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GES SESEES & 688N G8EN & Esess
Neutrino oscillations

Neutrino oscillations are a rich laboratory for

understanding the implications of neutrino mass

| ] - T I
P' i : DEEP UNDERGROUND
— UTRINO EXPERIMENT

(... so the global program is healthy and diverse!)
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Neutrino oscillations are a rich laboratory for

understanding the implications of neutrino mass

NOVA is uniquely positioned
to investigate several of the
biggest remaining
physics questions:
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Neutrino oscillations

Neutrino oscillations are a rich laboratory for

understanding the implications of neutrino mass

NOVA is uniquely positioned
to investigate several of the
biggest remaining
physics questions:

Is there a symmetry governing the v /v_

mixing into the mass states?
(Is ©,, “maximal” = 45°7)
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Neutrino oscillations

Neutrino oscillations are a rich laboratory for

understanding the implications of neutrino mass

- . -
\ N, /)

NOVA is uniquely positioned

to investigate several of the
biggest remaining
physics questions:

Is there a symmetry between
the ordering of the neutrino &

Is there a symmetry governing the v /v_ charged lepton mass states?
mixing into the mass states? (Is the mass hierarchy
(Is ©,, “maximal” = 45°7) “normal” or “inverted?”)

1
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GES SESEES & 688N G8EN & Esess
Neutrino oscillations

Neutrino oscillations are a rich laboratory for

understanding the implications of neutrino mass

NOVA is uniquely positioned
to investigate several of the
biggest remaining
physics questions:

ls there a symmetry between
the ordering of the neutrino &

ls there a symmetry coverning the v /v . charged lepton mass states?
T _
mixing into the mass states? API»’I/ & 511 5CP (Is the mass hierarchy
(Is 8,, “maximal” = 45°7) e “normal” or “inverted?”)
s there 'direct’ violation of . =
V,= CP symmetry by leptons? e
v, v, (Is 8,/T non-integral?)
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* NOVA investigates with: N RO
- 700 kW NuMI beam NOvA
~ 810km baseline from VINNESOTA
FNAL to Ash River, MN %
~ 300t Near and 14kt Far N
detectors 14dmrad off axis
{ IOWA \
== Muon neutrinos Fermilal .
=== QU Neutrinos
== Flectron neutrinos
AN

K. ENGMAN/SCIENCE 345, 6204
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https://doi.org/10.1126/science.345.6204.1555

GES SOEEEN & 688N eEES & aaans
NOVA

* NOVA investigates with: Thank you Fermilab!
- 700 kW NuMI beam o 58 kW peak hourly ave:

currently highest in the world

(even higher beam power to be realized with higher

power NuMI target, planned accelerator improvements)
b 4

e Weekly neutrino beam

e Weekly antineutrino beam
—— Accumulated beam
—— Accumulated neutrino beam
—— Accumulated antineutrino beam

w
o

2019 analysis dataset 25

N
w

2018 analysis dataset 20

N
o

=
w

Weekly exposure (1018 POT)
=
o

Cumulative exposure (102° POT)

w

2014 2015 2016 2017 2018 2019
Date

(See also New Perspectives talk from Y. Yu)
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NOVA

Combined with 99.23% detector uptime,

° NOVA iﬂveStigateS Wlth 78% increase in v exposure
(6.91x10% - 12.33x10%° POT)

~ 700 kW NuMI beam since last year's Users Meeting
New results unveiled today!
' A N\
30 e Weekly neutrino beam

N
w

e Weekly antineutrino beam
—— Accumulated beam
—— Accumulated neutrino beam
—— Accumulated antineutrino beam

2019 analysis dataset

N
w

2018 analysis dataset

N
o

N
o

=

(9]
=
(21

=
o
Cumulative exposure (102° POT)

Weekly exposure (108 POT)
=
o

w
w

2014 2015 2016 2017 2018 2019
Date

(See also New Perspectives talk from Y. Yu)
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* NOVA investigates with:
~ 700 kW NuMI beam

— 300t Near & N
detector * Neutrino scattering /cross sections
(new: arXiv:1902.00558)

* Short-baseline sterile v searches

Capable all-purpose detectors
also conducting many other measurements!
(Posters from S. Lin, S. Calvez, M. Judah)

8 8

FNAL UM / June 13, 2019 J. Wolcott / Tufts University



http://arxiv.org/abs/1902.00558

GES SOEEEN & 688N eEES & aaans
NOVA

Long-baseline
sterile v searches

Seasonal cosmic ray
studies (new: arxiv:1904.12975)

* NOVA investigates with:
~ 700 kW NuMI beam

~ 810km baseline from
FNAL to Ash River, MN

- 14kt Far
detector

Supernova Vs

Exotic searches:

* Magnetic monopoles

* N-N oscillations

* Gravitational wave
coincidence

Capable all-purpose detectors
also conducting many other measurements!
(Poster from A. Norrick)

8 8

FNAL UM / June 13, 2019 J. Wolcott / Tufts University



http://arxiv.org/abs/1904.12975

GES SESEES & 688N G8EN & Esess
3-flavor neutrino oscillations

Am3z, L\*
1F

P((Dlu — (I;:u) ~ 1 — Siﬂ2(2923) Sil’l2

= e Unoscillated

— Oscillated

Arbitrary units
\/
Ratio to no oscillations

.
|||| ||||||| |||||||||||||||I||||‘v:|-4'|' |||||||| Lo b b by b v Pv iy

05 1 15 2 25 3 35 4 45 5 2 25 3 35 4 45 5
Neutrino Energy (GeV) Neutrino Energy (GeV)

*In fits to data the full three-flavor probability is used with no approximations
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3-flavor neutrino oscillations

Am3, L
41E

P(v, — 1,) &~ 1 — sin®(2fs)) sin’ (

(Is ©,, “maximal” = 45°7)

Vs

VooV, v,

Muon neutrino disappearance - 6,
W
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GES SESEES & 688N G8EN & Esess
3-flavor neutrino oscillations

o o Am3, L
Plv, —uv,) ~1- sin2(2 sin” ZZEQ

Single Cell
Muon neutrinos in both (functionally identical) detectors:

‘(cn‘l-—é.écm
8 8
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GES SESEES & 688N G8EN & Esess
3-flavor neutrino oscillations

[Nunokawa, Parke, Valle, Prog. Part. Nucl. Phys. 60, 338]

P (7, = 7,) = |/ Pame— ez icr) /B

~ Potm + Paol + 2/ Patm Paol (€08 Asy cos §¢p T sin Ay sin dop)

2

\/ Pa,tm = sin 923 sin 2913 sin /_\31

P., = cosby3cosbssin26;ssin Asgy

(in vacuum)

*In fits to data the full three-flavor probability is used with no approximations
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https://doi.org/10.1016/j.ppnp.2007.10.001

GES SESEES & 688N G8EN & Esess
3-flavor neutrino oscillations

[Nunokawa, Parke, Valle, Prog. Part. Nucl. Phys. 60, 338] -
. 2 V VSV
/ —i(Az2+dcp /
Patme ( ) + Psol ¥

~ Patm + FPsol + 2\/ Pitm Pso1 (cos Ago cos oo p@sin AT sin
with *

=)

PV, —7.)~

\/ Pa,tm = sl 923 sin 2913 sin /_\31

VP = coscos 0,5 sin 205 sin Ay |

(Is 8, <, >, =45°) s 6.,/T non-integral?
\)e VIJ Vr

(in vacuum)

J. Wolcott / Tufts University
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https://doi.org/10.1016/j.ppnp.2007.10.001

3-flavor neutrino oscillations

APVp X SIn (SCP

s 6.,/ non-integral?

FNAL UM / June 13, 2019
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3-flavor neutrino oscillations

(Is B,, <, >, = 45°7)

Vv \Y \Y

APVp X SIn 6CP

s 6.,/ non-integral?
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GES SESEES & 688N G8EN & Esess
3-flavor neutrino oscillations

[Nunokawa, Parke, Valle, Prog. Part. Nucl. Phys. 60, 338] -
2 V VSV

V Patme_i(A32+6CP) + V Psol \
~ Pyt + Psol + 2\/ Pitm Psol (cos Agp cos oo p@sin Aso si
with

\/ Patm — Sin Sin(2913)%A31

/ T APVL_/ X S1n 5CP
Is 6.,/ non-integral?
(Is 8, <, >, =45°) { VS F
V= ?

Vo Y Vi Is the mass hierarchy

=)

PV, —7.)~

“normal” or “inverted?”

(in matter)

J. Wolcott / Tufts University
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https://doi.org/10.1016/j.ppnp.2007.10.001

3-flavor neutrino oscillations

(Is B,, <, >, = 45°7)

\)e VU V.

- ]

Is the mass hierarchy

“normal” or “inverted?”

API/D X SIn 6CP

s 6.,/ non-integral?
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8

P(V, =2 V.) (%)

o 8= 0 @ dgp= /2

B 6CP= T u 6CP= 331:/2

0

E=2GeV
w/ Matter Effects |

0
P(v, =

J. Wolcott / Tufts University

4 6
Ve)(o/o)
Electron neutrino appearance = 6

MH, O

23"
8 8
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3-flavor neutrino oscillations

[Nunokawa, Parke, Valle, Prog. Part. Nucl. Phys. 60, 338] -
2 V VSV

V Patme_i(A32+6CP) + V Psol ¥
~ Pyt + Psol + 2\/ Pitm Psol (cos Agp cos oo p@sin Aso si
with

(A —
\/ Patm — Sin Sin(2913)%A31

Electron neutrinos in both (functionally identical) detectors:

=)

PV, —7.)~

J. Wolcott / Tufts University . .
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G58 ShEaES 6 G880 essn & essse
ldentifying neutrino interactions

Learned variations on the

Input Image original image
80 : ; ; ‘ o= - K|
70 - —] ™ — Ve
60 —
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. - = -
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,. L - P —] (51
30 5 - > 75' .
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wn
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Plane

* Use convolutional neural network (CNN) called CVN

~ Technique borrowed from computer vision community

~ Learns topological “features”, eventually mapped onto desired output categories

* NOVA pioneered this use in particle physics (JINST 11, P09001)
- effective exposure increase of 30% for v, selection

* 3 theses, 3 papers (and counting) from Deep Learning applications to NOvA

(NP talk G. Nikseresht)

J. Wolcott / Tufts University
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https://doi.org/10.1088/1748-0221/11/09/P09001

GOS8 SNESes 6 8880 asas & ssass

Identlfylng neutrlno interactions

= "|imati,.i_'__2$f() “‘— .':.—“!-. - ':Eﬂ
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i SRR e o —

Fog oML EREC
1l B - U
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[Data from beam

commissioning]

Fermilab BB A

for Further PID & energy scale validation coming soon using

support! NOVA Test Beam

Efforts from 7 postdocs, 11 grad students, 11 undergrads
Taking cosmic & beam commissioning data now — beam run in fall 2019

(Poster from D. Phan; NP talk T. Lackey)
J. Wolcott / Tufts University . ...
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Predictions

NOVA Preliminary
——

8 I I I I I T I I T I | I I 1 < 50 Nb AIFDI T | T
B V
E=2GeV I ” _
w/ Matter Effects =l | 8.85x10°" POT-equiv (v)
s | 12.33x10%° POT (v) i
61 IH . 2 40 N
= = IH
S =
~ al L uo |
> = Bol- a
- _] c B _
14 uo - | &
= o @
8 5 LO
o Q po}- NH
2~ NH — CL';
E i
0 §.,=0 ® § o= T2 [0 cp= 0 * dp= w2 N
0 8= 7 .I Scp= 3n/2 I | i - 5|0P= W dgp= |3“"2 |
% 4 — 6 8 20 40 _60 80
P(v, = Ve ) (%) Total events - neutrino beam

Converting an oscillation probability
to a prediction (event count) we can use to extract
parameters from data is a deceptively complex process...
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GES SESEES & 688N G8EN & Esess
Predictions

- Neutrino
Neutrino reactions Detector
~ on detector materials
flux =) o response
| | to charged chrged -
—éh particles and light "™
propagation

 Oscillations
FNAL UM / June 13, 2019
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GES SESEES & 688N G8EN & Esess
Predictions

Neutrino
reactions

on detector materials

w

,Hi,
N/ﬁ
\g’fé) GENIE

' 2.12.2

%

—

8 8
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Predictions

Dy
\'/ Nuclear physics is important (and hard)

Some effects need to be added to
GENIE 2.12.2 (our default) post hoc

Elastic-like (no pions produced):

* Multi-nucleon knockout (short range):

tuned empirical model

* Nuclear charge screening (long range):

theory-based correctionst

| * Pion production:

! * Empirical correction inspired by observed suppression in data

T “Model uncertainties for Valencia RPA effect for MINERVA”,
Richard Gran, FERMILAB-FN-1030-ND, arXiv:1705.02932

(NP talk from M. Martinez Casales)

J. Wolcott / Tufts University
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Predictions

Dy
\'/ Nuclear physics is important (and hard)

Some effects need to be added to
GENIE 2.12.2 (our default) post hoc

* Elastic-like (no pions produced):

* Multi-nucleon knockout (short range):

tuned empirical model

* Nuclear charge screening (long range):

theory-based correctionst
* Pion production:

* Empirical correction inspired by observed suppression in data

T “Model uncertainties for Valencia RPA effect for MINERVA”,
Richard Gran, FERMILAB-FN-1030-ND, arXiv:1705.02932

(NP talk from M. Martinez Casales)
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Predictions

NOVA Preliminary

18
F Valencia MEC Neutrino Beam
16 v, + V, CC Selection
14 —— ND Data
19F .
e I OF
10f ", @ RES

10* Events

[JDIS
Hll Other

0 0.1 02 0.3 0.4 0.5 06 0.7 0.8 0.9 1
Visible E,,, (GeV)

(14 2p2h b
Knock out two nucleons with an
elastic-like interaction.

Theory is a work in progress...
(“meson exchange currents,” MEC)

8 8
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GES SESEES & 688N G8EN & Esess
Predictions

18
16
14

10

10* Events

(14 2p2h b
Knock out two nucleons with an
elastic-like interaction.

Theory is a work in progress...

employ fits based on
empirical model* in meantime

* “Meson Exchange Current (MEC) Models in Neutrino Interaction
Generators”, Teppei Katori, Nulnt12 Proceedings, arXiv:1304.6014

NOVA Preliminary

12F

t Valencia MEC

0

Neutrino Beam

v, + V, CC Selection
—+— ND Data

E QE
B RES
(]DIS
Il Other

0.1 0.2 0.3 04 05 06 0.7 0.8 09 1
Visible E

(GeV)

had

NOVA Preliminary

1

Neutrino Beam

v, +V, CC Selection
—+— ND Data

[ QE
I RES
[JDis
Il Other

0

0.1 0.2

0.3 0.4 05 06 0.7 0.8 0.9 1
Visible E,, (GeV)

Empirical prediction + uncertainties
based on fits to ND data

%10° X. Lu, Nulnt '18
0.00<gq,/GeV<0.20 || 0.20<q /GeV <0.30 0.30<q,/GeV <0.40 . M
W : : Inspiration and
60 "'"’N:::IDIt
- -~ Nominal 2p2h
40,? = helpful
= Best fit Delta
20 — Best fit 2p2h [ I
¢ MINERVA LE data . .
. A discussion
80 040 < qalGeV <050 | 0.50 < qalGeV <0.60 0.60 < qSIGeV <0.80
60 from our

40
20

8.0

0 01 02 0.3 04 0.0 0.1 02 0.3 04 0.0 0.1 02 0.3 04

colleagues on

Reconstructed available energy (GeV)

FNAL UM / June 13, 2019
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Constraining predictions

> E - -
s F — = L >
< — ND data . 1 8§
Y . = — — -
c o . . C .

s .k Base Simulation E q. ¢
e = N C 1 5
2 .F ¢ - —— Data-Driven Prediction - 1= =
2 E | - -

" :

1

True Energy (GeV)
True Energy (GeV)

= I|IIII|IIII|IIIIIIII

N
cIIIIIIIIII_I'III'I'IIIIIII |
_"IIIIIIIIIIIlIIIIIIII

OIIIII.

N

1 2 3 4 50 00 2 3 4 5

) 1
ND Reco Energy (GeV) 10° ND Events 10° F/N Ratio P(v,—v,) FD Events FD Reco Energy (GeV)

n

Constrain Geometry, oscillations

> Compare to

predictions w/ ND FD data

High-stats, unoscillated Near Detector data

constrains predictions (including systematics)

(Poster K. Warburton; NP talk A. Back)
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ND Data - v,

- Neutrinos NOVA Preliminary - Antineutrinos  NOVA Preliminary
m B I | T T T 1 | U T T 1 I 1 T T 1 I T T 1 ] m — I | L) T 1 1 I 1 T T 1 | I T T 1 1 T T 1 —
—e— Data = —e— Data .
O 200 —— Predicted Events - © 40— —— Predicted Events —
A i 1-c syst. range 1 . = 1-G syst. range -
o i s Wrong Sign v, CC 1 < - g Wrong Sign v, CC .
- B ) Total Background 1 = B 1 Total Background 1
|C_) 1501— Area Normalised — '5 20 [ Area Normalised ]
o B (Normalization offset 1 Q@ - (Normalization offset -
2 i of 0.9% not shown) 1 8 i of 0.5% not shown) .
o [ 12 §
(2() 100 — o é 20— ]
o [ 1< T :
o [ 1 o T i
7] B 1 wn B 7]
= 50— -1 £ 101 —
o B 1 o© — -
> - 1 > - =
L - 4 W L 4
[ap] — — o = -
o e o -
Al 0 1 2 ) 3 4 5 ¥ 0 1 2 ] 3 4 5
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)

Intense beam — large sample of ND events

- strong constraints on FD predictions

8 8
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ND Data - v,

.}
=
o

150

100

10° Events / 8.03x10%° POT / 0.1 GeV
4]
o

o

Neutrinos
T ]

NOVA Preliminary

—¢—I Data
—— Predicted Events
1-c syst. range
s Wrong Sign v, CC
o Total Background
Area Normalised

(Normalization offset
of 0.9% not shown)

1 2

. Er -
Reconstructed NeutNergy (GeV)

&)}

10° Events / 3.10x10%° POT / 0.1 GeV

40

30

20

10

ry

1

2

Antineutrinos  NOVA Prelimina

—1|~— Data |

—— Predicted Events
1-¢ syst. range

pm Wrong Sign v, CC

[ Total Background

Area Normalised

(Normalization offset
of 0.5% not shown)

3 4

Reconstructed Neutrino Energy (GeV)

“Wrong sien” is about 3% in v beam,

11% in ; beam.

FNAL UM / June 13, 2019

(NP talk A. Dombara)
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ND Data - v,

Neutrlnos

NOVA Preliminary

—o‘— I —0—‘ Data ‘
—_ Predlcted Events
1-c syst. range -
fm Wrong Sign v, CC F 2
[ Total Backg round —
Area Normalised T

—— Predicted Events

1-c syst. range
m Wrong Sign v, CC
m Total Background
Area Normalised
Neutrino beam
Quartile 2

Q1

Neutrino beam
Quartile 1

140

—e— Data
— Predicted Events
1-6 syst. range

—— Data
—— Predicted Events
1-0 syst. range
m Wrong Sign v, CC
[ Total Baokground
Area Normalised

fm Wrong Sign v, CC
[ Total Backgmund C
Area Normalised —
Neutrino beam i
Quartile 3

- Q3

Neutrino beam
Quartile 4

n
]
c
G>J i T ]
L 0“.‘\.
(s9)
o
D wa

I T S S S R R S S
Reconstructed E (GeV)

20

40

20

102 Events

Antlneutrlnos NOVA Preliminary

—+— D
— Predlcted Events B

—
o

—+— Data

—— Predicted Events
1-c syst. range

m Wrong Sign v, CC

m Total Background

Area Normalised

1-0 syst. range
fm Wrong Sign v, CC
[ Total Backg round

Area Normalised
Antineutrino beam
Quartile 1

Antineutrino beam
Quartile 2

oON A O

2

—s—Data
—— Predicted Events
1-c syst. range

{m Wrong Sign v, CC - m Wrong Sign v, CC

[ Total Backg round T [ Total Background 1
Area Normalised T Area Normalised - 6
Antineutrino beam Antineutrino beam B

Quartile 3

1 —e—Data —
L —— Predicted Events
1-c syst. range

Quartile 4

3 4 O 1 2 3 4 5
Reconstructed E_(GeV)

Muon neutrino candidate sample divided into four “quartiles” based on E,_, / E :

Q1

smallest E,_ /E
~6% E  resolution

(each quartile extrapolated separately)

FNAL UM / June 13, 2019

J. Wolcott / Tufts University

Q4

largest E,_/E,
~12% E, resolution
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ND Data - v

Neutrino Mode NOVA Preliminary f}ntlinelutrirl'lo I?ﬂoc'!e - 'NIO\{AIPTIEHImIInE?F}i’
5F- - = "~ LowPID ~ HighPID 1
' Low PID High PID D G 0.6 _ g 3ND data
6 | : — Total MC 5 [ 5 —Total MC
o B _ o B —NC
% - \) NC %:; B + \) ' + _
< [ ] : ~ —v, CC T 04l o : - v, CC
S 3 -- —v, CC . + -+ o —v,CC
[+e] = H — B | H
5 : e ] e
5 2F o —7,¢CC s | i —7,CC
& f Bl by -- c
“"(:_, - — - . Uncorr. MC 5 0.2 — }4_!_1_ . L Uncorr;M
E = E ' N e = e B R |
I il L - e %—'_r-.-.md__‘ " == ‘ ﬁﬂ-—.—-
1 2 T 2 3 4 T 2 3 4 T 2 3 4
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
> >
More v _-like More v _-like

ND v_ candidates are all background (no oscillations yet):

correct & extrapolate each category separately;
use corrected ND v, prediction for v_ appearance signal correction

8 8
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Events / 0.1 GeV

Events / 0.1 GeV

FD data (with new v sample!)

Neutrino beam

NOVA Preliminary

01 All Quartiles

Antineutrino beam

] |
-4-FD Data
— Prediction

1-c syst. range
[l Wrong Sign: v,CC-
I Total bkgd.
[ Cosmic bkgd.

3 4 5
NOVA Preliminary
T T T T | 1 T T T

10_| LI B B LB B

| All Quartiles
8[—

0

1 2 4
Reconstructed Neutrino Energy (GeV)

b
-4 FD Data
— Prediction
1-c syst. range ]
B Wrong Sign: v,CC
[ Total bkgd. _
"I Cosmic bkgd. ’

3

FNAL UM / June 13, 2019

Best fit total prediction 124
total bkgd.: 4.2
L, cosmic bkgd. 2.1

L, beam bkgd. 2.1

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

Data antineutrino candidates 102

Now with

Best fit total prediction 96 789%
total bkgd.: 2.2 _more
, cosmic bkgd. 0.8 v datal
L, beam bkgd. 1.4

J. Wolcott / Tufts University
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FD data (with new v samplel)

Neutrino Beam NOVA Preliminary

> 20 __ Low PID E o Il-|igh PID __
2 [+ FDData : i
(b} . —— Oscillation Fit .
Best fit total prediction 59 5’ o 16 Syst Range 5 -
[ Wrong Sign Bkg ! g -E_ ]
total bkgd.: 150 g | B o e i | S|% :
9 i Cosmic Bkg ]
l, cosmic bkgd. 3.3 S 10 -
o i i
L beam bkgd. 11.1 0t ‘l> -
=~ [ ]
— - Bl— —
L, wrong-sign (app. »,) 0.7 Szj - i
. . R 0_ 1 2 3 4 : 1 2 3 4 :
3-flavor oscillations describe data well Anti-Neutrino Beam NOVA Preliminary
(goodness-of-fit p = 0.91) L w0 0 weeo |
oy ' N ¢ FD Data I Wrong Sign Bkg .
Data antineutrino candidates Q - — Oscilation Fit [}l Total Beam Bkg 5 ]
Now with Best fit total prediction 27 2 [ FosystRange | [ commionis 88 ’
0 i o ]
8% total bkgd.: 103 & [ _
more , o | New |
5 datal l, cosmic bkgd. 1.1 2 [ datal -
L beam bkgd. 70 £ [ ]
L
L, wrong-sign (app.D,) 2.2 i : l ]
=2 3> 4 1.2 3 1 '

Reconstructed Neutrino Energy (GeV)
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FD data (with new v samplel)

Neutrino Beam NOVA Preliminary

> 20 . Low PID High PID N
o B ¢ FD Data ]
() - —— Oscillation Fi -
Best fit total prediction 59 L 1-cély;t R:ntge ! 5 \) e -
8 15— [ Wrong Sign Bkg g E_ ]
total bkgd 15.0 9 = E Eotal Beam Bkg ! © E i
2 i osmic Bkg ]
l, cosmic bkgd. 3.3 S 10 e
o i ]
, beam bkgd. 11.1 2t <l> :
w
_ £ 5 ]
L, wrong-sign (app. »,) 0.7 L%g - -
. - o e -
Evidence for V_appearance at 4.4 Anti-Neutrino Beam NOVA Preliminary
| B o ;_OWI F'IDI o E o II-|ighl PIDI o l i | N
oy ' N ¢ FD Data I Wrong Sign Bkg \) B
Q ~ — Oscilation Fit | [l Total Beam Bkg 5 e |
Now with Best fit total prediction 27 ‘% ol t-oSystRange | [ CosmicBig ¢ é N
8 total bkgd.: 103 | 8 [ |
maore . - r New 1
v datal L, cosmic bkgd. 1.1 2 o] -
L, beam bkgd. 70| ¢ [ ]
L
L, wrong-sign (app.D,) 2.2 i E l ]
— 0 —— 2 3> 4 10 2 3 a1 '

Reconstructed Neutrino Energy (GeV)
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Events / 0.1 GeV

Events / 0.1 GeV

10

10

0

FD data (with new v samplel)

Neutrino beam

NOVA Preliminary

All Quartiles

u

< |

Antineutrino beam

™ T
<4 FD Data 1
— Prediction B

1-c syst. range i

[l Wrong Sign: v,CC-

I Total bkgd.

[ Cosmic bkgd.

ts / 8.85x10°° POT-equiv

20

15

10

Neutrino Beam

I

Low PID :

¢ FD Data

—— Oscillation Fit !

1-6 Syst Range !
I Wrong Sign Bkg
[ Total Beam Bkg
[ Cosmic Bkg :

A

NOVA

All

o

uartiles

< I
-

1 2 3 4
Reconstructed Neutrino Energy (GeV)

|
-+ FD Data

— Predictio

Fit these

simultaneous

i.mi

3 4

NOVA Preliminary

High PID

Core
Peripheral

Vv

e

1 2 3

4

I
bw PID :

D Data
)scillation Fit

1-0 syst.borge E
B Wrong Sign: v,CC 1
I Total bkgd. a
"1 Cosmic bkgd.

+

New
datal

5
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Events / 12.33x10%°

—
o

%)

ly...

1-6 Syst Range !

1 2 3 4 1
Reconstructed Neutrino Energy (GeV)

J. Wolcott / Tufts University

butrino Beam

High PID
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Oscillation results

NOVA Preliminary NOVA FD  8.85x10%° POT equiv v + 12.33x10°° POT ¥
T T T T I T T T T ! 1 T ! 1 T 1 1 T

3 M 1

L B ! I S Z
2.8 - C 10
- . - 1<
< Ld I o |z
o 2 ] 8 2f 3
o - . C - 13
8 T il = - Normal 12
& i - C 1  hierarchy -
| 1 O N
< 5ol - N 05:_ __Inverted -
"B< 16 [J<20 [J<3c * Best Fit NN O 7 hierarchy -
—t—— 0: T BRI Ll -
- . 0.4 0.52 0.6 0.7
I ] sin“o
< 7 Best fit: 23
() i i . 2 _ +0.04
™ « sin“6_=0.56
o I | 2 ” :8'?13 3,2, 4
= 260 g e Am? =+2.48""1 %10 eV?/c*(NH)
o 32 —0.06
(aV [ ep] - -
% - - sin2¢923<0.5 (lower octant) disfavored at 1.60
—2.8— -
[J<26 [J<30c IH |
L

P T TR RN S T T T R T T 1
0.3 0.4 0.5 0.6 [All contours and significances calculated using
Sin2923 Feldman-Cousins method thanks to NERSC]

o
~
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Oscillation results

NOVA Preliminary NOVA FD  8.85x10%° POT equiv v + 12.33x10°° POT ¥
T T T T I T T T T ! 1 T ! 1 T 1 1 T

— 3r T T T — T ] >
2.8 - C 10
- . - 1<
S i i ~ 10
o 2 ] 8 2 13
o - 1 c X 13
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i i O ]
< 5ol - N 05:_ __Inverted -
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—t—— 0: T BRI Ll -
- . 0.4 0.52 0.6 0.7
I I sin“o
240 1  Bestfit: 2
® i | .2 +0.04
™ o« sin“6_=0.56
o I | 2 > :gﬁ) 3,2, 4
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—2.8— ]
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o
~
<
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|
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Oscillation results

NOVA Preliminary
————

R
- Normal Hierarchy 90% CL -

- —— NOVA — - MINOS+ 2018 7
3.0 ---- T2K 2018 - IceCube 2019 —
| -~ sKk2018 -
> S :
o | - ; |
B | i i
250 -
w7 _
g | il
2.0} o Best fit —
. ] ! . | ] ] ! . | .
04 05 0.6
sine,,

Precision measurement of atmospheric parameters
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Total events - antineutrino beam

—_
o

Oscillation results -

NOVA Preliminary

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

sin?26,,=0.082 |

c
o

sin’6,,=0.48

IH
AM2,=-2 54x107e\V?

- Lo in°6,,=0.56
I NH

AM2,=+2.48x10°eV?

(08,0 ® B W2 -

[0 8gp=T ™ 8gp= 3n/2 * 2019 best fit

20 40 60 80
Total events - neutrino beam
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Best fit:

+0.04
-0.03

. 2 .
e SiN 4923—0.56

« Am. =+2.48" x10 "eV’/c*(NH)

e 5 =0.0"" 7
CP -0.4

J. Wolcott / Tufts University



. 2
sin 823

. 2
sin 823

Oscillation results -

0.7

NOVA Preliminary

o
3]

>

o
»

* Best Fit

© o
~ W

|""|@

0.5
0.4F -
| |£2 <3 i
0'3__I.:|. .G. |EI ° | 1 .IH._.
0 % T 3n 21
8CF’ 2
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Best fit:
.2 +0.04
« sin"0,=0.56_
e Am’ =+2.48""" %107 eV?/c"(NH)
32 —0.06

e 5 =0.0"" 7
CP -0.4

[All contours and significances calculated using
Feldman-Cousins method thanks to NERSC]
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Oscillation results -

20 20
NOVA Preliminary 5 Nwa\ F.D. 8|85X1.0 .POT equwv+ 12.33x10 POTv
0 , ——— F - -NH Lower octant J &
r - [ — 1<
- ] ? af NH Upper octant = >
. 3 ~ N --IH Lower octant ] g
mO. § 3'-‘ — IH Upper octant ;%
D S 5 15
e 00 S 2k 15
o S el . .
04— S o
[ i< 1o |_J<20 |_|<3c * Best Fit L L — N
0'315_.' | D‘ — D e % El ™ i 2n
0.7 | | | ? Ocp 2
- Best ﬁt'
0.6> . sin’6,=0.56""
™ I + _
Y « Am; :+2 48" x10eV’/c"(NH)
(8] — .
C T +1.3
T J . 5 —O 0_04
0.4F E
o of0<20 D<o - AP,; oxsindcp
0 T R NHUO: All values of & allowed at 1.10
2 S 2 IH: 6= /2 ruled out > 4o

CP
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Oscillation results -

[Feldman-Cousins corrected significances]

NHuo IHUO
Best fit D'SRG}\SIgI’Ed
~
NH LO |_H LO LO
D'Sgilggred DIS;a(\),grEd Disfavored
. l1.60
S
\ Y,
Y
IH
Disfavored
1.90

f

NH preferred by 1.90
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Future

* Currently running in neutrino mode

~ Run plan: 50:50 v:v
& sin“0,,=0.45-0.60, Am3,=+2.48x10°eV?, sin’20,,=0.082

~ Potential 3-50 sensitivity to hierarchy
with favorable parameters

~ NOVA is expected to run until 2025 i e e e L B %

~ Beam improvements an important part of NH gcp=3m’2 S
4 NH §..=r

story! E NH 8.,=0 %O

* With current analysis, expect: e T B =1

Q

=

-

* this measurement
~ Possible >20 sensitivity to CP violation

Significance (0
)

—

* Anticipating improvements in simulations
that should improve analysis robustness

2019 analysis technlques
36><1020 POT{v)+36x10 F'OT(_ ) by 2025

L Il il

2018 5020 5072 057"
~ Test Beam / improved det. response model Year

o

~ GENIE 3.0 / improved cross section models

8 8
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Summary

* With 8.85x10%° POT neutrino + 12.33x10%° POT antineutrino beam exposure,
NOVA finds:

~ 4.40 evidence for electron antineutrino appearance in a muon antineutrino beam
~ 1.90 preference for the Normal neutrino mass hierarchy

~ 1.60 preference for 0, residing in the Upper Octant (maximal mixing disfavored
at 1.20)

* With continued running through 2025, NOVA anticipates:
~ Possible 3-50 sensitivity to the mass hierarchy
~ Potential sensitivity to CP violation >20

~ Input from NOvVA Test Beam program, neutrino interactions community to further
improve robustness to systematics

* Come join the fun!
30 doctoral / 9 masters / 1 bachelors NOVA theses (and counting)!

Paper reference for today's new result: arXiv:1906.04907

FNAL UM / June 13, 2019 J. Wolcott / Tufts University



https://arxiv.org/abs/1906.04907
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Overflow
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Systematics

NOVA Preliminary

Detector Calibration| [ '

Total syst. error _ Detector Calibration

Neutron Uncertainty o
Muon Energy Scale | L . NOVA Preliminary
Neutrino Cross Sections e S — . E—_——

. - Near-Far Differences T )

Near-Far Differences | B | Neutrino Cross Sections
Normalization [ ]

- . — Detector Response
Beam Flux [ - .

Statistical error | I— , Normalization

II--lI

~0.05 0 0,05 - ]
Uncertainty in AmZ, (x10° eV?) Neutron Uncertainty
NOVA Preliminary Beam Flux
Neutron Uncertainty _' - — ' T I_' Muon Energy Scale B N
Detector Calibration [ ]
Neutrino Cross Sections B — ] Total syst. error | —]
Near-Far Differences | - N Statistical error
Detector Response B .I - -0.2 I I 0 — 0.2
Muon Energy Scale : - : Uncertainty in SCP/E
Normalization .
Beam Flux B ' N
Total syst. error —
Statistical error | — ._

1
004 002 0 002 004
Uncertainty in sin’6,,
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Calculating significances

NOVA Preliminary NOVA
I ! ! ! I ' ! ! T T T
I Pseudoexperiments
Gaussian 2 distribution
H,(LONH) : p-value = 0.121

Preliminary

o
o
o

T I | 1 1 T L] | T 1 L 1 I T | T T
Hy(IH) : p-value = 0.057
Hy(NH) : p-value = 0.619
- - - Ay? from data = 2.77

o
=]
o

o
o
5

Data

o
o
N

TIIII|IIII|IIII|IIII|IIII_

0.01

IIIIIIIIIIIIIIlIIII|I
Fraction of pseudoexperiments

o

o

W

Fraction of pseudoexperiments

/

dIIII|IIII|IIII|IIII|IIII|IIII

4 6
Ax? (LONH - UONH)

oo
|
—
Gl TT T
|
—
o
(&1}
—
o

Feldman-Cousins method

Generate many pseudoexperiments Compute p-values of both

w/ null hypothesis: measure p-value hypotheses; if p /P, is large,

of data exclusion of null “empirically” exclusion of null is suspicious.
CL,=0.094

FNAL UM / June 13, 2019 J. Wolcott / Tufts University




Neutron response

51\/ [*

Neutron response is w |

important in v mode: n, IT+, ...

N

neutrons dominate in
antineutrino reactions

L300 2000 2500 3000 3500 4000
300 L —
S U e e e g e
=200 - -
B o
0 ©)
=
= 400
200 —
1500 2000 2500 3000 3500 AD00
z(cm)

NOvA - FNAL E329

Rum 30097124 210 —T | Zip? p
Event: 5420/ 1oy 1 1 q
UTC Sat Jun 23, 2018 ! i ! -

] 737 75 73 ik 2 3
01:50:50, 648824512 - =0 - = =0 t fﬂiec} 10 1 1 g (apc)

Search for v QE-like events
(u + no other tracks)
with compact displaced energy deposits...

NOvA Prellmmary

— NOvA ND Data
|:| Charged pion
%)
c - Muon
@ 1500
Lﬁ . Neutron

[ Photon

&)
=
““; _____________________________________________
T Y A R N
O 0 0.1 0.3
Reconstructed prong energy (GeV)
.. and design uncertainty to bound
data-simulation difference in observed energy
NOvA Prellmlnary
3000 ———— ,
= —|— NOVA ND Data
25001 —
2000 _ Nominal simulation =
w N
§1500 = Shifted neutron response -]
w :
1000 -
 soof- E
E
o 1
C I T
(@] 1. I
e 11
Qo .
©
o
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Events

Ratio to nom.

Neutron response

v,\'/ I
Neutron response is w |

important in v mode: n, IT+, ...

N

neutrons dominate in ~1% effect shift in mean energy,
antineutrino reactions

negligible change to resolution,
negligible change to selection efficiencies

NOVA Preliminary Antineutrino Beam NOVA Simulation

3000 C T T T T T T T T T T T T T T T ] i ! ! ! ! | T T T T I| T T T T ]
2500: | NOvVA ND Data E : FD MC :
- 'D — _
2000F Nominal simulation _g - —
o ] © | — NeutronSyst (+1o) _
1500 Shifted neutron response E L ’
B ] o) n -

- 1 c B _
B E 8 [ — Nominal .
£ < I :
: ] D [ N

. < —— NeutronSyst (—1o) 1

<l | i i

. I i i

0 ' i | ]

0.

05 0
(Reco - True)/True

B

0.1 0.2 0.3
Reconstructed prong energy (GeV)

|
=y
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Xsec model tuning: 2p2h

NOVA Preliminary NOVA Preliminary

18 18 ,
" Valencia MEC Neutrino Beam Neutrino Beam
16:— v, + v, CC Selection v, + V, CC Selection
14 —+— ND Data —+— ND Data
- .
P 12; o — o —
g 10 . @ RES B RES
w [JDIS [ DIS
2 Bl Other B Other
0 0.1 0.2 0.3 04 0506 07 08 09 1 0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
Visible E,_, (GeV) Visible E,_, (GeV)
“2 2h 1] Fully empirical prescription for 2p2h
p derived from fitting data excess in ND
i w/ tunes from alternat se MC as uncertainties
Knock out two nucleons with an (w/ tunes from alternate ba )
elastic-like interaction. — NOVA Preliminary 50 NOVA Prelminary
" Neutrino Beam 0 NOVA ND data _ u Antlneutrlno Beam 0 NOvVA ND data .y
150— ——— 2018 NOVA v + V tune —| C —— 2018 NOVA v + Vtune _|
] C ——— MINERVA MEC ] 60> — MINERVA MEC —
B I O ., ~ I NOVA - MEC shape -6 | e =5 0 e NOVA - MEC shape -1 |
Models are a work in progress... AR i I NOVAMECshapertr | & Lle o NOVA - MEG shape +1s
H H -y [ Non-MEC . 40{= [ ] Non-MEC ——
resort to fits based on empirical & ¢ - 1 oe F " ilE
13 *77 3 . - C ] ~ L il
model*” in meantime o 1 20~ =
[N. Jachowicz] r n B — i
- b o g 12 3 g | | | 3
25! A i B B -
' e VI Y4 () 0.92/‘”‘ ___________________________ _i O 038 3
. = 08 . , , ‘ 3 = 06 3
“Meson Exchange Current (MEC) Models in Neutrino Interaction 0 0.1 0.2 03 0.4 05 06 0 01 02 03 0.4
Generators”, Teppei Katori, Nulnt12 Proceedings, arXiv:1304.6014 Visible E,, (GeV) Visible E,_, (GeV)
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Xsec model tuning: pion production

NOVA Preliminary

[ ] [ ] . .
P I On prOd uctl On NOVA Preliminary A | 2 b d 2.5 Quantile 3 Neutrino Beam
5[~ Quantile 3 Neutrino Beam PPy Q -base Tt v, + v, CC Selection
No RES RPA v, + ¥, CC Selection Valencia RPA 2; — ND Data
—+ ND Dat . -
EIvEC weight from QEto ., | o
o) [feld g 1.5 B RES
. 8 B RES resopant @ oIS
Apparent suppression at = 3055 productionasa % e
= m—oreiy) stand-in for
low momentum transfer whatever nuclear
2) i effect we see at %0102 0.3 04 0506 07 0809 1
(Q re Latlve to mOdeL 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 low Q2 Reco @ (GeV?)
Reco @ (GeV) imi (W/ unmodified NOVA Preliminar
. Quantile 3 '\i(:ﬁ\::u::,:ilr:;:]ary ve rSion. as 0.9F- Quantile 3 Antineutrino Beam :
No theory to guide here. NoRESAPA 147,00 Sacton uncertainty . 4.+, Sdcte
—— ND Data variation) —+ ata
“ 9 . : [ MEC
Adapt” elastic long-range \ S
. “« 99 g B RES &
correlation model (“RPA”) Sos g
0102 03 04 05 06 07 08 09 1 0 010203040506 070809
Reco Q% (GeV?) Reco Q7 (GeV?)
[PRD 83, 052007] [PRD 91, 012005]
o B ewees [PRD 94, 052005]
> ® MiniBooNE Measurement |
é 60 -TomUncenamly _: @ - Transition Sample < 140 a) v, + SW A+ +
“‘E w© —— MC Prediction E E 12 (fia_'“‘g::e‘” E 120 ) P(S::Inrm:ized g —4— Data (3.04e20 POT)
"35 ] < 10 —— True QE 1 5 100 — GENIE w/ FSl
~< . . B L True 2 T GENIE w/o FSI
= MiniBooNE 7 8 sf rebeioner 13 s
30 —: § 6 : ] (\g 60: ) :'\ -== NEUT
20 = % 4r .M | NOS ] 5:3 40 TEY |N E RVA
o _§ @ oF ] Ng 20 --‘:-:-:.....,m:m:. _________
0 . | | | | - :xl %0 0'5 1'0 1‘5 2'0 2'5 -g 0.0 0}2 0:4 0?6 018 1.‘0 112 114 1.‘6 1.‘8 2.0
O s s ”g‘l(Me‘J'i,Z.) ' Reconstructed Q° (GeV?) ' @ (GeV?)
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Xsec model tuning

160 —] 1 T T T T 1 T :

140J\leutrlno Beam —i— BOfVAHI\I(?E[[)\]e;tEa —f 70 Antineutrino Beam —4— NOvVA ND Data —g

mof — Q?E?/l\'; - = 60 —— Default GENIE 3

— eights — S i =

2.0 — RES & DIS Weights 5 £ 50 SESW;'SESW o

o F — Add Tuned MEC 7 S 4E — eights;
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D 60F- = 5 0E E

40F- = 20F- E

20 = 10~ =

_.cg g_ I I } I I _é g 145_ I I ] } ! I I _E

S o ge ; G123 £

Q o7F E O 0.8F° E

= 0.6E - - - - . E = 0.6E E
0 0.1 0.2 0.3 04 05 06 0 0.05 0.1 015 02 025 03 035 0.4

S A e b 80 =

: Neutnno Beam ¢ NOvVA ND data _ — Antlneutrlno Beam ¢ NOvA ND data =

150(— ——— 2018 NOVA v + 7V tune — B ——— 2018 NOVA v + V tune |

B ——— MINERVA MEC ] 60~ ——— MINERVA MEC —

i) CL T e NOVA - MEC shape -16 2 = NOVA - MEC shape -6 |

O 100[rell " il e NOVA - MEC shape +15__ o . NOVA - MEC shape +1c |

T = (] Non-MEC 5 D 40~ ] Non-MEC —

S L : E=I -

Ts0 - ] T 20— —

E 12 ;_- l 1 L L l _; E ;_ l ! l _;

3 g r2 .

O 09E E o =z E

= 08 , , , , , = = = =
0 0.1 0.2 0.3 04 0.5 0.6 0.4

Visible E,_, (GeV)  Visible E,_, (GeV)
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Wrong-sign background

NOVA Preliminary

NOVA Preliminary

1500 | T T T I T T T T I | | I T T T T I | _
 0.0% Vet Y, | O 9% v+, B
| 99.7% vy TV, i - 4% v, + V, .
0, B 0, -1
_,g . 0.3% NC Flux and cross- - -.g 600 5% NC Flux and cross- _|
® 1000} section systematic — o i section systematic |
£ B fake experiments | £ fake experiments
= = = L . .
% a Vi . % 400} —
@ u . @ : Wrong-sign BDT :
5 500— - < ;
w B i e - Prong CVN Proton ID .
200— —
Neutron Capture Rate h - Event CVN Proton ID -
0 1 1 L 1 I 1 0 i 1 1 L 1 I 1 L |
0 0.05 _ 0.1 0.15 0 0.1 _ 0.2 0.3
Wrong-sign fraction in v, selection Wrong-sign fraction, high CVN v_ selection

* ~10% systematic uncertainty on RHC wrong-sign from flux and cross section

— Both in y,-like and v.-like events.
— Does not include uncertainties from detector effects.

* Confirm using data-driven cross-checks of the wrong-sign contamination

— 11% wrong-sign in the v, sample checked using neutron captures.
— 22% wrong-sign in beam v, checked using identified protons and event kinematics.
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