Flux : I- :
Value of d.p | Rel. E, Scale I
Total syst. error — Total syst. error _
Statistical error | i e L o _ Statistical error _ , —_
_50 0 50 -0.05 0 0.05

Uncertainty on sin2623 (x107°) Uncertainty on Am3, (x1 0° eV?)



v, FD Selected Sample

Sy A. Radovic, JETP January 2018
In the albsence of oscillations we expect 763 events.126 were

observed.

Total Expectation Total Neutral Other

Observed at Best Fit Background Cosmic Current Beam

All Q

126 129 0.24 5.82 2.50 0.96
Events



v, FD Selected Sample

D |74 A. Radovic, JETP January 2018
In the albsence of oscillations we expect 763 events.126 were
observed. NOVA Preliminary
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v, FD Selected Sample

Sy A. Radovic, JETP January 2018

NOVA Preliminary NOVA Preliminary
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vy, Result
)
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e Full joint fit with appearance analysis. Feldman Cousins corrections in 2D & 1D limits.
» All systematics, oscillation pull terms shared. NOVA Preliminary
* Constrain 613 using world — — T T T T T T T T T —
average from PDG, Sin22913 3.2]— NOVA Normal Hierarchy —
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Atmospheric Mixing and World Constraints
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*Consistent with world expectation.

*Competitive measurements

NOVA Preliminary
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Ve Appearance
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1.Measure ND and FD v, and v, Selected Spectra
2.Break down ND v, selected events to separately extrapolate

pbackground components.
3.Extrapolate ND v, selected events estimate signal at the FD. Use FD

data from outside of the beam spill to estimate cosmic backgrounds.
4.Compare measured FD to expectation.
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Ve Selection
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Optimized to maximally exploit the power of our our CVN
ID. Select down to low PID values to recover as many
signal events as possible. Binning in PID to retain the tull

t{ U selection ‘

'

power of the high purity subsample of events. | Basicquiliy s | ~ 1 ()6 Fyents
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Optimized to maximally exploit the power of our our CVN @
ID. Select down to low PID values to recover as many

signal events as possible. Binning in PID to retain the tull
power of the high purity subsample of events. | Basic Quality cuts |

Preselection cut, Core  NOVA Preliminary
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Ve Selection

D |74 A. Radovic, JETP January 2018
Optimized to maximally exploit the power of our our CVN ]
ID. Select down to low PID values to recover as many e
signal events as possible. Binning in PID to retain the full {
power of the high purity subsample of events. | BasicQuatity euts | ~ ()4 Events

Full Preselection, Core  NOVA Preliminary ¢
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Ve Selection
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Harsh cosmic rejection cuts also reject some signal o]
events. The addition of a a new cosmic rejection BDT and e
a tight cut on CVN allow us to reclaim some of those {
events ‘ Basic Quality cuts ‘ ~ 1 06 Events

Preselection, Peripheral NOVA Preliminary ¢
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Harsh cosmic rejection cuts also reject some signal ——
L . L ﬁVe selectloI]
events. The addition of a a new cosmic rejection BDT and S—
a tight cut on CVN allow us to reclaim some of those {
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Ve Selection
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Harsh cosmic rejection cuts also reject some signal FyS—
events. The addition of a a new cosmic rejection BDT and e
a tight cut on CVN allow us to reclaim some of those {
eveﬂtS ‘ Basic Quality cuts ‘
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Harsh cosmic rejection cuts also reject some signal e
L . L t{Ve selection
events. The addition of a a new cosmic rejection BDT and =
a tight cut on CVN allow us to reclaim some of those {
events. NOVA Simulation ‘ Basic Quality cuts ‘
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Harsh cosmic rejection cuts also reject some signal
events. The addition of a a new cosmic rejection BDT and
a tight cut on CVN allow us to reclaim some of those {
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Ve ND Selected Sample
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«Signal prediction from the ND selected v, spectra used in disappearance analysis.

«Background prediction from ND selected v, data, data driven breakdown of the

sample in order to extrapolate each component separately.
Final background correction: beam ve up by 1%, NC up by 20%, v, CC up by 10%.
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Ve Systematlcs
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» As in v systematics were assessed by generating sets of shifted MC.

* Those shifted datasets were used instead of our nominal MC to assess the impact on
our final result.
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Ve FD Predicted Sample
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e Extrapolate each N
. : “NOVA FD sm 26 —O 082 -
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Ve FD Selected Sample
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Observe 66 events in FD. Background Expectation 20.5+2.5.
NOVA Preliminary
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Joint Best Fits
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* Full joint fit with disappearance analysis. Feldman Cousins corrections in 2D & 1D limits.

* All systematics, oscillation pull terms shared.
e Constrain 813 using world average from PDGQG, sin22643 = 0.082
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Joint Best Fits
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NOVA Preliminary
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1he Future
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The Future

Normal §.,=3m/2, sin®6,,=0.500 NOVA Simulation
AM3,=2.45x10eV?, sin°26, ,=0.082

A. Radovic, JETP January 2018

NOVA jomt v o+,

N

Significance (0=\/AX2)

All prOJected beam mtensﬂy
and analysis improvements
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Conclusions
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e At 8.85x1020 POT, NOVA finds:

 Muon neutrinos disappear: Competitive measurement of Amz2so, new
analysis prefers mixing near-maximal.

» Electron neutrinos appear: Inverted Hierarchy at &¢p = n/2 disfavored at
greater than 30. Approaching 20 IR rejection.

* Excellent detector and beam performance.

 Significant improvement in our analysis tools. Expected to continue,
benefiting from efforts like the NOVA test beam.

 _ooking forward to opening the box on our first antineutrino data this
summer! Expect NOVA to continue to contribute to key questions:

* [S §cp NONZEIO?
* What is the mass hierarchy?
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NOVA paboTtaeT, cnegoute 3a 06HOBNIEHUAMMW

« B 2017 roay rpymmon 0b110 “ Caeaure B Hauaae 2018 roaa:
HPEACTABACHO. = Cemuuap ASI1 110 HOBBIM OCITUAASIITMOHHBIM pe3yabTatam 19 ssaBapst 2018
- 11 gokaazos Ha kondepenmusx  (O.b.Camoita0s);
ICRC, NEC, AYSS, = 11 mocrepos Ha 48 1IKK 110 POY;
“ lomonocos” MI'V: = llaenapnbin gokaag Awamuasl Koaynaeson na NuHorizon-2018;
- 4 cemunapa AI1; = HoBsle ocIinaAsIMOHHbBIE PE3YAbTAThI, BKAIOUAIOIIEN aHTUHENTPUHHYIO MOAY B Mae
= 9 mocrepos Ha [TKK o ®DU. 2018;

~ Omny6.A1KOBaHO 2 = llaenapnbin aokaag Oaera Camonaosa Ha QUARKS-2018;

, = Yuyacrtue c pesdyabraramu aHaansos /1.Koaynaeson n A.llleinnykosa Ha NEUTRINO-2018
MHAVIBIIAYaAbHbBIE CTATbhU;

= Yyacrtue ¢ ApKaagoM IIpo OOHOBAEHMeE LIeITOYKI MOAEAVNPOBaHISI HeTPUHHBIX
= B nneyatn 4 te3ucos Aprada P . S b

§ cOOBITUN 1 OTKAMKA geTeKkTopos O.Camonaosa Ha CHEP-2018
KOH(DEPEeHIIIL.

= u apyrue HoBocTu NOVA.



