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£& Fermilab
Neutrino Mixing

Weak interaction acts on flavor states
Ve, Vu, Vz

which are quantum-mechanical superposition of mass states
Vi, V2, V3

. . 1 0 0 C13 0 Slge_w C12 s12 0
|Va>=UPMNS|Vi>9 o=ec,1,T, 1_19293 ( 0 co3  S23 ) ( 0 1 0 ) ( —S12 c12 0 )

. . . 0
where Upmns 1s a unitary 3x3 matrix 0 —s23 c23 —si3e” 0 s 0 11

parameterized by 3 mixing angles

€12€13 ) S12C13 ‘ 813€_uS
012, 013, 023 and onc CompleX —S812C23 — 012813823(?7’5 C12C23 — 3128138236@ C13523
phase ang]e o S12823 — C12813C23€"0  —C12823 — S12813C23€"°  C13C23

c13=c0s(013), s23=sin(023), etc.
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Progress from 2 Decades of Neutrino Oscillation Measurements

Approximate 3o ranges from JHEP11 (2014) 052

Neutrino Mixing Matrix

Mass Splittings

IUpuns! =

f0.80 - 0.85
0.23 - 0.52

0.25 - 0.53
\

Am?221=(7.4+£0.2)x10-5 eV2
|IAm231=(2.52+0.03)x10-3 eV?2

0.51-0.58

0.44 -0.70
0.46 - 0.71

0.14 - 0.16 \

0.61-0.79
0.59-0.78 ]

arXiv:1811.05487

Neutrino mass is first laboratory measurement of
physics beyond the Standard Model

Key related questions can be addressed by long-baseline

neutrino oscillation measurements.
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Structure of the Mixing

* 023 IS near maximal, but there remain important unknowns regarding the
nature of vs

Is v more v: than v,?

Or is v3 more v, than v.?
023 in lower octant (<45°)

023 in upper octant (>45°)

Or is v; equal v; and v,?
023 maximal (=45°)
u-t symmetry

R
o
|

Graphics from S. Parke,

“Theoretical Aspects of the Quantum Neutrino circa 2025+”
https://indico.fnal.gov/event/16756/contribution/0/material/slides/0.pdf
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Neutrino Mass Hierarchy (Ordering)

* Is vz heavier or lighter?

Normal Hierarchy Inverted Hierarchy

V3 Vs A
vy
ve = @@
Vi = Mass
VT - . 1/2
141 Vs

Graphics from S. Parke,

“Theoretical Aspects of the Quantum Neutrino circa 2025+”
https://indico.fnal.gov/event/16756/contribution/0/material/slides/0.pdf
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Neutrino Mass Hierarchy (Ordering)

2% Fermilab

* Discriminator of neutrino mass & mixing models

* Impacts interpretation of Ovpp searches

= Dirac vs. Marojana
Neutrino Mass

24 Oct 20109

[<m>| = ‘mlUc?l +maUgh +m3Ugs
lp

QD

CUORE+CUORICINO

0.1

0.001 F

M. Tanabashi et al. (Particle Data Group),
Phys. Rev. D 98, 030001 (2018).

0.0001 0.001

0.01 0.1
My [CV]
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Charge-Parity Violation

Y
C12C13 512C13 S13€
_ 5 5
Upvns = | —S12C23 — c12513893€" C12C23 — S12513523€" C13523
5 5
$12823 — C12513C23€" —C12893 — §12513C23€" C13C23

Phase 6 is CP-violating - changes sign for antineutrinos

sin(0)#0 = CP violation in neutrino oscillations
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Approximate 3o ranges from JHEP11 (2014) 052 2rmilab

Leptonic CP Violation 080_085  051-088  0.14-016
Mixing matrix is lUPMNSI =| 0297052 044 -0.70 061-0.79
substantially off-diagonal 0.25-0.53 0.46 - 0.71 0.59 - 0.78

0.974 0.225 o \
Mixing _matrlx IS much |UC | ~ 0.225 0.973 0.04
more diagonal KM
0009 0.04 0.999 }

Jarlskog invariant: , . , _
Scale of maximum CP-violating </ = $in(2012)sin(2013)sin(2023)cos(013)sin(d)/8
effect from the mixing

Lepton sector: 0 = lJpusl =0.03 Quark sector: Jckm < 0.00003

Is CPV in Upuns related to the Baryon Asymmetry of the Universe

Leptogenesis: CP-violating process created matter-antimatter
asymmetry in leptons that was transferred to baryons in early universe

See, e.g., M. Drewes at Neutrino 2018, DOI:10.5281/zenodo.1287033
Michal Malinsky’s talk later today
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CP violation in neutrinos is why we’re here

Colloguium Prague v19 Colloquium Towards CP violation in neutrino Physics

PSP The aim of the Colloguium is to present a status and plans for CP violation measurement in neutrino
2019 3. Heyrovsky Institute of Physical Chemistry ~ experiments. It plans to provide an overview of recent experimental results, theoretical predictions,
Europe/Prague timezone . . . . . .
= experiments under construction and planned experiments to measure CP violation in lepton sector.

It consists of invited talks.

B il
L

Petr Novak, Wikipedia htps://creativecommons.org/licenses/by-sa/2.5/deed.en

¥

9 24 Oct 20109 P. Shanahan | NOvA: Results & Prospects Py



2% Fermilab

CP violation in neutrinos is why we’re here?
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Long-baseline v, Disappearance

* Survival probability is well approximated by 2-flavor case,
dominated by v,—v: /_E;seline: km

L
P(v, — v,) ~ 1 —sin®(20,3) Sin2(1.27Am§QE)

Energy: GeV
* Size of effect dominated by sin?(26:3) \/

- measure of the degree of p-t mixing in v; - a large effect
* Frequency depends on IAm2|- L/E
- |1Am2|~2.5x10-3 eV2 — QOscillation Maximum ~1.6 GeV at 810 km

* Note the degeneracies
- B23 <—> 450 - B23 — no sensitivity to the Octant of 023
- Am2 <—> -Am?2 — no sensitivity to Mass Hierarchy
- No sin(6) dependence due to CPT symmetry — no sensitivity to CP Violation
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Long-baseline v. Appearance
* P(vysve) = | VPam + VPsol 12

Leading term Patm=sin2023 sin22013 sin2[(A-1)A]
(A-1)?

A=Am231L/4E

sin2(023)~0.5, sin2(2013)=0.086, sO vu—v. is subdominant: Pmax~0.05

sin2(023) breaks the 6—45°-0 degeneracy of vy—v,
Sensitivity to the Octant of 023

A= +V2GEN.2E/Am231 is Matter Effect: potential shift for v. flavor from electrons in

matter. + for neutrinos, - for antineutrinos. Proportional to Am2s;
Sensitivity to Mass Hierarchy

Interference term VPaum*VPsoVPamVPso* depends on J~sin(d)
Sensitivity to CP Violation
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Neutrino Signatures at the GeV Scale

Charged Current
Outgoing charged lepton tags neutrino flavor

Electromagnetic cascade

V¢ @ =esscscscs==s &

Muon Track

Vu E>0.11 GeV --=-========- /

T travels ~mm before decay

High threshold and difficult signature
v E>3.5GeV ------------- means v; are effectively absent from

Charged Current channel.

Neutral Current R

No flavor information v Lot A back ds to standard
. . . mmmmemmmaemaaaa z source of backgrounds to standar

Outgoing neutrino carries 'ﬁ 5

oscillation measurements
unknown energy
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NOvVA

* Measure v, - vy, vu ~ve, v v, fOr neutrinos and antineutrinos
« ‘Mass Hierarchy, Octant/Maximal Mixing, CP Violation
= Search for phenomena outside 3-flavor mixing framework
» Sterile Neutrinos
* Measure for sub-dominant (P~0.05) v, — v,,V, = U,
with sensitivity to Matter Effect (x19%)
and CP violation (-22%...+22%)
« Powerful neutrino and antineutrino beam
 Large Detector, location optimized for Mass Hierarchy
and background suppression
 Detector Technology Optimized for ve Detection

* Non-oscillation topics
* Neutrino cross-sections

* Non-beam-neutrino studies
- Supernova neutrinos, Exotic phenomena: Dark Matter, Magnetic Monopoles
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NOvVA Collaboration

X | 7 INR Moscow, JINR (Dubna);
Lebedev Institute
sussex, Pl ll I

University College London

Dallas, Fermilab, Harvard, Houston, IIT, Indiana, lowa 1 -

Argonhe, Caltech, UC Irvine, Cincinnati, Colorado State,

State, Michigan State, Minnesota Duluth, Minnesota
Twin Cities, Mississippi, Pittsburgh, SMU, U. South
labama, South Carolina, South Dakota SMT, Stanford, Charles University, Czech

yracuse, Texas, Tufts, Virginia, William & Mary, Wichita Technical University, Institute _

State, Wisconsin of Physics, Institute of ]
Bananas Hindu University,

Computer Science, Czech

Academy QESEEEEEE Cochin University of S&T, Delhi
University, lIT Guwahati, lIT
Hyderabad, Jammu University,

NISER Bhubaneswar, Panjab
University

Universidad del Atlantico,
Universidad del Magdalena

Universidade Federal de Goias

« 200 Collaborators from 48 institutions in 7 countries.
« 24 Remote Operations Centers worldwide.
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NuMI Beam
* 700 KW design power: O(108) v delivered to Far Detector every 1.33 seconds

Absorber Muon Monitors

Target D . \ S N
ecay Pipe e L BN B
Target Hall y P M M A )
120 GeV e £ = S JHEE S

protons s
Ss

From ‘W’ R gl

Main Injector G o oyt o IR
j Horns V4 _ T_y__ y :{{

10 m 30 m .l  d

675 m e Roed Roed |[Rock
Hadron Monitor 12m 18m  210m

S
SR
SNy

S ———— |
2 ) BT o
ST LT
ARG S
A

=
;)
U
e ————

« v and v beam modes selected by polarity of focusing horn current
* High purity v, content

NOvA Simulation NOvA Simulation

_
o

—
o

—Total

—Total ; :
Anti-neutrino mode: .  —v,

Neutrino mode: | —v,

T Illlll_lk
1}

_h:

o
32
s
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O:

=i

@

2

Q
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|
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=

| IIIIIII

v CC / 6E20 POT / KTON / 50 MeV
o

v CC /6E20 POT / KTON / 50 MeV
o

| FLUKA11 , FLUKA11
1 1 | |

1 1 _3
10 15 107,

E (GeV) E (GeV)
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Detector Location o
i / 1
* 14 mrad (11km) off the NuMI beam axis : /
- pion 2-body decay kinematics s T S eeemmston
= 4 -
_043E, ’ ’
v 1+ )/292 _

20 30 40
E, [GeV]

NOVA Simulation
I On—IAxis T

- Neutrino spectrum peaks near 1st oscillation maximum

- High energy tail is suppressed:
reduced Neutral Current n° backgrounds

= 14.6 mrad Off-Axis (NOVA) —

* As far as possible from Fermilab for maximum
matter effect = Sensitivity to Mass Hierarchy

v, CC/6E20 POT /kton /0.1 GeV

E, [GeV]

I~—
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NOvVA Detector Technology

* Low-Z Tracking Calorimeters for v. sensitivity
- PVC Cell Structure Filled with Liquid Scintillator

2% Fermilab

32 cells read out
into 1 Avalanche
PhotoDiode

Te s

« Mineral Oil + 5% pseudocumene
To APD
Readout
Single Cell
<> Scintillation
Excellent electromagnetic Light S
TSl | shower characterization with 4, T
7 P 6 samples per radiation length = 1
\ 6 cm 2“ “‘,p o
\ > ey
\ '/] Particle
\ //ﬂ Trajectory
: { Plane of vertical cells
(e Waveshifting
Qq Fiber Loop
A7 Plane of horizontal cells
" L
lL 3.9cm ©-6em
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NOvVA Detector Design

Proton
=

Im

" m

|
By, a-
s,

Electron

V. Charged Current

Proton

m° (=vy) -"!-._" !

wlpy
B

a

Neutral Current
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v+ X->v+ X
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2% Fermilab

NOvVA Monte Carlo
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* Far Detector

NOvVA Detectors * 14 kt, 896 planes

60 m

I5m

* Near Detector at Fermilab
- 293 tons, including muon catcher

- used to measure neutrino beam
flavor and energy spectrum before

oscillations
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Far Detector - 550 us NuMI Beam Spill Window

2% Fermilab

1000 2000

3000 4000

6000

5000

1000 2000

NOvA - FNAL E929

3000 4000

s
Run: 18620/ 13 Z10°
Event: 178402/ -- 10

1
UTC FriJan 9, 2015

5000

6000
Z (cm)

00:13:53.087341608

21 24 Oct 20109 P. Shanahan | NOvA: Results & Prospects

400 500
t (usec)

10°

q (ADC)




2% Fermilab

Zoom-in: v, candidate event

3000 3500 4000 4500 5000 5500
200 e -

X (cm)
T
|

|

200 — s tH

—400 SR —

400 |- T .

3000 3500 4000 4500 5000 5500 _
z (cm)

NOvA - FNAL E929

Run: 18620/ 13
Event: 178402/ --

UTC FriJan 8, 2015
00:13:53.087341608

223 2232 2234 223.6 2238
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Data-Taking since 2014

Far Detector Beam Exposure To Date: Protons-on-target (POT) to NuMI

11.1x1020 (14 kt-equivalent) POT Forward Horn Current (neutrino beam)
8.85x1020 POT Forward Horn Current used in most recent analysis
12.7x1020 POT in Reverse Horn Current (antineutrino beam)
All 12.7x1020 POT Reverse Horn Current used in most recent analysis

FY19: Far Detector recorded data for 99.1% of 5.56x1020 POT delivered to NuMI
756 kW hourly beam power record achieved

304 ° Weekly neutrino beam
e Weekly antineutrino beam 2019 analysis dataset ‘ L o5
. Accumulated beam | la
§ 251 —— Accumulated neutrino beam 2018 analysis dataset | =
@ —— Accumulated antineutrino beam : 20“‘2
o N
= 20 ; ..J ° (] 0]
o °leg 5
§ 1,® r 15 3
o 15 | ! .
Q ()
é ¢ 0'0 g
> - 10 .2
~ 10 - | E
3 Bl <
= [ £
| L5 O
5 - I o
®
|
0 = 0
2014 2015 2016 2017 2018 2019
Date
77 W
23 24 Oct 20109 P. Shanahan | NOVA: Results & Prospects £

A~



2% Fermilab

Basic quality & containment cuts
- activity away from edges

|dentify Lepton, Hadronic Recoil
Energy E\=E(E|,EHaq)

Deep Learning-based identification
of ve, v CC signals, NC and
Cosmic-Ray backgrounds

Further cosmic-ray background cutrino beam  NOVA Preliminary

rejection oo I
- Lepton characteristics, location, direction

Quality

Containment

6 orders of magnitude
reduction iS Cosmic I‘ay Cosmic Rej
background

[ ] Vg Signal
@ Wrong Sign: v, CC  _|
[ Beam Background
: : : I Cosmic Background
1~ 10, .10 10° 10* 10° 10° 107
Simulation  Events

Particle ID

24 24 Oct 20109 P. Shanahan | NOvA: Results & Prospects
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One Step in the Analysis: Event Selection

« Computer vision-based deep learning
algorithm for identification of neutrino events

by flavor.
- Convolutional Neural Net - CNN =
Input hitmap ) TR
- NOVA version - CVN i : 2
- Based on GooglLeNet T T s
- Uses calibrated event hit maps as input. 'k | HH
- Development of “Feature Maps” L WL L
is part of the training Feature Maps at an
- Led to improvement for NOvA 2016 analysis equivalent to early convolutional layer

30% increase in exposure
Pioneering use of CNNs in Particle Physics
“A Convolutional Neural Network Neutrino Event Clas
2016 JINST 11 P09001

25 24 Oct 20109 P. Shanahan | NOvA: Results & Prospects
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2% Fermilab

One Step in the Analysis: Event Selection

« Computer vision-based deep learning
algorithm for identification of neutrino events
by flavor.

- Convolutional Neural Net - CNN

Input hit map

* NOvA version - CVN | |
- Based on GooglLeNet 54 e
- Uses calibrated event hit maps as input. ’

- Development of “Feature Maps”
is part of the training Feature Maps at an

- Led to improvement for NOvA 2016 analysis equivalent to early convolutional layer
30% increase in exposure

Pioneering use of CNNs in Particle Physics
“A Convolutional Neural Network Neutrino Event Clas
2016 JINST 11 P09001
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CVN Neutrino Flavor ID - Data and Simulation in Near Detector

Neutrino

Anti-Neutrino

27

Neutrino Mode

NOVA Preliminary

Antineutrino Mode

[ T T T .

r —-{4-
=Ll Data ]
€ *°I Total Simulation .
& L Ve 7
o of v, CC .
<k ]
(a2} o _
o F ]
© 13F NC =
@ ]
R —— .
> L _
o f 1
© 05 =

—— —

) 0.85 0.9 o0 1

CVNe

NOVA Preliminary

- Data
| Total Simulation
- v, CC

© o
S )

10° Events / 3.1x10%° POT
o
N

—

—4

Ve

-

+.
T B
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1

0.95

10°% Events / 8.03x10%° POT

10° Events / 3.10x10%° POT

X103Neutrino beam

NOVA Preliminary
——

C T T T T T T
i Data ]
15— y Total Simulation .
u

i 2=
= -
05 _
i R R B _---»—-"‘JA N

0 0.2 0.4 0.6 0.8 1

CVN NuMu score

Antrineutrino beam ~ NOVA Preliminary
—

i Data i
300 v, Total Simulation N
i =
200_— —_
100_— __
i R T R R A--"J-Jxl_
0 0.2 0.4 0.6 0.8 1

CVN NuMu score

AR~



2% Fermilab

Use of the Near Detector Data

28

Near Detector
Far Detector

, ’l\'OVA '?“?"Iml”?alry Neutrino beam NOVA Preliminary
D ] i —_—T
200 : Praet?jicted Events ND Vu ObservatIOn _+_ FD Data
1-c syst. range . 10 .
pm Wrong Sign v, CC Improves FD Vi All Quartiles — Prediction

[ Total Background
1-c syst. range

Signal Prediction i
[l Wrong Sign: v,CC]

150 Area Normalised
Neutrino beam 8
Adjusted in 4 quantiles Bl Total bkgd.
100 [ Cosmic bkgd.

of hadronic energy

I|I||l||||||||‘||||||

I TR RRTI TR RN B

10° Events / 8.03x10°° POT / 0.1 GeV

Events / 0.1 GeV
()]
T T T | T T T | T T T | T T T | T T T | T T

improves FD v.
Background Prediction

!

_L_L
(SIS
T

Data/ MC

4
50
2
PR T N B — \y
0 1 2 ) 3 4 5 0
reconstucted Neutrino Energy (GeY) ’ RecohstructedzNeutring Energy ‘(‘GeV)
Neutrino Mode NOvVA Preliminary
oF e e e . —T— . T I-+-INDIdat; Neutrino Beam NOvVA Preliminary
6t Low PID High PID —————

aor : —Total MC O e Low PID High PID 7l
% af —NC S [ ¢ FDDaa i ]
&S 3 L il —v, CC o | —— Oscillation Fit | ]
o °r = - 1-6 Syst Range | 3 s
® [ —Vv, CC 8 15[ I Wrong Sign Bkg g2 ]
g oF - —V, cC # Q I [ Total Beam Bkg | °lg ]
& f - v oo B . © [ [CosmicBkg | o ]
OoE - e ND “v.” Observation X 1o .
S F == = = - -Uncorr. MC © - .
2 5 w [ ]
~ B ]
2 _ _

s N

> -

w L

L1l

o
o]

[ Uncorr. MC 4~ Decomp MC | ] 0 RN g 5 3 s
o6 E Reconstructed Neutrino Energy (GeV)
1 2 3 4 1 2 3 4
Reconstructed Neutrino Energy (GeV)
Example of neutrino mode - similar for antineutrinos
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Far Detector Data and Oscillation Fit

29

Neutrino beam

0 Al Quartiles

Events /0.1 GeV

(<2
LI I I L L L Y I L I B B

Neutrino Beam

-4 FD Data
— Prediction

1-o syst. range
[l Wrong Sign: v,C
[ Total bkgd.
[7] Cosmic bkgd.

1 2 3 4
Reconstructed Neutrino Energy (GeV)

NOVA Preliminary

C-

<
o

Ve

NOVA Preliminary

Low PID

¢ FD Data
—— Oscillation Fit
1-6 Syst Range |
[ Wrong Sign Bkg |
[0 Total Beam Bkg |
[ Cosmic Bkg

!

1 2 3 4
Reconstructed Neutri

20

Events / 8.85x10%° POT-equiv

lIII|IIII||II|I|I|||I

24 Oct 20109 P. Shanahan | NOvA:
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High PID

1 2

no En

Core
Peripheral

RN RN BRI BRI SRR i

>

3 4
ergy (GeV)

Events /0.1 GeV

Events / 12.33x10%° POT

Antineutrino beam

NOVA Preliminary

2% Fermilab

L T
1o 4 FD Data . —
[ All Quartiles — Prediction ] Y e
8- 1-0 syst.range Observed 113 102
- B Wrong Sign: v,CC A
6 4 I Total bkgd. ] | BestFit 124 96
i 1 M Cosmicbkgd. 1 [ gjonal 120(11) | 93.9(8)
4 |
. l i Background 4.2(0.5) |2.2(0.4)
2~ ] No Oscillation 730 476
A:
0 1 2 3 4
Reconstructed Neutrino Energy (GeV)
Anti-Neutrino Beam NOvVA Preliminary
5 —_ Low PID High PID _‘ v v
= ¢ FDData i - Wrong Sign Bkg g
[ — Oscillation Fit [T Total Beam Bkg 2 l Observed 58 27
L 1-¢ Syst Range I:l Cosmic Bkg 2 %’ i
10~ i ME B Best Fit 59.3 26.8
1 | signal 44.3(3.8) | 16.6(1)
5 L —]
- i Background 15.0(0.9) 10.3(0.6)
I [ ﬁ ] (Wrong Sign) 0.6 22

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

Results & Prospects

Note: uncertainties () are approximate
see arXiv:1906.04907 for full table
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Systematic Uncertainties

vBeam Ve Signal NOvA Preliminary

I I
Neutrino Cross Sections —

Detector Response

Systematic uncertainties u

B

Near-Far Differences

are evaluated by o =
m

Detector Calibration

mOdlfylng S|mUIat|on Normalization
throughout anaIyS|S Neutron Uncertainty II i}

Beam Flux

chain. |

Muon Energy Scale

Total syst. error

0
i
I
Most significant Statistical error —

o -0

uncertainties compared Signal Uncertainty (%)
to the statistical

uncertainty are Cross- .

] ) ] NOVA Preliminary
SeCt|OnS, Callbratlon, Detector Calibration I — I
detector response, Neutron Uncertainty : L :

Muon Energy Scale -
acceptance eﬁeCtS Neutrino Cross Sections B - |

Detector Response
Near-Far Differences
Normalization

Beam Flux

Total syst. error

]
1
'
stcton o | I

~0.05 0,05
Uncertainty in Am32 (x10° eV?)
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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

2% Fermilab

NOVA Preliminary

O
N

Near-Far Differences

Neutrino Cross Sections

Detector Response

Detector Calibration

Normalization

Neutron Uncertainty

Beam Flux

Muon Energy Scale

Total syst. error

Statistical error

20.04

002 0 '002' T 0.04
Uncertainty in sin 9

NOVA Preliminary

[E '
——
e i

o
I

-0.2 0 0.2
Uncertainty in 8.p/7
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Oscillation Parameters from Joint fit to data

Feldman-Cousins Contours
T

. . . ! ! ' | ! ! ! ! | ! ! ! ' ! ! ! '
Best fit (with reactor 013 constraint): - Normal Hierarchy 90% CL .
= AMm2ao= 011 0 10-3) eV2 - — NOVA  — - MINOS 2014 -
AmZs2 ("'2'4?606‘;6 x107) eV 30~ ---- T2K 2018 .. IceCube 2018 -
- 5in2(023)=0.56,,; (upper octant) __F - sK2018 :
- Previous slight tension (p=0.04) 3 | LT |
between disappearance o | | |
fit in neutrino and o 25 =~
antineutrino beams has resolved £ | ]
with more statistics I ]
2.0 |— ® Bestfit —

) ) ) | ) ) | ) ) | ) ) ) )
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£k Fermilab
Oscillation Parameters from Joint fit to data ermi

NOVA Preliminary .
— Feldman-Cousins Contours

0.7_—I ]
Best fit (with reaﬁ’:?r 013 constraint): mo.e' - Normal Hierarchy
- Am23;=(+2.48 05 X10-) eV2 L 05 - dcp/n=0.0)
- 5in2(023)=0.5655; (upper octant) @

0.4/ =

- Previous slllght tension (p=0.04) W< 1o O 20 (< g0 » Best Fi :
between disappearance gg: —— ]
fit in neutrino and ot ]
antineutrino beams has resolved o.e?

with more statistics &b
L lice of & 5 0'5'_/'
arge slice CP n B
values disfavored — 04 -
at > 3¢ for all 0,3 values i ]
in IH 0.3__|:|320 ||]S3cs | | IH ]
O_IIIIEHHTEHHSRHHZ_E
NOVA FD  8.85x10%° POT equiv v + 12.33x10%*° POT ¥ 2 S o
T T i iowerocan 13 oF
I — NH Upper octant  { < -
CELS e 1% Profiling over all other parameters
) " — IH Upperoctant ] @ .
c o 43 - Normal Hierarchy preferred at 1.90
£ of ... 42 - Upper 023 Octant preferred at 1.60
5 £ e .4 - Within Normal MH, Upper Octant,
- | 7 ] all values of 6cp compatible at 1.10
% z T 3n on
80P 2
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w

- 1 MW-capable target recently
installed will allow up to 770 kW

thisyear gy

A Look Ahead Potential Mass Hierarchy Sensitivity
, _ sin?0,,=0.45-0.60, Am3,=+2.48x107eV?, sin?20,.,=0.082
* NOVA will run until 2025 B — -
] ] ] Hierarchy resolution O
* Projections assuming NH 84,=37/2 g
20 -NN- ~ 4 NH 8 p=n
72x1020 protons-on-target E NH 2ot »
* Beam Improvements ; NH 3= w2 =
]
=
>

Significance (G

—

2019 analysis techmques
36><1020 POT( )+36><1O POT( )by 2025

1 | 1 1
2018 2020 2022 2024
Year

- Further improvements to target system expected next year will allow beyond 800 kW.
- Planned reduction of losses in 8 GeV Booster may enable beyond 900 kW by 2022/3.

* Ongoing Joint Analysis Effort with T2K
- Maximize the benefit of the experiments’ complementarities.
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More details
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Candidate antineutrino interaction with neutron

I 1 1 1 I 1 1 1 l 1 1 1 I 1 1

1500

NOvVA - FNAL E929

Run: 30097/24
Event: 5429 / --

UTC Sat Jun 23, 2018
01:50:59.648824512
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Neutron Systematic

* Antineutrino interactions produce neutrons.

\Av\/v/[- \\7'\// [t

P P

* Energy distribution of neutron candidates predicted in quasi-elastic v, events

* Current evaluation of uncertainty oo NOVA Preliminary
1 ! ' — ]

L ' T
- Scale lower energy neutron-induced E —— NOvAND Data :
.y . 2500 —

energy depositions to improve data- : ]
simulation match. 2000¢

- Shifts average(Q)u energy by 0.5% (1%)
» More recent studies with a more 1000

general neutron selection indicate so0

a smaller uncertainty may be -

appropriate.

- Investigations continue.

—— Nominal simulation

1500 e Shifted neutron response -

Events

OIII'O.1IIII0.2|III0.3
Reconstructed prong energy (GeV)

Ratio to nom.
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Predicting the Far Detector Spectra Predict Oscillated

reconstructed v,

Signa| Scale simulation and ve spectra at
for adjusted true v, Far Detector
01— T T T T 8
Compare observed ot ' | spectrum . -
. 2 [ —NDData Apply geometrical 2
and simulated g — Base Simulation ffect d g
Near Detector Vy 'i_l-' — Data-Driven Predictioﬁ e(i| st_an ‘5‘
z oscilations L
Charged Current
Interaction Spectrum =~ -t ¥ /-
a- .
s | 3
U o e
=T 5
g | &
Blind Analysis: LE o ] E
examine Far Detector 2| 11 12
Data only after all €L - 17 B 1,
systematic studies are i 1l ] ]
complete P S S S | S S [ A A R B R
1 2 3 4 50 040 ) 0 140 00 1 o2 3 4 5
ND Estimated Energy (GeV) ND Events/GeV F/N Ratio Osc. Prob. FD Events/GeV FD Estimated Energy (GeV)
Backgrounds -
g Neutrino Mode NOVA Preliminary
5F . 4-ND data
Ve Beam Backgrounds o °F  LowPD High PID |71 e _
L —Ne Cosmic Rays
& oF - —v,CC
Tune Near Detector beam ve = 7| —v, 00 Data-dri :
prediction using v, constraints § ? e ata- "V:n’ ustlr_lg
on parent m, K yields, B b B o MG f_OPIOlfg bearz rlg%er
Michel electron multiplicity = : Ime sidebands an
distributions for NC, v,, 217 . random pulser triggers
E 1 -—e—n — - - —+ -
i _ 80'8:| Uncorr. MC -4~ Decomp MC | '
Single scale factor for Ve e S T T
Reconstructed Neutrino Energy (GeV)
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Cross-section Tuning to Near Detector Data
NOVA Preliminary

- Start with GENIE 12.2 181 v
- Maincreased by 5% 1oF Vi + ¥, GC Selection
. . 14— —— ND Data
- Suppression of QE from long-range correlations T B VG
(RPA), Valencia model, via MINERVA (R. Gran) £ 1o —
w [ 1DIS

- Application of RPA suppression to resonance
production, as a placeholder for suppression at
low Q2 of unknown origin. Observed in our data,
earlier in MiniBooNE, MINOS, MINERVA. TR TR R TR LRI LR TR

- Increase DIS with W>1.7 GeV/c2 by 10% for Visible E,, (GeV)
better agreement with our data (neutrino-only). NOVA Preliminary

- Reduce non-resonant single pion production for
W<1.7 GeV/c2

Il Other

Antineutrino Beam
Ve +V, CC Selection

—+— ND Data
(following Rodrigues, Wilkinson, McFarland) B =ggc
- 2p2h: Scale GENIE empirical Meson Exchange g B Fes
Current model (Dytman) in bins of go and Iqal to fit = B Other

remaining difference from data, separately for
neutrino and antineutrino. Informed by MINERVA,
T. Katori.

o D W b~ 00 OO N o ©

0

0 010203040506 070809 1
Visible E, , (GeV)
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Cross-section tune in W and Q2

40

Events

Events

@  FHC, No XSec Weights
40 :1 —+ Data
3| & el
30f- =y
25F- W Othar
20f
15[
10F

06 08 1 121416 18 2 22 24

Reco W (GeV)

(a) No cross-section weights applied

Events

FHC, 2018 XSec Weights

40:103

—+— Data
@@ MEC
@8 QEL
@ RES

cJois
[ Other

0608 1 1214 16 18 2 2224

Reco W (GeV)

(b) 2018 cross-section weights applied

Figure 29: Reconstructed W, FHC

A0 RHC, No XSec Weights

30

C —4— Data
r [EmMEC
251 @ QEL
o @l RES
N Jois
20 [ Other
15F
10f

06 08 1 1214 16 18 2 22 24

Reco W (GeV)

(a) No cross-section weights applied

Events

x10° RHC, 2018 XSec Weights
30 r —— Data
- @m MEC
25 @8 QEL
o @ RES
s CJpis
20 - [ Other
151
10

0608 1 12 14 16 18 2 22 24

Reco W (GeV)

(b) 2018 cross-section weights applied

Figure 30: Reconstructed W, RHC
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Events

Events

10

8
6|
4
2
0

1

FHC, No XSec Weights

,.x103
O

—+— Data
@@ MEC
@8 QEL
@ RES
CJois
[ Other

0 01020304 0506 07 08 09

Reco Q° (GeV?)

(a) No cross-section weights applied

Events

1

2% Fermilab

«1o°  FHC, 2018 XSec Weights

—+— Data
@@ MEC
@ QEL
@ RES
cJois
[ Other

8
6|
4
2
)

0 0.1 02 0.3 0.4 05 0.6 0.7 0.8 09
Reco Q° (GeV?)

1

(b) 2018 cross-section weights applied

Figure 31: Reconstructed Q?, FHC

RHC, No XSec Weights

16|

14},

—+— Data
@3 MEC
@8 QEL
@ RES
CJois
[ Other

Reco Q? (GeV?)

(a) No cross-section weights applied

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Events

1

RHC, 2018 XSec Weights

—+— Data
@@ MEC
8 QEL
@ RES
CJpis
[ Other

ox10°
O

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
Reco Q? (GeV?)

1

(b) 2018 cross-section weights applied

Figure 32: Reconstructed @2, RHC
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Impact of Systematic Uncertainties on v. Signal and Background

v Beam

Neutrino Cross Sections

Detector Response
Near-Far Differences
Detector Calibration
Normalization
Neutron Uncertainty
Beam Flux

Muon Energy Scale
Total syst. error

Statistical error

v Beam

Detector Calibration

Neutrino Cross Sections
Detector Response
Normalization

Near-Far Differences
Beam Flux

Neutron Uncertainty
Muon Energy Scale

Total syst. error

Statistical error

NOVA Preliminary

| —— L ———

10
Signal Uncertalnty (%)

NOVA Preliminary

—20 20
Background Uncertalnty (%)
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v Beam

NOVA Preliminary

Near-Far Differences
Neutrino Cross Sections
Detector Calibration
Neutron Uncertainty
Normalization

Detector Response
Beam Flux

Muon Energy Scale

Total syst. error

Statistical error

v Beam

.._20..

”—10IIHOI'II1OHI'20”H
Signal Uncertainty (%)

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

Neutron Uncertainty
Beam Flux

Muon Energy Scale

NOVA Preliminary

Total syst. error

Statistical error |

40

0 0 20 40

Background Uncertainty (%)
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Other slices

NOVA FD  8.85x10%° POT equiv v + 12.33x10%*° POT ¥

3 R AN | T T 1] 1Z
5 /19
© 2°F Ebs
~ 19
m | =
S % ki
T 151 45
= - - -NH Lower octant ] 3
CCS) 1:_ —NH Upper octant B
) - --IH Lower octant -
0.5 =
- —IH Upper octant :
O_u PR [N W N T (NS T N NN T S | R R S BT SR SRR A R
2.2 2.3 22.4 235 22.6 2.7
Am2,| (107 eV?)
O data (gaussian) FC p-value FC O NOVAFD  8.85x10% POT equiv v + 12.33x10% POT ¥
IH 1.65 0.057 1.89 N N/ I -
LO 1.16 0112  1.59 T 25 1>
NHLO 1.16 0.121 1.55 L 2r 1
IHUO 1.65 0.080 1.75 S 15F EE
IHLO 1.93 0.051 195 £ b Noma 12
=) . ierarchy .
D ost —lnerss :
s o, 08 07
SIN“6,,
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ND v, Spectra with POT and Area Normalization

NOVA Preliminary - NOVA Preliminary
> ——— ——T T T
r T — T T T T T T T T T T T T T T Q i —e Data ]
O 2001~ =~ Braetgicted Events 7 9 40— — ?rﬂ%?drgxsgts _
- 1-6 syst. range ; B y . 1
o B — Wron{:j Sign \9, cc i S 3 pm Wrong Sign v, CC -
-~ i o Total Backgro’und i - : [ Total Be}ckground :
'5 150 — POT Normalised — O a0l POT Normalised N
O R Neutrino beam _ o B Antineutrino beam |
o B ] I B 7]
No o - o - -
& 100~ — &S 20 =
S [ ] = [ ]
f B . -~ - -
B i a L 4
2 50— — € 10— ]
- - q) - 7
o
> - s o[ ]
a [ ] TR ]
[>) o = % B . ]
2 5 T ey - 0 1 2 N 4 5
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
NOvVA Preliminary NOVA Preliminary
> >
> T T T T T T T T T T T T T > ————T T T T
—— Data - —+— Data :
O 200 — Predicted Events ] O — Predicted Events —
. i 1-6 syst. range ] . - 1-c syst. range .
o i fmm Wrong Sign v, CC i =] - pm Wrong Sign v, CC 1
|: i [ Total Background ] ': - [ Total Background ]
O 1501 Area Normalised — O 30 L Area Normalised N
o - Neutrino beam - o B Antineutrino beam _
& _ i & i i
o i ] o B .
gﬁ) 100 — é 20— _
O_ : : A B 1
o [ i © ]
(%) B | (%] B ]
< 50 — 7 € 10— —
o o B T
> - . > - .
L E | ] L .
[s) - — [sp) - -
o o .
- 0 1 2 E 4 5 - 0 1 2 B 4 5
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
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Test beam layout

Cherenkov

® Detector consists of two 31-plane
2x2 blocks + one horizontal plane
at FTBF's MC7

e Exposed to MCenter-sourced e, W,
T, p, K, n0 tertiary beam with NOVA | NOVA ,/
known momentum from 0.2 - 2.0
Gev/c

o Provide absolute measurement of
detector response and cross-check
of NOVA calibration chain

- S A2 , Sn im0 \Secondafy.Beam
SiPH-+ B T O e e

. '}"— - - tream
oo | . ot ‘ Jllh at r+Target

TLQ
J.\

MwpPCp TOF-PMT

Magnet

MC78B - 05/3III9 .

B o B e P P T RO ATt B I e it IR S e iR PR I T Ot AT . I I R T At ATt

Alex Sousa, University of Cincinnati Test Beam Update - June 6, 2019 2
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Systematic Pulls

mm Pull (jeint)
mmm Pull (antineutrino only)

Cherenkoy | ™= Pull (neutrino only)

Calibration (Absolute) 1

Calibration (Shape) -

MEC Shape (antinu) -

Neutrons -

Calibration (Relative) 1

15 -1.0 05 0.0 05 10 15
Pull (o)
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Wrong-sigh contamination in antineutrino beam

46

1500

1000

Fake experiments
3
o

NOVA Preliminary

| ' ! ! ! | ' ! ! ! | ! T

0.0% Ve + Ve

99.7% Vv, + Y,
0.3% NC

Flux and cross-
section systematic —
fake experiments |

0.05 _ 01 0.15
Wrong-sign fraction in v, selection
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Fake experiments

NOVA Preliminary

800

600

400

200

LI I L I LI I LN | I T

91% Ve *+ Ve

4% Vu + Yy
0,
5% NC Flux and cross-
section systematic
V_ fake experiments

e

Wrong-sign BDT
Prong CVN Proton ID

Event CVN Proton ID

(=)

0.1 0.2 0.3
Wrong-sign fraction, high CVN v, selection
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Long Baseline v,»v. Appearance Probability

° P(Vu -)Ve) = Patm + Psing + Pcoss + Psol

47

dcp and A change sign forv
A depends explicitly on

DUNE Science Report and References

Pamsin?zs sin"20rs diglAclAL (sign of) Am?,
Psoi=02C082023 Sin22012 Sin2(AA)
A2 _
Psins=08JcpsinA sin(AA) sin[(1-A)A]
A(1-A)
_ = Interference Terms
Pcoss=0:8JcpcotdcpCcosA sin(AA) sin[(1-A)A]
A(1-A) _
A=Am231L/4E A= V2GENe2E/Am?2s; a=IAm2o11/|Am23;4|
Matter Effect

Jarlskog Invariant

Jcp=s1n201251n201351n2023c05013510cp/8 = 0.03 sin(ocp) - up to 1000x J(CKM)
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ve and v. Appearance Probabilities

P(V,) vs. P(v,) for sin(26,,) = 1

—~ 0.09
|59 B NOvA s
o - |Am,.2| =2.32107 eV . .
0.08 [ —> 5"‘;:6913): 0,005 Comparison of neutrino and
: sin(26,,) = 1.00 antineutrino appearance for
0.07 . ]
[ a specific baseline and energy
0.06
0.05 [ Assuming
[ » No Matter Effect
0.04 e . .
' » No CP Violation
0.03 F » Maximal p-t mixing
002 F0 =0
- e §=1/2
- O0d=T
001 T w 5=3n/2
0 1 1 1 l 1 1 1 [ 1 1 1 I 1 1 1 I 1
0 0.02 0.04 0.06 0.08

P(v,)
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CP Violation and Neutrino Mass Ordering

- . 2 CP Violation
P(v.) vs. P(v_) for sin“(26.,.) =1
(Ve) (Ve) (2653) » CPT theorem requires v, and v,
—~ 0.09 . .
|2 ¥ NOVA disappearance to be equal in vacuum
o - |Am,,2| = 2.32 107 eV?
0.08 [ S,,,zf(’z91 ) = 0.095 » Veappearance probabilities vary on
:  Sin‘(265) =100 an ellipse with Scp
0.07 @ R
C @ .~
- \° o
006 Mass Orderi
- @,é@ ass Ordering
005 L '\“ - v, disappearance largely sensitive to IAm?2l
[ Am’ < \ > - Ve appearance is sensitive to
0.04 . N _ _
' SRS sign(Am?2) via matter effect
0.03 [ ',A’f'"z >0 N - due to presence of electrons in matter
- Vo e
002 o d=0" \TW/' \/ZGFNG,ZE/AmZ31
- e 5=1/2 ",
LU e .
- - ~30% effect for NOvA baseline,
C 1 1 1 l 1 1 1 l 1 1 1 I 1 1 1 I 1
% 0.02 0.04 0.06 0.08 11% for T2K
P(v,)

Shown for maximal 623
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023 Octant

0.09

P(v,)

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01
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P(\Te) vs. P(v,) for sin2(2623) =0.97

NOvVA
|Am, 2| = 2.32 107 eV?
sin’(26,,) = 0.095
sin?(26,,) = 0.97

o

co0=0

e 5=T1/2

Od=T

m 5 =3n/2

! L ! [
0.02

2% Fermilab

vy disappearance
measures sin?(2623)

Ve appearance depends in
leading order on sin2(023)
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Bi-event rate plot

NOVA Preliminary
- Caveat: this picture suppresses 50 — T T T T T T
energy dependence and other useful

variables

| | |
- NOVA FD
[ 8.85x10%° POT-equiv (v)
| 12.33x10%° POT (v)

sinf20,,=0.082 _

N
(@)
|
|

i w0
LO Sin°0,,=0.56
L, ]

sin“0,,=0.48

i H |
[ Am2,=-2.54x107eV?

W
o
!

N
(=)

i NH
i Am2,=+2.48x107°eV?

0 §p=0  ® Sgp= W2
0 8p=1 ®8=312 Kk 2019bestfit

20 40 60 80
Total events - neutrino beam

Total events - antineutrino beam

—
(=)
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Effect of extrapolation on systematic uncertainties

. v NOVA Preliminar
v Beam NOVA Preliminary v Beam — Iy
Normalization . Normalization | - ' |
— - Not Extrapolated
Muon Energy Scale (] Not Extrapolated ‘ Muon Energy Scale i
| [ Extrapolated — — - Extrapolated —]
Neutron Uncertainty Neutron Uncertainty ﬁ
Detector Response Detector Response *

Beam Flux

Detector Calibration

Neutrino Cross Sections T
— ] Neutrino Cross Sections T
Near-Far Differences -

Systematic Uncertainty * Near-Far Differences
20 -10 20 Systematic Uncertainty *
Signal Uncertalnty (%) R . .

20 10 20
Signal Uncertalnty (%)

v Beam NOvA Preliminary v Beam NOVA Preliminary

i
] i
T _ Beam Flux —

— Detector Calibration .

P ' Normalization

— [~ [ Not Extrapolated

Muon Energy Scale l
] - - Extrapolated
Neutron Uncertainty ‘

' Detector Response
* Beam Flux
Detector Calibration *

Normalization
|~ [I] Not Extrapolated

Muon Energy Scale
| [ Extrapolated

Neutron Uncertainty

Detector Response

Beam Flux

Detector Calibration

Neutrino Cross Sections * Neutrino Cross Sections T
Near-Far Differences ‘ Near-Far Differences -

Systematic Uncertainty T Systematic Uncertainty T

20 —10 20 20 -10 20
Background Uncertamty (%) Background Uncertalnty (%)
P gy
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Il nnAa Racalina Qtarila Nlanitrinne

0.2

Neutrino Energy (GeV) Neutrino Energy (GeV)
10° 10 1 107 10 1
1.2_ IV T T ITLEREE AL | MAARILLERE VLA
- ND FD .
1—

> 08—
T; 0.6l —3-Flavor Prob.
> i
o [ —6,,=0°
- 04} —03,=15°

[ —6,,=30°

sl

sl sl

1072 107"

10° 10°

1 10
L/E (km/GeV)

one new mass splitting

IIlIlIIIIllAIIIII

Search for effector Sterile Neutrinos
through disappearance of Neutral Current
rate

- NC = Sum of 3 active flavors
- In 3+1 model, 3 new angles, 2 new phases,

Events (Arbitrary Scale)

- I_\Vll - VS’

1.2

0.8

0.6

0.4

0.2

- For now, only consider 0.05eV2<AmZ241<0.5 eV?2

* New NOVA result with Antineutrino Beam

53

0
Fermilab “Wine & Cheese Seminar” http://theory.fnal.gov/?post_type=event&p=111299

24 Oct 20109 P. Shanahan | NOvA: Results & Prospects

2% Fermilab

Neutrino Energy (GeV) Neutrino Energy (GeV)
10° 10 1 10° 10 1

LR AR | AARLLELR N LML " 1L LAY 1
- ND : FD -

1
- ' 08
B ©
- [&]
— | ()
X : 06 5
| —3-Flavor Prob. ' %
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- —0,, =20° : 3
- 1 ]
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- )
- 1
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1072 10"
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Antineutrino beam

40 T T T T I T T T T ] S
B 68% C.L.
[ NOVA Fit, 12.51 x 10°° POT .
: Sinzeza =0.542, Am;z =2.44 x 10-3 eV2 ————— NOVA v 2016: 68% C.L.

30 Amé, = 0.5 eV?
8,,=1.37n

6,, (degrees)

v 2016:90% C.L.
v 2017:68% C.L.
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sin?0,,=0.45-0.60, Am3,=-2.54x107eV?, sin’20,,=0.082

:I—iiere{rch)l/reslolutlionl T '
B IH 8,,=3n/2

/:“\4_— IH 65p=nt

E B IH 8,,=0

T [ H 8= /2

w

Significance (c
N

—

2019 analysis techniques
36x10%° POT(v)+36x10%° POT(V) by 2025

More sensitivitv proiections

L L | L L Il I L Il L | Il L L | L Il
0 2018 2020 2022 2024
Year
AmB,= +2.48 (-2.54) x10°eV?, sin*28,,=0.082
100 T l"‘ T \ | T T T T I T T T ‘ T T T .I T T T T | T K T T T
- Hierarchy resolution .
— [ —— NH sin,,=0.60 |
2 .2
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2t S N T IH 5in6,,=0.45 -
S 60— N —
o B N N
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© 40 —
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L - 2019 analysis techniques . T
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Significance
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§in%0,,=0.45-0.60, Am3,=+2.48x10eV?, sin?20,,=0.082

T T | T T T I T T T I T T T I T T
L CP violation 40
4 [ NH §,=37/2 ]
=< [ ]c
I F NH §p= /2 1=
1] - 1
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