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Neutrinos

L. D. Kolup

Neutrinos mix like quarks (but mixings
are large):

v = 3 Uilv)

1=1,2,3 a=eu,1

NOVA experiment



2015 NOBEL PRIZE IN
ZOT F <

Takaaki Kajita and
Arthur B. McDonald

Nobelprize.org

L. D. Kolupaeva

| Nobel Prize 2015

was awarded jointly to Takaaki Kajita
and Arthur B. McDonald "for the
discovery of neutrino oscillations,
which shows that neutrinos have
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‘ Breakthrough 2016 ‘

% Daya Bay (China)

% SNO (Canada)

% Super-Kamiokande (Japan)
#* KamLAND (Japan)

* K2K/T2K (Japan)

NOvVA experiment



Motivations to study neutrino oscillations

% One of the most wide spread particle in the Universe

% Many open questions:

Dirac or Majorana nature

Neutrino masses themselves

Measurement of 613 (Complete. Reactor experiments result)

Mass Hierarchy Problem

CP violating phase NOvA goals
Precise measurements of oscillation parameters

Sterile neutrinos

Understanding fundamental principals of all these phenomena
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Why is it important?

% neutrino mass hierarchy
Implications for: Ov33 data and Majorana nature of v; approach to mg; cosmology;
astrophysics; theoretical frameworks for mass generation, quark/lepton unification; Is the
lightest charged lepton associated with the heaviest light neutrino?

* CP violation
baryon asymmetry through see-saw/leptogenesis; fundamental question in the Standard Model

(is CP respected by leptons?)

* v3 flavor mixing
Is v3 more strongly coupled to p or 7 flavor?; frameworks for mass generation, unification
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Theory of neutrino oscillations

Ve 1 13 s13e” % ci2 s12 vy
vy = c23 823 ‘ 1 —S12  C12 12
vr —s23  C23 —s13e?® c13 1 v3
2 | 22 2 2 2 2 2
|[Am3,| = [m3—m3| Am3, ~ Am3, Am3, = |m35 —m7|
~ 2.5 x 1073 eV?2 ~ 7.5 x 107° eV?
Vy — Uy Ve —> Ve Ve —> Ve
Vy — Ur Vy — Ve Ve = Uy, Vr
atmospheric and reactor and solar and
long baseline long baseline reactor

Oscillation parameters: 012, 023,613, CP phase ¢, \Am%:,)\, Am%2

I propagation in vacuum -- or matter I—D detection

L
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Oscillation Probability

v, Disappearance:

2
m3o L
P(v;, — v,) =~ 1 —sin? 2053 sin? < 32 )
R , 4F
maximal mixing leading order,
no matter effect,

ve Appearance: no CP violation terms ...

.2 .2 .2 AmgzL

P(v, — ve) = sin® 023 sin® 2013 sin (T)

w_/
sin? 2613 = 0.084 4 0.005

Oscilation Probability in matter (approximate formula):

in2 2
. . A(1-A .
P(vy, — ve) = sin? 3 sin? 29135‘“7() + a2 cos? 023 sin? 29125‘“147?‘1

(1-A)2
+a cos 013 sin 2013 sin 2012 sin 2023 cos (A + 6Cp)75i"AAA 7S'n(?£14_)‘4)
2 2
Am Amz, L GrnelL
— 21 = 31 = fe
a_Am%2, A= —Ff—, A=+ ToA
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NuMI Off-axis V. Appearance Experiment
A

We produce a
beam of mostly v,



The NuMI Off-Axis v, Appearance Experiment. Goals

NOvVA experiment goals :

NOVA
Ash River
Ve

Using v, — Ve (V) — Te)

% neutrino mass hierarchy
% CP violating phase
Using v, = vy (T — Tp)
% precision measurement Am§2

* mixing angle 023 octant (more 45° or
less).

Also exotics:

sterile neutrino, supernova, neutrino cross
section measurements in Near Det., 810km
monopoles etc.

Fermilab Im Km Ash River

L. D. Kolupa. NOvVA experiment



p——

A\

NOvA Collaboration

7 countries

44 insitutes ¢

260 collaborators




FermiLab accelerator complex

Neutrinos at the Main Injector (NuMI)

750 keV
400 MeV Main Injector
8 GeV
120 GeV
Experiments
to target N
Experiments

proton 120 GeV
beam on target

S
g
s
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Fermilab Accelerator Complex 2020

Main Injector
and Recycler

B Neutrinos
B Muons
B Electrons
0 Target
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Neutrino Beam
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Initial neutrino flux production

Muon Monitors

Target Hall Decwil)e Absorber
Target
Protons from \
—ooastrom .l
Main Injector A
Hom 1 Homn 2 |
T -
5m
. 2 18 210
Hadron Monitor i v =
Rock

% 120 GeV protons on the carbon target

# NOvVA designed power is 700 KW NuMI beam, it is 6 x 1020 POT /year
(POT = Proton On Target)

% we are running at 700 kW now!
% horns are pulsed at -200 kA (4200 kA for antineutrinos)

% every 1.3s 6 doubled batches of protons get the target (1 beam spill). 1 spill is
10 us.

NOvVA experiment



Recorded POT and Far Detector Dataset

% During the construction era, NOvA began

+ e
collecting physics data with each Far [
Detector “diblock” (64 detector planes) as o s
soon as it was fully commissioned and & [ * Data 3
physics-ready % 100~ %

# FD size is not static throughout data set: g T MomeGare ;‘.’_

ot £

IR T :
Partial Far Detector Full Far Detector [ W
during construction (14 diblocks) o L L
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Off-axis detector scheme
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Two NOvA detectors - huge tracking calorimeters

Far Detector on the surface Det. size:

FD: 15mx15mx60m
ND: 4mx4mx 16m
g NDOS: disassembled

Near Detector 100 m under the surface

% Designed for electron ID
% Fine segmentation

% Two detectors: Far and Near

L. D. Kolup NOvVA experiment



Two detector scheme

2,

"r: - & ?
Near Detector (ND): Far Detector (FD):

% 810 km after target

* 1 km after target
¥ measure neutrino flux after

¥ measure flux composition before

. oscillations
oscillations )
% extrapolation cancels most
% ND data used for prediction data in pota
systematics

FD (extrapolation procedure)
% FD identical to ND

NOVA experiment



Two NOvA detectors - huge tracking calorimeters

View from the side

156,10

To 1 APD pixe

FD: 344 064 cells
ND: 20 193 cells

. PVC cell with 15% TiO2 with liquj
P scintillator ](rgilnera?zéﬂ with ?)V% etic

(id
pseudocumene)
L. D. Kolupa

A experiment




Topology of Events
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Example of Events in the FD
5ms of data at the NOvA Far Detector

Each pixel is one hit cell
Color shows digitized from the light

NOvVA - FNAL E929
Run: 18975/43
Event: 628855 / SNEWSBeatSlow
UTG Mon Feb 23, 2015
14:30:1.383526016  Several hundred cosmic rays crossed the detector

(the many peaks in the timing distribution below)
«10) z103
Z10° 1
i E’? M
1
0 1000 2000 3000 4000 5000 2 3
L (sed) 10 10 10 4(ADC)
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NOVA - FNAL E929
Run: 18620/ 13
Event: 178402/ -
UTC FriJan 9, 2015
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Simulation

% Beam hadron production, propagation; neutrino flux: FLUKA /FLUGG
% Cosmic ray flux: CRY

%* Neutrino interactions and FSI modeling: GENIE

% Detector simulation: GEANT4

% Readout electronics and DAQ: Custom simulation routines

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

T T
Near Detector

viewed from above

1510

Interaction Vertex, XZ Vie

(ajeos seaul))

lllllllJII'
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Extrapolation to Far Detector

% Estimate true energy distribution of selected Near Detector events

* Multiply by expected Far/Near event ratio and oscillation probability as a
function of true energy

% Convert FD true energy distribution into predicted FD reco energy

distribution

% Systematic uncertainties assessed by varying all MC-based steps

FD Events

True Energy (GeV)

[ xe®
E = ND Data 2.74x10% FD POT-equiv.
g — Base Simulation 1.66x10%° ND POT
2 . — Data-Driven Prediction ,
I I h . - [ b
- “HF 1t 1 H - 4
s
% 1 i 1 i 1 1 l
E 2 r 1r b / 1r 1r f P
{ Pl (RRRISaRE N !
-
S
T B el w s
ND Estimated Energy (GeV) ND Events/GeV F/N Ratio P(v,v,) FD Events/GeV FD Estimated Energy (GeV)

NOvVA experiment




v, Disappearance. Results. See Oleg Samoylov seminar

NOVA Preliminary
T

35— ‘ Normal Hi‘erarchy, 96% CL I
i NOVA 2016 i
i - NOVA 2015 i
<+ T2K 2014 ]
T 3 --- MINOS 2014 -
Wg i i
W [ ]
< 25 _
L Il Il Il Il Il 1
03 0.4 05 0.6 0.7
sin’e,,
Best-fit: >
e
Normal H Am3,=266+0.11x107% evZ &
ormal H.: . 2
sin? o3 = 0.40310:039,0.626 70033 2
(68% CL) S
2 _ -3 v2
Inverted H.: A.n;?)?_ 2.70 i_?blol;g 10 e_:(/) 022
sin® 023 = 0.3967 ) 155, 0.6187 7155

L. D. Kolupa.
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¥ expected without oscillations
473 £+ 30 (syst.)

* NOvVA
candidate events

78 CC

observed vy
# background events:

% 3.4 NC and 2.7 cosmic-ray
NOVA Preliminary

NOVA 6.05x10%° POT-equiv.

12

8

Best fit prediction

.
8
8

Unoscillated prediction

—4— Data




Selecting Electron Neutrinos. Cosmic rejection.

Select v CC events

% with electromagnetic showers

3% suppress background and cosmic
Basic cuts:

%#* Fiducial and Containment cuts

% Shower length

# Calorimetric energy

% Number of hits

* Reconstructed pr/p

NOVA Preliminary
T T

Veto E—
Slce Qualiy [SES—
Containmen: [E— Expected cosmic
—
Pres background:
p,Jp — 605 x 10 POT equivalent 0.5 ¢
P ———
— 353,69 seconds Ivetime: .0 events
kT PO e —— s
Cun [— Beam background
L L L L d . L
1 0 100 10°  10'  10°  10°
Events

iment

Events / 2.74 x 10%° POT equiv.

Events / 2.74 x 10%° POT equiv.

NOVA Preliminary

° [ H Before preselection and PID cuts 1
H osc.v,
r ; Beam background 1
[ H Cosmic background (x0.1)
4~ b —
21 H

50 100
Number of hits

NOvVA Preliminary

T T
1.} After loose LID cut

—— Osc. v,

~—— Beam background

I —— Cosmic background

L 1

FEPET RIS PRI ETATIT AT AR




Selecting Electron Neutrinos

10, 8 FEATURE MAPS

0
0! 20 plane

% features a new technique based on ideas from computer vision and deep learning
* “Convolutional Visual Network” (CVN)

% Input: Calibrated hit maps

% Image processing transformations — abstract features

* Network decides important features + correlations

* Output: event classifier

NOvVA experiment



pearance. CVN and Near Detector D

NOVA Preliminary

ND: select 3 components: beam v, CC, v, CC,NC 10 T T
E - ND data
= £ — Total MC
e} ‘—— Flux Uncert.
Correspond to 3 FD backgrounds g —ne
g — Beamv, CC
% -
o 10
. X
Translate ND data to a FD bkgd. expectation &
in energy x PID bins using Far/Near ratios from 9 oL
simulation g
o 0
L L L L ]
mi 0.0 0.2 0.4 0.6 0.8 1.0
2000 : NO‘VA Prell‘mmary CVN v, classifier
t - - NDdata NOVA Preliminary
. L — ToaiMc L e e a E B A
o [ - —— Flux Uncert. L
T —NC 1000[~ —#— NDdata —|
2 [ — Beamv,CC | - [ —— Totaimc Fe
S 2000 —v,cc ) [ —— Flux Uncert ]
S . a r —N
= [ g 800 —— Beamv,cC
S N :
© L X gool— 1
~ N F 4
@ 1000~ ; r B
g 1000 r ]
g r 5 ‘oF B
w L T 2%ee,ee ]
L o 200 -
, i 3 E

iment



Data driven background pr

diction. Near Detector.

NOVA Preliminary

| 0.75<CVN<0.87 | 087<CVN<0.95 095<CVN<1 |
. 3000 ~+ Data -
@) I DMCBeamve T
g L i
S S [Jmev,cc i
o - - e
¢ 20001 [Omene a
] L i
~ -.-
o L i
NG L i
» L i
<
S 1000 —
g L i
w L i

0 i R R

0 1 2 3 40 12 3 40 12 3 45

Reconstructed neutrino energy (GeV)

# ~ 10% excess of data over MC
% beam composition in the ND: v, CC, ve CC and NC - source of bkg in FD
% each component oscillates independently

Solution in SA: 2 decomposition techniques

L. D. Kolupa.
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ve CC component.

mt -low E, KT - high E

Fok ok ok

output weights :
Kaon yield is higher by 17%
Pion yield lower by 3%

Cause +1% increase in v, CC

L. D. Kolupa.

ve CC - from muon decay (from K+ or n1)

correct pion and kaon yields in MC

NOvVA experiment

Events / Bin / 6E20 POT

2
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1
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x
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— All Ancestors
Other Ancestor
— KS Ancestor
— K" Ancestor
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5 10 15
True Neutrino Energy (GeV)




and v, CC and NC background.

* look for Michel electrons associated with
interactions

* v, CC should have +1 additional ME than ve
CC and NC

% fit analysis bins with fixed v CC from the
previous page

Cause increase of 17.4% in v, CC and 10.4% in
NC

15000

0000

5000

Events / 3.72x10?° POT

\

NOVA Preliminary
T

+4-Data
[Jmcv, cc

[Jmc Ne
D MC Beam v,

NOvVA experiment

1
Number of Michels




Result in the Near Detector.

Both these techniques give :
NOVA Preliminary

: 0.75 <CVN < 0.87 0.87 <CVN < 0.95 095<CVN<1 B
3000~ - Data ]
= - Beam v, -
o e
ST e .
T L e ]
T 2000f— ===+ Uncorrected MC . —
N - ]
~oL ]
™ - -
~ - L ]
(2] - o ]
= 5
& 1000[— [ L ]
> - i
L L ]
0 P L

01234012é_401‘é‘é45
Reconstructed neutrino energy (GeV)

So we have near detector beam composition now.

NOvVA experiment



Ve Appearance. Systematic Uncertainties and Background

Calibration

T
'

1 Detector Response -
0

Normalization

'

v Cross Sections -

' .

v Cross Sections

Calibration - -

T Normalization

Beam .
'

Beam
Detector Response

Total syst. error —

Total syst. error | H

n n L n n -40 0
20 -10 0 10
Signal uncertainty (%)

20 0 20
20 Background uncertainty (%)

3% Considered multiple possible sources of systematic error
* Propagate shifts through to update FD prediction
* Total 5% error on signal, 10 % on bkg.

% Dominated by statistical error

NOVA experiment



Far Detector Signal and Background Expectations

0.

NOVA

810 km)
0.07F -

0.06[~

sin’(26,) = 0.09

Signal prediction: 005

(3 Am?, <

II’ 0.041~
0.03
% Signal depends on oscillation parameters )
0.02F o 5 Amz>0
b
F odé=n
IH, d¢p =7/2 ‘ NH, §cp = 37/2 o
19.4 ‘ 36.4 u 0 U:)I \):)é (;1!3‘ (7(')4 (':15 ‘()(17(‘1 1;1)7‘ 0.08
P(v,—5v))
smaller larger
* Expect about 8.2 background event v, rate v, rate
* Backgrounds dominated by Beam v and NC . NOVA Simulation
events T fNovAFD’ T Sin6,,50.4-0.6
g 4076.05><102°P0Tequiv. E
% Background has small variation with s
oscillation parameters e 30\_/\*
Total bkg. | Beam v. | NC | v, CC | v, CC | Cosmic é 20\—/’\*
[
82 | 31 [ 37] 07 | 01 | 035 5 o . E
= ‘ =L
% o n 3n 2n
2 5 2

L. D. Kolupa. NOvVA experiment
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ve Appearance Results. Selected Events.

NOVA Preliminary NOVA Preliminary
SC’NOVA FD‘ sinzd 204061 a0l 075 < O < 087 087 < CWN < 095 095 <CWN <1
r . 23~ AY0 4 [ NH i
F6.05x10%° POT equiv. ] L 4 FD Data :
» 40 - c% | — Best Fit Prediction ]
E r ] > 15—l Total Background —
o 30F B © [ | CosmicBackground ]
S F el 1 g I 6.05x10% POT equiv. B
3R ] 34 .
8 20 1 2 [ ]
O - . [=4 L .
| 3 = Data (x10) 1 5 - E
r . 5 1
10 —NH 1 C ]
N ) , —IH ] L ]

G() It Ll 3 21 0= 2 3 1 2 3 1 2 3

2 d, 2 Reconstructed neutrino energy (GeV)

cp
(8.2 expected background)

% Observe 33 events passing v, selection

% Towards the higher end of expectations

NOvVA experiment



Ve Appearance Result. Fit.

NOVA Preliminary NOVA Preliminary

8

Ny
=

NS
y

% Fit ve only spectra

Not very informative yet

NOVA experiment



Ve Appearance Result. Joint Fit.

% Joint fit ve + v, spectra, FC corrections
applied

¥ two degenerate points in NH:
sin? 0a3 = 0.404 Scp = 1.487

sin®#a3 = 0.623 dop = 0.747 m&?
% prefer NH, not statistically significant ¢
Ax? = 0.46 @
% exclude region in IH, lower octant, around F .
dop =m/2 at 30 03m10 @20 [J30 - BestFit N
C Il L 1 .|

#* exclude IH at LO at greater than t \ f
93% C.L. for all values of dcp

o

u
T

il

sfNovAFD " NHlower octant . /\/

_ 56-05*1020 POTequiv. —— IH lower octant ™ E =
) af- -~~~ NH upper octant J o 0.5
4 F ----IH upper octant § = F
c = k

w

g 4

= F g

= [ ]

2 0.3F J

%] r@1o [J2o [J30o H ]

E | | | 3

. 0 fid T 3 2n
CP

NOVA experiment



Where we now

If we are here in neutrinos

0.08 5
e &
0070 © @@A 0"b bq}‘(@
E 9@ V@ @f}e"b “96
006 5 T ° S0 F
N o & &
r £ 8
F 2 & 060
005 \ 1 we need
‘T; L d -\ antineutrinos to
o2 004 know if we are
= E Amd<o here or
0.03- / here
002F 550 r
L e d=n/2 Ami,>0
001 © 8=m
[ 8=3n2
ooobieate b bbbt 11
70 0.01 002 003 004 005 006 007 008

P(v,—v.)
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NOvA analysis papers

First Analysis Epoch (2015 year):

% First measurement of electron neutrino appearance in NOvA
(arXiv:1601.05022)

# First measurement of muon-neutrino disappearance in NOvA
(arXiv:1601.05037)

Second Analysis Epoch (2016 year):

% Measurement of the neutrino mixing angle €23 in NOvA
(arXiv:1701.05891)

# Constraints on oscillation parameters from v, appearance and v,
disappearance in NOvA
(arXiv:1703.03328)

% NC result paper — very soon

Third Analysis - this summer

L. D. Kolupaeva NOvVA experiment



JINR participation in NOvA

| Tasks
Allakhverdian, A. | ND Physics
Numu osc, learning

;Kuzmin, K.

Kuznetsov, E.

Tasks

;DetSim, theory

Computing, hardware

DetOps, test stand

Morozova, A.

Exotics, CR muons

DetOps, test stand

| Exotics, slow monopole
| DetControl, ROC-liaison
| Computing

Computing, cloud

Balashov, N.
Baranov, A.

Bolshakova, A. |Reco, proton ID

DetSim, ADC thresholds

Bilenky, S. Osc., theory

Naumov, V.

|Olshevskiy, A.

Petrova, O.

-Samoylov. 0.

| DetSim, theory

| CollManagement, |1B-rep
|Exotics, CR muons

| DetSim, theory calculation

DetSim, co-convener

DetControl, ROC-manager

JINR analyses coordination

CollManag, deputy at JINR

Dolbilov, A.
Kakorin, |.
Klimov, O.

| Computing, emergency
| DetSim, GENIE
Reco, proton ID

Kolupaeva, L. Nue osc analysis

Sheshukov, A.

DAQ, software and support |
DDT, SN trigger
Exotics, SN detection

DetControl, ROC software

Software, release manager

Krumstein, Z. DetOps, supervision

Kullenberg, C. | ND Physics, coh pions

Sotnikov, A.

DetOps, test stand

Velikanova, D.

DetOps, test stand

TOT 22 people

22 heroes in all essential parts of the experiment

L. D. Kolupaeva

NOvVA experiment
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Future

NOvVA proposed sensitivity ( 2014 year):
3 years neutrino and 3 years antineutrino run, totaly 36-102° POT

NOvA CPV determination NOvA hierarchy resolution
s _sin’20,,=0.095, sin"20,,=1.00 36x10%° POT T sin"20,,=0.095, sin’20,,=1.00 36x10%° POT
P 3 I E E
2 -— Inverted 1 £ asf ~— Inverted E
c F ] = £ ]
% E — Normal E 2 — Normal E
s - " E
> 7 z E
o 3 o 3
© 1 [ 3
‘s F T e B [} N
o 5F >\ E £
e F . - E 5 4
g I E © E
St \ E 8 ]
= C a 1= ]
5 osf | g ]
7] "é E
0 5 E
02 04 06 08 _ 1 12 14 16 18 3 02 04 06 08 12 14 16 18
dep/m dep/m

So < 20 for CPV and ~3c for mass hierarchy for some values of cp (7/2 and 3m/2)

NOvVA experiment



Future

And now we estimate our sensitivity in the next way:
assume running till 2024 with 5420 POT

Normal 3,=3112, sin’8,,=0.403 NOVA Simulatior Normal 3,=312, sin’6,,=0.625 NOVA Simulation
Am2,=2.5x10%eV?, sin’8,,=0.022 AmZ2,=2.5x10°eV?, sin’9,,=0.022
F NOVA joint vg+v, - - NOVA joint vg+v, 1
s Max..mixing - s Max..mixing ]
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< 3 e c 3 Praa e
(S -t —_ i e r - - ]
~§ r PUET e — N E r Lemm T — ]
L .- — - L P -_— m
> et = s =T D 2 2
n r P e —— 0 [ - ——— 1
L RV z r — n
1 L= . . . . - 1 —— . . . . .
o /«7 2016 analysis techniques with projected - P - 2016 analysis techniques with projected 4
r systematic uncertainty improvements : - o systematic uncertainty improvements:
Y y Imp Y y Imp
02016 2018 2020 2022 2024 016 2018 2020 2022 2024
Year Year

Competition with other experiments:
MH: JUNO 20 in 2021 and ORCA 30 in 2022
CP: T2K 20 in 2021 and 30 in 2024




Summ ary

*

*

I S S

Analysis with 6.05-10%0 POT, 33 v. CC events in FD

First joint fit of NOvA appearance and disappearance data (paper already in
arxiv)

Weak preference for normal hierarchy
Inverted hierarchy, lower octant is disfavoured at > 93% C.L.
NOVA run in antineutrino mode

Stay tuned!

NOvVA experiment



The next talk devoted to NOvVA:
Andrey Sheshukov

“K30THUECKHE aHAIM3EI B 3KciiepumenTe NOvA”

5 April 2017

Preliminary program:

#* HeiiTpuno oT
CBEPXHOBBIX

% MarauTHbIE MOHOIIOIN
* Temuast MmaTepust
¥ ArmocdepHbIE MIOOHBI

% um MHOrOE Zpyroe...

L. D. Kolup. ) NOvVA experiment



