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Why study neutrino oscillations?

* Neutrinos are ~weird™:
> neutrino masses are really small
compared to the rest of the SM;

* neutrino mixing looks very
different from CKM.

*  Potenually GP-violating:
> might be awindow into matter-
antimatter asymmetry.

* Physics beyond the SM:
* give access to high-scale physics.

* Open questions remain in the
oscillation model.
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Neutrino Oscillations

ATMOSPHERIC SHORT BASELINE REACTOR SOLAR
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Neutrino Oscillation Probabilities

vV VS UV
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The NOvA Experiment

The NuMI Off-Axis Ve Appearance Experiment

Experiment goals:

Using v, — v, (v, — v,)
* Precise measurement Am§2
*  Mixing angle 023

Far Detector

..........

Using v, — ve (U, — Ue)
* Neutrino mass hierarchy
* (P violating phase
*  Mixing angle 6023

Long-baseline,
beam from Fermilab,
two detectors sit at

. Fermilab ‘10 km Ash River ‘/ / / 'r [ :
14 mrad off-axis B @ 4
810 km .




Experiment goals:

Using v, = v, (v, — v,)
* Precise measurement Am§2
*  Mixing angle 023

Using v, — ve (U, — Ue)
* Neutrino mass hierarchy
* (P violatng phase

*  Mixing angle 623

Obtain sensitivity to the mass hierarchy
due to matter effects.

In order to avoid degeneracy
0, - mass hierarchy - 6., need both
neutrino and antineutrino beams
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Fermilab accelerator complex
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Neutrino beam

Target Focusing Horns Decay Pipe

* 120 GeV protons on a carbon target, produce mesons which yield neutrinos.
Beam purity with v(v): 95% v,,, 4% v, 1% ve (93% v, 6% v,,, 1% ve.).
* NOVA is designed for the 700 kW NuMI beam, with 6 X 10?° POT/year

(POT = Proton On Target).

30 | © Weekly neutrino beam - NOvA far detector exposure, NuM| beam

o Weekly antineutrino beam 2019 analysis dataset 25
Accumulated beam
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Off-axis detector scheme

E, [GeV]

10 > NOvA Simulation NOvA Simulation
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* For z decay-in-flight, E, dependent on S
angle 7 decay and v interaction. 46 e
* Off-axis have flat £ dependence. S e
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* Achieves near maximal oscillation.
* Suppresses high energy tail.
* 14 mrad off-axis. ‘
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Detectors

15m

Plane of horizontal cells

Plane of vertical cells

FD: 344 064 cells
ND: 20 192 cells

To 1 APD pixel

typical .
charged »~
particle
path
. . . . 3.9\
28m Amphicoelias fragillimus K

/ (the largest estimate)
\b“\ PVC cell with 15% TiO2 with liquid

scintillator (mineral oil with 5% pseudocumene)
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Two detector scheme

Near Detector (ND):

Far Detector (FD):
* 1 km after target N * 810 km after target
* measure flux composition before * measure neutrino flux after oscillations
oscillations

. , * extrapolation cancels most
* ND data used for prediction data in systematics

FD (extrapolation procedure) x FD identical to ND

12



Event topologies
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5ms of data at the NOVA Far Detector
Each pixel is one hit cell
Color shows charge digitized from the light

L)

NOvVA - FNAL E929
Run: 18975/43
Event: 628855 / SNEWSBeatSlow

UTC Mon Feb 23, 2015 ,
14:30:1.383526016  Several hundred cosmic rays crossed the detector
(the many peaks in the timing distribution below)
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Simulations Cosmic rays: data triggers

Neutrino interactions and FSI modeling:

GENIE v2.12.2

——
 —
p—
Ly —
p—
 e—
—
—
 w—
------
..I.. .'...:
e
i i, L em e
amui
s = o = = —
lanainnnansansnss

Beam hadron production:
Geant4/External data

Detector simulatons: GEANT4
Readout electronics and DAQ:
custom simulation routines

18



Ve V)

* Events for analysis pass various cuts: data quality, fiducial volume, BDT cosmic rejection
etc. and neutrino flavor identification PID.

muon e/ m shower hadrons muon e/ m shower hadrons
80 : : : : . . T 80 ‘ ‘ ‘ ; = " -
700 1 . A | L - : L 70f A . > - - '_‘ e
sor vV C C 1 3 — 60} vV C C ] —+ —

' € — - K -

“x“ f g X Gao| s T T | EEEE NN St

o ] - : 30?.1"-. ] — : =

Input image feature maps Input image feature maps

* We use convolution neural network called CVN (Convolutional Visual Network).

* Particle identification technique based on ideas from Googl.eNet (computer vision and
deep learning).

* Mulu-label classifier — the same network used in multiple analyses:
can classify Ve, vy, V7, NCand cosmic.

19



v, CC o 1t => Muon Removed 1t => Electron Added -
100 4= - - —
VY L ]
g " e
o |
S oL L JdL - _
- | . I ! I
- NOVA - FNAL E929 5
| Run: 11321/3 u
_100 |.___- Event: 590891/ - B I.___- 10 T a
UTC Sun Dec 6, 2015
22:55:22.249371632
600 800 1000 600 800 1000 600 800 1000
z (cm) z (cm) z (cm)

* We can create a control sample of “electron neutrino™ events by removing the muon and replacing it with
simulated electron (Muon Removed Electron)

* Compare the efficiency betwee
MRE events with real and
simulated hadronic showers

n

(allows to focus on the effect of the

had. shower efficiency)
* Elficiency agrees between data

and MC at the 2% level for both

neutrino and antineutrino beams.

Neutrino beam, MRE

Calorimetric energy (GeV)
20

Antineutrino beam, MRE
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500 —

= NOvA - FNALE929 ™.
L 0= Run: 24321 /45
- Event: 515 / PerCal
UTC Thu Oct 13, 2016 Brem shower
- 21:47:18.916422976
—-500

- 500 |-
s NOVA - FNAL E929
7] = Or Run: 24321 /45
- Event: 515 / PerCal
UTC Thu Oct 13, 2016
1 21:47:18.916422976
. ~500 |-

Brem shower |

0 1000 2000 3000
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0 1000

2000 3000

z (cm)

* In Muon-Removed Bremsstrahlung (MRBrem), we remove the muon from data & simulated FD cosmic
muon rays, resulting in a pure selection of electromagnetic showers.

0.8

% This sample can be used to
characterise the EM signature and
provide valuable cross-checks of
the MC simulation,
reconstruction, performance of
CVN algorithms at FD

* EM shower selection efficiency of
data and simulated brem showers
agrees within systematics for
neutrino and antineutrino GVN.

0.6

Efficiency

Data
MC

0.6

NOVA Preliminary

| A B B e |

} Cosmics Data

—1— Cosmics MC

v, core sample

1 2 3 7
Shower Energy (GeV)
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NOVA Preliminary
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{ Cosmics Data ]
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v, Disappearance Mode

* Select and measure v, CC events in each detector,
* Extract oscillations from differences between the Far and Near energy spectra.
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Event Selection

Cut flow for the v, disappearance analysis is pretty straight forward:

* NOVA FD places at the Earth surface — 11 billion cosmic rays/day;
% After applying timing cuts we have 107 events.

* 4 main groups of cuts which require event to

Neutrino beam NOVA Preliminary

be in fiducial volume, well-reconstructed,
fully contained in the detector.
* v, analysis uses CVN classifier and special
kNN which identifies the muon itself.
* kNN inputs: track length, dE./dx, Containmen
scattering, fraction of track-only planes.
* v, uses BD'T for the cosmic rejection:

NoCut

Quality

Cosmic Rej

- Predicted Num. Events |

B Wrong Sign: v, CC

U [ Beam Background ~ _|
* inputs: track length and direction, bariicle 1D , , [ Cosmic Background
. . . : : [ Recorded data
dlstance from the ‘t()I)/S]»(j‘CS9 fractlon Of 1 L1 1111l 1 L1 1111l 1 1 |||||||3 1 1 ||||||| 1 1 |||||||5 1 1 |||||||6 1 Ll 1111l
o 1 10 102 10 10 10 10
hits 1n the muon and CVN. Events

H

23

v, cut flow (similar for v, -bar)
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x10°

1 I I I I | I I I I I I I I I I I I I I I I
. 400
~ — Neutrino beam
- --- Antineutrino beam
0.8
i 300
> 0.6/
- B
c;g i 200
L 0.4
100
0.2
Oo 0

Reconstructed Neutrino Energy (GeV)

* Muon energy resolution is much better than hadronic energy resolution.
* Splitinto 4 equal quantiles based on hadronic energy fraction.
* Resolution varies from 6% to 12% from the best to the worst resolution

24



Vi

Quartile 1
(the best resolution ~6%) >

Quartile 4
(the worst resolution ~12%)

Neutrino beam

NOVA Preliminary NOVA Preliminary NOVA Preliminary NOVA Preliminary
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Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
NOVA Preliminary NOVA Preliminary NOVA Preliminary NOVA Preliminary
= T T ——T——— —— T T — T — ————] F T — T ——T———— — T — T ——T T
15 —+— Data 10 —+— Data L —+— Data 8 —+— Data —
—— Predicted Events B —— Predicted Events 1 L —— Predicted Events i —— Predicted Events i
B 1-0 syst. range B 1-0 syst. range 1 8- 1-0 syst. range ] 1-0 syst. range i
- Wrong Sign v, CC B Wrong Sign v, CC 1 °L Wrong Sign v, CC i Wrong Sign v, CC
L Total Background 8 Total Background Total Background Total Background 7]
L Area Normalised B Area Normalised 1 [ Area Normalised 16 Area Normalised ]
Antineutrino beam B Antineutrino beam 46l Antineutrino beam ] Antineutrino beam 1
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o L 4 L 4 4 —
I 4 —* 7 |
5 i 1 F 1 .
: 2 ; ; 21— 2 i
T N T | L 1 L N R R B e ] A B E i
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Reconstructed Neutrino Energy (GeV)

3 4
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3 4
Reconstructed Neutrino Energy (GeV)

* Uy sample is divided into four quartiles based on E,,/E, fraction.
* Wrong-sign background is about 3% in v beam and 1 1% 1in v.

25
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Dat

a-driven predictions

Far Detector predictions are constrained by high-stat unoscillated Near Detector data:

x10°

P — ND Data P
§ — Base Simulation §
w I N . o g w
~ Data-Driven Prediction ~
Z ™

g l | ) ) /// \ 0

| v UL B (BRI v | | | v

4 4
S S
Q )]
Q3 3
> >
o o
® @
A &
(V) 2 2 (V)
2 =
= S

1 1

[P IR I IS x10° x10” A A IR PR R
1 2 3 4 0 i 00 1 2 3 4
ND Estimated Energy (GeV) ND Events/GeV F/N Ratio P(v,»v,) FD Events/GeV FD Estimated Energy (GeV)
Constrain predictions . Apply oscillations and . Compare to
with ND data FD/ND ratio FD data
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Events / 0.1 GeV

Events / 0.1 GeV

Y

3-flavor oscillations describe data well

Neutrino beam NOVA Preliminary (goodness-of-fitp = 0.91)

E+FDIDataIIIEEIIII:
5 | — Prediction Quartile 1 + uartile 2 - .

W wongsgnic0  estresien | e Neutrino beam:
4 | [ Total bkgd. T g
3 E_E]Cosmic bkgd. Ed _
2f + Total Observed 113
1t £l : Best I -

; | 4 est Fit prediction 124
of e ,'L,‘Hz P
9 _ Quartile 3 __ v?:?sl;tirlgsglution _ TOtal bkgd 4.2
4F ' Cosmic bkg 2.1
3F +
f 4» i Beam bkg 2.1
13 : i Unoscillated prediction 730
O T 3 4 o0 1 2 3 a4 5

Reconstructed Neutrino Enerav (GeV)
Antineutrino beam NOVA Preliminary . .

B A Antineutrino beam:

—poscion - guer Quriiez

_- Wrong Sign: v,CC T ]
4 [ Tota g I . Total Observed 102

L[] Cosmic bkgd. 1 |
of Best Fit prediction 96
o: 1 I 1 } Total bkgd 2.2
° _ Quartile 3 __ v?:?sl;tirlgsglution _ COSHIIC bkg 0.8
i 1 Beam bkg 1.4

' I ' Unoscillated prediction 476

0 1 2 3 4 0 1. 2 3 4 5
Reconstructed Neutrino Energy (GeV)
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v, Appearance Mode

* Idenulfy v, CC candidates in the FD;
* Use ND events to predict beam backgrounds in the FD;
* The execs over the background is signal.
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* Start with the same challenge at the FD:
107 events afier applying timing cuts.

* Use CVN for PID cut.
* A bit more complicated cut flow:
* sequence of conventional cuts on
energy, event quality, positioning etc.;
* but we reclaim events that fail main
selection chain and give them one
more chance in the Peripheral sample;
* tught GVN and BDT cuts clean up this

sample.

* As aresult of this flow we have 3 spectra
for different GVN PID binning and
Peripheral sample separately.

29
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Basic Quality cuts
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Ve

Neutrino Mode

NOVA Preliminary

Antineutrino Mode

NOVA Preliminary

1 2 3 4

1 2 3

4

Reconstructed Neutrino Energy (GeV)

— 51 . -4-ND data i . + ND data
- w PID High PID =

: - ° — TotalMC Qoer Low PID High PID | e

] —NC S0 —NC

~ F o [

S 3 I = B *0.41 4 —v, CC

P: - YO S0 —v, CC

> ~F —o— o s | —— v

"g 2:_ =] —Vu CC qC) B —VMCC

o F | _ = —o— —v,CC u>JO'2__ o —v,CC

E 1:_ Mgy — _ £ ~Uncorr MG U:? - -Uncorr. MC

T - — == | F.E.1=| 7 .
T ; ; 1 T i H T . |

oot ] o 1-4F

=12) ; S 1.2f

E 1k - ————0—o—v—0—~ .————?—’\—. o h._+_+____; s\g 1_ : i

© [ : ] 3 |

Dgg [ Uncorr. MC_—4- Decomp MC | : 88'25 |-~ Uncorr. MC —- Decomp MC | | |

* Split Ve sample into Low and High PID spectra.

* All ve ND candidates are background sources in the
FD (no oscillations in the ND).

* Use ND data to correct the predictions.

* Extrapolate each category separately to the FD.
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Reconstructed Neutrino Energy (GeV)

PID output: more v like

10° Events / 8.03x10%° POT
R

o
4

Neutrino Mode

>
NOVA Preliminary

B T | | T T T T
[ -4 ND data

[ v,CC v
[ v, CC v,
T NC

— Total MC

. CC

CC

o

[e=]

8 0.85 C\(;Isl o 0.95 1
< P C—)
Low PID High PID



3-flavor oscillations describe data well
(goodness-of-fitp =0.91)

Neu[rin() beam: Neutrino Beam NOVA Preliminary
S 20 [ Low PID I High PID ]
3 [ ¢ FDDam | 2
Total Observed 58 c?)- | — Oscillation Fit ! i
. .. = B 1-0 Syst Range —¢ I -
Best Fit prediction 59 S S mmwrong Sign Bkg ‘1 el2 .
Q - Total Beam Bkg ! © E |
Total bkgd 15.0 S [ Ecemesg : ]
. o 10 i ~
Cosmic bkg 3.3 @ I :
Beam bkg 11.1 2 o 5 -
. — D B ! | ]
Wrong sign ( Ve app.) 0.7 o [ 5 EE%J'_ m
0 5 ' ' ' |
4

1 2 3 4 1 2 3
Reconstructed Neutrino Energy (GeV)

Antineutrino beam: Anti-Neutrino Beam NOVA Preliminary

L ;_owIPIDI o I High PID .

15| : ]

Total Observed 27 5 = ¢ FD Data - Wrong Sign Bkg i

. .. o - — Oscillation Fit Total Beam Bkg = T

B€St Flt predlCtIOH 2 7 ‘C\;'D : 1-0 Syst Range |:| Cosmic Bkg g g :

Total bked 10.3 & [ ' d B

Cosmic bkg 1.1 = b :

Beam bkg 7.0 % 5~ .

Wrong sign ( Ve app. ) 2.2 i é i
: _ N ST S A S e —

Evidence for 7. appearance at 4.40 Reconstructed Neutrino Energy (GeV)
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Events /0.1 GeV

Neutrino beam

Oscillation fit results

NOVA Preliminary

| —4 FD Data
|- — Prediction
[ [l Wrong Sign: v,CC
- [ Total bkgd.

[ [7] Cosmic bkgd.|

|

Quartile 2

* Joint fit of v, (Dﬂ) and v, (v,) results.

Antineutrino beam

* All systematics and oscillation pull terms shared.
* All contours and 1D ranges are Feldman-Cousins corrected.

* PDG constraint on sin*26,; = 0.082

equiv

Quartile 4
worst resolution

L = Prediction Quartile 1
best resolution |

1-o syst. range
" [ Wrong Sign: v,CC
| 0 Total bkgd.
L[] Cosmic bkgd.

Events /0.1 GeV

0 1 2 3

Reconstructed Neutrino Energy (GeV)

0 1 2 3
Reconstructed Neutrino Energy (GeV)

Quartile 2

Quartile 4
worst resolution

3 4

[$)]

Neutrino Beam

NOVA Preliminary

T T
Low PID High PID
¢ FD Data
—— Oscillation Fit
1-0 Syst Range
[ Wrong Sign Bkg |
- Total Beam Bkg
[ [] Cosmic Bkg

o

Core

Peripheral

1 2 3 4 1 2 3 4
Reconstructed Neutrino Energy (GeV)

Anti-Neutrino Beam NOVA Preliminary
Low PID High PID
¢ FD Data . Wrong Sign Bkg
— Oscillation Fit Total Beam Bkg =
1-0 Syst Range | [[1] Cosmic Bkg g %’_
: Sle
L ‘ 5 _|
o

%

i

1 2 3 4 1 2 3 4
Reconstructed Neutrino Energy (GeV)



Systematics for the analysis

NOVA Preliminary

Near-Far Differences
Neutrino Cross Sections
Detector Response
Detector Calibration
Normalization

Neutron Uncertainty
Beam Flux

Muon Energy Scale
Total syst. error

Statistical error

Uncertainty in d../m

* Sull statstcally limited.

* The most important systematics:
X neutrino cross sections;
* detector calibration
* neutron uncertainty - with .
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Neutron Uncertainty
Detector Calibration
Neutrino Cross Sections
Near-Far Differences
Detector Response
Muon Energy Scale
Normalization

Beam Flux

Total syst. error

Statistical error

Detector Calibration
Neutron Uncertainty
Muon Energy Scale
Neutrino Cross Sections
Detector Response
Near-Far Differences
Normalization

Beam Flux

Total syst. error

Statistical error

NOVA Prellmmary

004 0.0 0,04
Uncertalnty in sm 6

NOvVA Prellmlnary

o

~0.05 005
Uncertainty in Am32 (x10° eV?)



Oscillation results: joint V. + v, fit

NOVA Preliminary

>>

E_.s 1o [J<20 [J<38c * Best Fit
| P

/

N
=]

0.3} | ., NH
0 g T 3n
Ocp 2
NOVA Preliminary
0.7 ]
0.67 —~
(4p) B il
QV » il
& 0.5F }
£
» [
0.4f .
0.33D520 ||:|530 | | IH—:
0 T T 3n 2
2 2

NOVA FD  8.85x10%° POT equiv v + 12.33x10%° POT ¥
ST T T T T T T T =
B L ---NH Lower octant | O
i — 1<
,5 af . NH Upper octant & >
~ B ---|H Lower octant 1 g
L, 4=
8 e — IH Upper octant ~ { @
c I A3
© N 15
O - {®
= 2 43

(- B ’¢" ~~~~~ - i

D T JREET . i

0p) 1:,' .

O_ . N | [ y

0 g 4! 3 27
2
6CP

*All systematic uncertainties,

Feldman - Cousins corrections are applied.

* Best fit:

Am322 = +2.48 X 103 ¢V? (NH)

* All values of 6-p are allowed at 1. 10

(NH, Upper octant).

* IH, 0-p = n/2 1sruled out > 40.
* Inverted Hierarchy is disfavored at 1.90.

34



NOVA Preliminary
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NOVA FD  8.85x10%° POT equiv v + 12.33x10%° POT ¥
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o 1oF -
Y= - Normal .
C 1— = hierarchy —
S ¢ .
) - Inverted .

0'5:_ " hierarchy B
O: o o . . o _
0.4 0. 5 0.6 0.7

sin 6

*All systematic uncertainties,

Feldman - Cousins corrections are applied.

* Best fit:
Sin2 923 — O 561_8 8;]-
Am322 = +2.48 x 1073 eV? (NH)

5CP — O O+O 47[

Areuiwnaid YAON

* sin 6?23 < 0.5 (lower octant) is disfavored at 1.60

35



)

Currently running with neutrino beam.
* Planistorun 50:50 v : v;
* NOVA is expected to run until 2025.

= [&X
w

Significance ( o
N

With current analysis, expect:
* potential 3-50 sensitivity to hierarchy with

—

favorable parameters; °
* possible >20 sensitivity to CP violation.
Note: sensitivity depends strongly on the true values ;
In nature.
o
. . )
Expected improvements for upcoming analyses: T
* accelerator — v/v beam intensity; g
* det. response model; E
* cross section models. 5
w 1
0
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Projected sensitivities

$in?0,,=0.45-0.60, Am5,=+2.48x10°eV?, sin?20,,=0.082

B I—iieralrchyl/ reslolu'éion | L |
B NH 8,,=3n/2

- NH 8p=rt

B NH 6,,=0

B NH 8,p= m/2

2019 analysis techniques

l

36x10%° POT(v)+36x10%° POT(v) by 2025
| | ! | ! |

z_
;I-I‘_

2018 2020 2022 2024

Year
5in0,,=0.45-0.60, Am3,=+2.48x10°eV?, sin®20,,=0.082
B | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 ]
L CP violation 5 _
| NH 8,,=3m/2 P _
B NH 8p= n/2 ]
B —> i
B 2019 analysis techniques i
B 36x10%° POT(v)+36x10%° POT(v) by 2025
1 | 1 I 1 | 1 1 1 | 1 1 1 | 1
2018 2020 2022 2024

Year



Group leader: A. Olshevskiy
Deputy at JINR: O. Samoylov

24 JINR collaborators (13 authors) out of 240 in NOvA with the following activities:

*scintillator filling and APD testing (N.Anfimov, O. Samoylov, A. Sotnikov)
* detector construction and response; NOVA test benches at JINR (A. Antoshkin, N.Anfimov,
O.Klimov, O. Samoylov, A. Sotnikov)
* Dubna Remote Operation Center for NOvA (A.Antoshkin, N. Anfimov, A.Balandin and A. Dolbilov
(emergency contacts), Ch. Kullenberg, O. Samoylov, A. Sheshukov)
* JINR data center for NOvVA and I'T support (N. Balashov, A. Baranov, A. Dolbilov, N. Kutovskiy,
E. Kuznetsov)
* theoretical group (I. Kakorin, K. Kuzmin, V. Naumov)
* detector simulation and calibration (O. Samoylov, O. Petrova)
X Cross-section measurements:
% coherent pion production (Ch. Kullenberg)
% strange particle production (V. Allakhverdian)
X% exoucs:
% atmospheric muons (A. Morozova, O. Petrova)
* supernova detection (M. Petropavlova, A. Sheshukov)
* monopole search (A. Antoshkin)
*oscillation analysis:
* sterile neutrino searches (V. Korsunov)
* 3 flavor paradigm (A. Kalitkina, .. Kolupaeva)
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Deep Underground Neutrino Experiment (DUNE)

Sanford Underground
Researc h Facility
Lead, South Dakota

* 1.2 MW neutrino beam from FNAL to SURF (South Dakota, USA)

* Far Detector: Liquid argon TPC (1300 m km baseline)
* Near Detector: composite (574m baseline)
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DUNE collaboration
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DUNE far-site facility

* 5 main caverns
* 4 detector caverns and one support
cavern (cryogenics and DAQ).

* Detectors based on LArTPC

technologies
* Same cryostat dimensions 62m x

19mx 18m:;
* 17 kttotal LAr mass;
* 10 kt fiducial LAr mass .

* Detectors installed in a staged
approach over some years
* 2 detectors installed before beam
starts.




DUNE beamline

* 1.2 MW proton beam at 60-120 GeV (10?2 POT/ year);
* Up to 2.4MW of beam power by 2030.
* Oriented 5.8° down

—Primary Beam Enclosure

Apex of Embankment

MI-10 Point of Extraction——
Target Hall

Near Detector Absorber Hall
Service Building Service Building

Primary Beam
Service Building
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Expected number of events

800
% DUNE v, Disappearance
8 200 sin®0,, = 0.580
g AmZ, = 2.451 x 10° eV?
= 3.5 years (staged)
8 600 —— Signal v, CC
12} v, cc
< W NC
q>, 500 Bl (v. + v,) CC
w (v. + V) CC
400
300
200
100
0 1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)
% DUNE v, Appearance
O 160 Normal Ordering
Q sin20,, = 0.088
S 140 sin%0,, = 0.580
P 3.5 years (staged)
o —4— Signal (v, + V) CC
2120 B Beam (v, + V,) CC
S B NC
> | (v, +v,)CC
w 100 (vil + VS CcC

3 4 5 6 7 8
Reconstructed Energy (GeV)

Events per 0.25 GeV

Events per 0.25 GeV

350;
DUNE v, Disappearance
sin®6,, = 0.580

300 AmZ, = 2.451 x 10° eV?
3.5 years (staged)
—— Signal v, CC

250 @ v, cC
S Nc

200 Bl (v + V) CC

150

100

3 4

(v, + V) CC

5 6 7 8

Reconstructed Energy (GeV)

3
Reconstructed Energy (GeV)
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—4— Signal (v, + V) CC
I Beam (v, + V) CC
I NC

/e (v, + v, CC

DUNE v, Appearance
Normal Ordering
sin®26,, = 0.088
sin®6,, = 0.580

3.5 years (staged)

(v. + V) CC

s Sgp = -T2
—3p=0

5

About 10000 v, events
after 7 years

About 1 000 v, events
after 7 years



DUNE sensitivities

Mass Ordering Sensitivity CP Violation Sensitivity
35 — 12
-~ DUNE Sensitivity (Staged) . S, =12 | DUNE Sensitivity (Staged) S, = -2
| All Systematics B 100% of 5., values | All Systematics 50:/0 of 5., values
30 Normal Ordering —— Nominal Analysis . Normal Ordering — ;izf;a?ﬁ::lt‘;:
| sin’20,,=0.088+0.003 ... 6,5 unconstrained 10}-sin?26,,=0.088 +0.003 ... 8,, unconstrained
- sin,; = 0.580 unconstrained L sin%,, = 0.580 unconstrained
25—
20—
N?.< :
B
15[~
10
5__ ................................................................................
0 ‘ 0lllllllllllIlllllllllllllllll
0123456Y7 o 2 4 6 8 10 12 14
ears Years

* 5o sensitivity to mass ordering after 2 years of beam running (for any value of d-p)
* 5o sensitivity to 50% of 5,-p values after 10 years of beam running.
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2024: Start installing first module (SP)

2025: Start installing second module, total
fiducial mass of 20 kt

- physics data taking starts with atmospheric
neutrnos

2026: Beam operational at 1.2MW,
- physics data taking with beam starts

2027: Add third FD module, total fiducial
mass of 30 kt

2029: Add fourth FD module, total fiducial
mass of 40 kt

2030: upgrade to 2.4 MW beam




Strong participation of JINR group in NOvA in all essential parts of experiment.

With 8.85 x 10%° (v) + 12.33 x 10%° (#) POT exposure the following results were

obtained:

* 4.40 evidence for U, appearance in U, beam;

* the best fitis in the Normal Hierarchy,
Scp = Om, sin® 6,3 = 0.56, Am3, = +2.48 x 1077 ¢V?;

* 1.90 preference for the Normal neutrino mass hierarchy, exclude 6-p = 7/2 in Inverted
hierarchy at > 4o;

% prefer upper octant of sin® 6,; at 1.6 (consistent with maximal mixing at 1.20).

With operation through 2025 NOvVA expects:
* possible 3 - 5o sensitivity to mass hierarchy;
* potenual sensitivity to CP violation phase > 26.

The next generation experiment DUNE is expected to start in 2025:

* ambitious and rich physics program;
* 5o sensitivity to MH after 2 years of beam data taking.
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