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[this slide reflects the opinions of the author only]

Science happens in a context.

Acknowledge NOVA collaborators & Fermilab community
for whom the last few months have been even less “business as usual’:

* Members of the Black community
* Those who have lost family/close friends/etc. to COVID-19

[CDC/SCIENCE PHOTO LIBRARY]

Let's listen to & support them. (There's work to be donel)



https://chicago.suntimes.com/2020/6/6/21282567/george-floyd-protests-chicago-rally-june-6
https://changenowphysics.com/

Plan for this talk

* Why study neutrino oscillations?

* NOVA: observing oscillations with a
ong-baseline experiment

* Interpretations: events into probabilities
* Inferences: NOvVA oscillation results
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Part I: why study neutrino
oscillations?

“ | suppose that | tend to be optimistic about the
future of physics. And nothing makes me more “
optimistic than the discovery of broken symmetries.

—Steven Weinberg (Nobel Lecture 1979)
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Why study neutrino

oscillations?

Despite our relatively complete picture
of the fundamental particles &
interactions, many questions remain.

Neutrino oscillations help us approach
many of them. ..
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Why study neutrino

oscillations?

* v oscillations probe symmetries:

- DO th e ne Ut” no ﬂaVO s mixinad Standard Model of Elementary Particles
p r e d I C-t a b | e W a y ? three gel:;eer::ici)::s;)f matter interactio?bs olsf;)r::;e carriers

- Are the neutrino masses ool e |[®
distributed in a 'regular’ e e JL_e Jauon J{ M
fashion? ... in a fashion ‘@ ||
resembling the other fermions?

down strange bottom photon

QUARKS
€
€
®

SCALAR BOSONS |___

=0.511 MeV/c? = =1.7768 GeV/c* D =91.19 GeV/c? u)
|| g Ny -1 4 0 =
. o ® oo |f®
- Do neutrinos and antineutrinos sncrn | [ o || oten | B
. 2] ~ 0o
OSCI | |ate the Sa me Way7 cz) <22eVict ;0.17MeV/c’ <18.2 MeV/ =ao.39G‘ew°‘ (Ll;g
. = ‘ v ‘ P
A N >f
1 | neutrino neutrino eutri W boson (GRS

— Are there exactly 3 v flavors, like
the charged leptons and quarks?

(o)
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Why study neutrino

oscillations?

* v oscillations probe symmetries:

- Do the neutrino flavors mix in a Does this help us
predictable way? —®  understand “generations?”

- Are the neutrino masses

Tt " ! ! Maybe insights into

dlS’[I”!bU’[Ed I.n d regqlar —> neutrino mass generation
fashion? ... 1N a fashion mechanism?
resembling the other fermions?

- Do neutrinos and antineutrinos I ”aogésigtvggr'ﬁgt‘tg?re
oscillate the same Way? antimatter differences?

) CP violation in leptons??
- Are there exactly 3 v flavors, like

the charged leptons and quarks? —> 1ot where do the

extras come from?

()
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What do we know already”

Oscillations arise from transitions from one
neutrino flavor eigenstate to another.

2
m- L

P(p— yp) = ZU;je_f T U,,
j

A m
D “‘Baseline" L V,B

AW

Y
Source Observation l B
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What do we know already”

Oscillations depend on two essential ingredients:

P(v, > V,)= Z‘c 2*"3

Uel Ue2 Ue3 "

1
C

u3
V
U, |LVa.

_- o

e 22

=
=

PMNS matrix
(‘mixing" matrix: connects
(1) flavor to mass states)
must have

off-diagonal elements @
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What do we know already”

Oscillations depend on two essential ingredients:

2
P(v, %Vﬁ)—
Ve Vet Yoo Ues .Vl. mke
Vo= Ut U Ugs|| Vs i,
PMNS matrix

flavor to mass states)
must have ... and it does.

off-diagonal elements (We know some of the elements
much better than others...

(,l) (‘mixing" matrix: connects

FNAL JETP Seminar / Sept. 18 J. Wolcott / Tufts University


http://www.nu-fit.org/
http://arxiv.org/abs/2007.14792

What do we know already”

Oscillations depend on two essential ingredients:

@ 2

P(v, = V,)= ZU;je_I 22U,
j

neutrino mass
2 states must have
( differing mass
eigenvalues

(D
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Am (eV)

What do we know already”

Oscillations depend on two essential ingredients:

@ |

P(v, > Vvy)=|YUgze ** U,
j

o

[Values from NUFIT 5.0, arXiv:2007.14792]

0.08}---mnnmmmmmmmme e
0.04f---mnrmmmmmemmmnmee i
ol I T neutrino mass
N — 2 states must have
( differing mass
Ay, | A, |~ oo eigenvalues

... and they do.

(These differences are known quite well, ~2-3%.)
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http://www.nu-fit.org/
http://arxiv.org/abs/2007.14792

Questions

* v oscillations probe symmetries:

- Do the neutrino flavors mix in a
predictable way?

- Are the neutrino masses Focus today on
distributed in a 'regular’ questions addressed
fashion? ... in a fashion by 3-flavor long-

baseline accelerator
neutrino oscillations:

resembling the other fermions?

- Do neutrinos and antineutrinos

oscillate the same way? E, ~ few GeV
L ~100s of km

- Are there exactly 3 v flavors, like
the charged leptons and quarks?

(%)
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0.06

Am (eV)

0.02

Questions

v, - v, I
7V_

— Normal Hierarchy & ‘“Inverted Hierarchy”

- Am,,

v
2 2
Y —— T, —

®

the ordering of the lepton mass states?

|s the most electron-like state the lightest one,

|s there a symmetry governing

like with the charged leptons?
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Questions

0 . o cos(6,,) sin( 0
- 0 cos(f) sin (@ 0 1 0 —sin(6,,) cos(6,) 0
0 —sin([@,)) cos ﬂ) —sin(@lB)e'El 0 cos(6,) 0 0 1

Most poorly known parameters:
0,, (~9%), o, (weak constraints)

FNAL JETP Seminar / Sept. 18 J. Wolcott / Tufts University



Questions

10 0
0 cos(B) sin([d,)
0 —sin([@,) cos(6,)

‘\ Most poorly known parameters:
0,; (~9%), O, (weak constraints)

s there a symmetry governing the v /v,

mixing into the 2" and 3™ mass states?
i.e. is 6,, ‘maximal” = 45°?
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Questions

"
)
[

0
—sin(6,,) e'EI 0 cos(6,)

Most poorly known parameters:
0,, (~5%), O, (~unconstrained)

@ Is &_,/m non-integral?

If it is, neutrinos — and thus leptons —
violate CP symmetry.
— Related to wider matter/antimatter @
asymmetry in universe???
FNAL JETP Seminar / Sept. 18. 2020 J. Wolcott / 1urts university




Part |l

Observing neutrinos over a long
baseline with NOvVA
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L BL neutrino oscillations

m- L

P(v, = V;)= ZU;je_f 2%y,
;

LL A How many v s are left? A
Vﬂ (v, disappearance’) Vﬂ* (
'\ '\
Source Observationv‘ 55
100s of km
- >
" 7/
l)ﬂ D,
w How many v_s show up? W \,
Source (‘v. appearance’) Observation €
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L BL neutrino oscillations

Pv, > v =Y Use F U,
j

v, disoppeoronc‘e/

, : L
Py~ 1—sin*20,,sin’ Amgzﬁ)
@ — 0,
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L BL neutrino oscillations

2
m?L

Pv, > v, =Y Use U
j

oj

v, dlsoppeorOnC‘e/ \Ve appearance

,[A—1]A

D e cin? .2 :
Py, ¢~ 1—sin”26,,sin” Amizﬁ) PG, ~ sIn" 20,5510 0y, 510 (A-1)
+20,5in0,,5in 20,50 20,,
T sinAA sin(A-1)A
= Am, X A A1 sin A
e 0, X (cosd,,cos AFsind ,sinA)
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Ratio to no oscillations

L BL neutrino oscillations

P(v, > V)=

v, disappearance

b-l_llll!lll!lllllllllll

11 11 111 111 III|III
1 15 2 25 3 35 4 45 5
Neutrino Energy (GeV)
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mjL
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J

oj

P(vy—=ve) %

v, appearance

NOVA: L=810 km

No matte!r effects —|
sin’20,,=0.085
1Am2,1=2.44x10°eV?]
sinf0,,=0.5 i

CP conserved

S 6 =m/2 mater effects

_ 20,,=0.085 |
d = 3m/2 2122 44106V
8in“0,,=0.5

j =
Neutrino energy (GeV)
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Ratio to no oscillations

L BL neutrino oscillations

v, disappearance

m

Pv, > v, =Y Use U
j

L

To measure the

probabilities —»
parameters:

(2) Measure their
energies

() Find v sand v,s

Neutrino Energy (GeV)
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P(vy—=ve) %

v, appearance

NOVA: L=810 km

No matte!r effects —|
sin’20,,=0.085
1Am2,1=2.44x10°eV?]
sinf0,,=0.5 i

CP conserved

S 6 =m/2 matter effects
20,,=0.085 -
d = 3m/2 2122 44106V

8in“0,,=0.5

j =
Neutrino energy (GeV) Q
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Where do neutrinos come from?

ONTARIO
Y (Thanks to the fine folks at Fermilabl)
NOVA 30 ‘H.‘H H“\/‘\‘I;gl‘(‘l‘y“heJt“r\inc\)\\gg;\m T L lu l
-« Weekly antineutrino beam m o e — — - EIAYSAQARY S| EUA A 30 ~
~ | — Accumulated beam 2020 analysis dataset :— 5
O 25— Accumulated neutrino beam e - L ‘L - JHIK it ——l Il 25;
‘E’é —— Accumulated antineutrino beam 2019 analysis datasetr,. ]F : g
MINNESOTA 220 il Ul M et
2 I ) o7 i 5 o o | -. l_ §
% 10 ‘”...::‘ e . ' ,'——-.’ 1 } 10 .f;_U)
g "o 1|,W S0 :'. : % L] I : g
51 W< Al 8| L | t5 O
N /,,.~/T b :
001 2015 2016 2017 2018 2019 2020 0
Date
IOWA NuMI >700KW v + v beam
Fermilab
== Muon neutrinos 13.6x1020 POT v (+954% over 2019)
=== [ au neutrinos +
=== Electron neutrinos ILLINOIS —
O 12.5x102° POT v

K. ENGMAN/SCIENCE 345, 6204 for 2020
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https://doi.org/10.1126/science.345.6204.1555

Where do neutrinos come from?

Target Focusing Horns Decay Pipe N
R VIV,
)
p
— NOVA Simulation 5 NOVA Simulation
:'? i | | o NOvIAFar [l)eltelctlo; | | 5,'_?' I | | I NOvIA Far Deltector |
FS’ I v, Spectrum i o S 6; v, Spectrum ]
X T rsenm 1 Neutrinos s, Spootum
> [ ] > [ ]
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t | mode" ] N U M I E Je” -
8 | b g moce: -
g T - eam = ]
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Neutrino energy (GeV) Neutrino energy (GeV)

% Ash River

Fermilab
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Where do neutrinos come from?

A - .

N B -
AT Rewilon
wRN T

T IV
i “ A

.
%""- T -

S

MW-capable horn
(installed 2019) (installing during 2020 shutdown)

Working towards 900+ kW
« With 2019-2020 improvements to NuMI| beamline
components, complex will support ~800 KW
« Early PIP-Il improvements to Booster will allow 200+ KW
with faster cycle times
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Detecting neutrinos

* Near Detector: 300 ton, 1 km from source (FNAL)

* 100m underground, 20K channels
. * Ear Detector: 14 kton, 810 km from source (Ash River, MN)
\ * On the surface, 3m concretetbarite overburden; 344K channels

&)

J. Wolcott / Tufts University
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1 Channel

APD
32 Channels

typical -
charged »
particle

path

data event from FD

Al
(4cm x 6¢cm) Neutring
« Good energy resolution for muons, : 4 (apo)

electromagnetic & hadron showers:
« Mostly (65%) active detector .
« Radiation length ~40 cm — 6 samples per Detectors differ

radiation length mainly in size

(otherwise functionally identical)




The task:

Get from this... .. to this

4200 4400 00 4800 5000

1000 2000 3000 4000 5000 6000
z (cm)

4800 5000

NOvA - FNAL E929

Run: 19165/

Ever 415/
UTC Mon Mar 23, 201

¥ 200 300 400 1]
11:43:54.311669120 [ (usec)

UTC Mon Mar 23, 2015
11:43:54.311669120

FD sits on the surface -
— ~150 KHz cosmics v, candidate



Goal #1: finding v ;s and v,s

' Vﬂ selection

l O(10¢) cosmics ¢

Basic Quality cuts

Basic Quality cuts

¢ ( Core Preselection )-
( Containment cuts ) l

l Cosmic Rej Core BDTE
Cosmic Rejection BDT l

l‘ ( CVNPIDcut -
( PDcut | | |
Selected 1/, Low High
PID PID
Cor;s:lmple
O(S) cosmics v O(l) cosmic
(vs.100s v /v,) (vs. 30-80 v /v ) @
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Goal #1: finding v ;s and v,s

' Vﬂ selection

| O(10¢) cosmics ¢

Basic Quality cuts
Basic Quality cuts

( Core Preselection )

( Containment cuts )

[ (_ow F;IQ cut )—]

[ ( PDcut ) ]

Core sample

O(5) cosmics v O(1) cosmic
(vs.100s v /v, ) (vs. 30-50 v /v ) @
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Goal #1: Finding v ;s and v,s

Input pixels & — E—
80 ‘ ! ! ' .-'r - -.—' =
= = H ==
70 —
\\\\\\‘ | =] =
60} ¢ 777777777777777777777777777777777777777 > ] P %
5ol I (+ other xformations) 1 "“'";: =
_ —=TT L e oo »> - ==
QA0L e _lf {1 ] ¢ = = B CEN b A
_/—”'—/ s o | = 0 - a]
! | Learned variations on
10} * the input “image”
00 2‘0 40 60 éO 10C ¢ ¢ ¢ ¢ ¢

Plane

bknds D, D,

« Workhorse tool: convolutional neural network (CNN) called CVN
- Technique borrowed from computer vision community:
« Learns topological “features”
« Eventually mapped onto desired output categories
- Performs neutrino event classification; also important part of cosmic rejection
- Updated for 2020 (3 edition!)
« Significantly (~x3) faster network architecture (modified MobileNet v2)

« Slightly better physics performance @
« Further reading: JINST 11, PO2001
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https://doi.org/10.1088/1748-0221/11/09/P09001

Cosmic BDT

0.7

0.65

0.6

0.55

(ADC)

v_ candidates near detector edges are

recovered into “peripheral” sample using
tighter PID cut & dedicated cosmic BDT

v-beam NOVA Preliminary

T T T T T T T T T T T T | T T T T | T T T

s a | Peripheral . )’
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Doodoocoo00ocO0O000oO00oC000000]
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)
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~
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(Peripheral Preselection)

( CYNPDcut |

|
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\ J/
VO
Core sample

v

[

CVN PID and
Cosmic Rej Periph BDT

\_

.
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N—_——
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Goal #2: Measuring E_

Strategy: divide and conquer

vV lepton

Nucleus Hadrons

Evaluate the
lepton (muon or electron) -
o - E,=f(E_ ,E
hadronic system
energies separately
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Goal #2: Measuring E_ (v

Strategy: divide and conquer

Neutrino Beam NOVA Simulation

0.20 T I T T T T I T T T T I T T T T I T T T T 0.15
) V i
5 0.16 -« 012
= H A ]
Q) - h - .
2 0.12 - —0.09
= L e - - "
Lo; B - - : ..:....:
2 0.08 —0.06
S ]
w0 i
= 0.04 o003

0.00; L ! : : £0.00

True v, Energy (GeV)
Y lepton
] o ~ o
(E resolution): ~9%
\Y
Nucleus Hodrons
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Fraction of events

U

NOVA Simulation

Neutrino Beam
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—— 0.15
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E |
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= |
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Goal #2: Measuring £ (v

e

Strategy: divide and conquer

/ Neutrino Beam NOvVA Simulation \
Neutrino Beam NOVA Simulation 2 osl- E 0.15
i s |- EM g
0.15— . 2 >
3 i V —0.2 '_ o4 10 -g
— [o]
= e @ g §
Tz | R - : ' : g
= i . —Jo15 @ S o2 .. Lo ., PO E
= o1 . S % ceeemte e e
o 5 | -
° A B B
Q | . c GU 7 > 3 7y 50
& E B 2 o True EM Energy [GeV]
—- B . Q
| © -
S 0'05_ v e Neutrino Beam NOvA Simulation
2 1 —o0.05 -
; ] E
o B E 5
! = o had =2
0 1 2 3 4 S §
True v, Energy [GeV] Yoo s
8 . S . . c
2 . L
x 02 . T3
'.6 . E
“ED 0.1
© ot
— \_+ )

(E, resolutiony: ~11%

Nucleus Hodrons
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What do we observe?

Neutrino Mode NOVA Preliminary Neutrino Mode NOVA Preliminary
T L s Tt L L N I S

120 4 Data ] 51 -+ ND data—

B — Total Simulation v v . - . —TOt\o‘.;ll MC :

1= [0 Total Background ] o v CC]

= L - ] g 4 . o |

GE : Il Wrong Sign ] H e ] - - NC ]

g o - o ~ :

£ f ] £ 3 -

% 0'6,_ — ;_3 - ]

s L ] - ]

[y B g, 2: " :

S ] wm F ]

s E ® j&m _-

N 7 L™ i

[ N ] N N

° 1 7 : 4 > OFF = 4 5

Reconstructed v, Energy [GeV] Reconstructed v, Energy [GeV]

Antineutrino Mode NOVA Pre"minary Antineutrino Mode NOVA Preliminary

i ' sy ] 7 D]

i — Total Simulation | = B —Total hég ]

- 0.6 [ Total Background 8 B t’ru Iole 1
o [ ! 8 - .

a [l Wrong Sign ) B -+ NC -

3 04 I‘J e & 1

2 N __

c ﬂ : :

. 5 | :

e @ os - .

e o+ ]

° Reconstructed v, Energy [GeV] o 1 2 3 2 5

econstructed v, Energy [GeV] Reconstructed v, Energy [GeV]

Unoscillated, high-stats ND distributions @
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Part Ill: Interpretations
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Best fits

The principle of finding the values of the
oscillation parameters most compatible with the
data is straightforward...

a5k e :
- - egg 90—
C —0,.=
30 B eg_:ﬂ" B
B —0,,=49°
o5l ! —— 651 80~
" » —e— Toy data (6,,=45°)
L - B
15— i
100 + oor i
5 E_ ++ + + 50 :—
_ 11 1 J 1111 I 1111 l 1111 l 1111 J 1111 I 1111 I 1111 l J+J 11 _J 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
85 195 225 3 35 4 45 5 04 045 05 055 06
Reconstructed Neutrino Energy (GeV) Sin® 6,

(use a fitter to find the values that minimize the data-prediction difference)
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Making predictions

.. but theres a lot hiding under the hood of the
predicted specta

Neutrino flux Neutrino Detector
reactions response
=) on detector s tocharged |
materials " particlesand &5
——t gt
propagation
.nzene,;y(eev; — there are nontrivial uncertainties in

o each of these stages,
- Oscillations  which can affect oscillation interpretation
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Making predictions

Neutrino

reactions

on detector
materials
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Neutrino interaction modeling

D, t * For 2020: upgrade to GENIE 3.0.6

- Introduces choices of prepackaged collections of
models, often with tuning to data

- We choose a “theory-driven” set of models w/
GENIE collaboration's tune to free-nucleon datax*

* Challenges always arise treating nuclear
dynamics of neutrino interactions

D I - Low-Q2 suppression of quasielastic scattering
\'/ relative to free nucleon
w

- Multinucleon knockout (2p2h, ...)
Eo - Reinteraction of hadrons after primary scatter (FSI)

» We apply custom tuning in two places

the Z-expansion QE axial form factor for the dipole one. This combination was not available in

*We call our “tune” N1810j_0211a. Itis built by starting with G1810b_0211a and substituting
the 3.0.6 release, but it may be available in future versions.
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http://tunes.genie-mc.org/

Neutrino interaction modeling

D, I
\'/ » For 2020: upgrade to GENIE 3.0.6

- Introduces choices of prepackaged collections of
models, often with tuning to data

- We choose a “theory-driven” set of models w/
GENIE collaboration's tune to free-nucleon datax*

QE 'Multinucleon) RES DIS C FsI
Valencia TpTh Valencia MEC | Berger-Sehgal Bodek-Yang AN semi-
Z-ex on\gi/on axial classical
forrTﬁ)foctor \_ ) cascade

» We apply custom tuning in two places

and substituting the Z-expansion QE axial form factor for the dipole one. This combination

*We call our model collection N1810j_0211a. It is built by starting with GENIE's G1810b_0211a
was not available in the 3.0.6 release, but it may be available in future versions.
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http://tunes.genie-mc.org/
https://doi.org/10.1103/PhysRevC.70.055503
https://doi.org/10.1103/PhysRevD.93.113015
https://doi.org/10.1103/PhysRevD.93.113015
https://doi.org/10.1103/PhysRevD.88.113007
https://doi.org/10.1103/PhysRevD.76.113004
https://arxiv.org/abs/hep-ex/0308007
http://th-www.if.uj.edu.pl/acta/vol40/abs/v40p2445.htm

Multinucleon knockout

Raw Valencia MEC NOVA 2p2h

1-2: Neutrino Beam 1.2: Neutrino Beam
1 No NOvA Weights 4= NOVA 2020 Tune
- v, CCMEC [ v, CCMEC
E 0.4; S E =
0.2:
: 04 06 08 41 02 04 06
True |§| (GeV) True |G| (GeV)
“2p2h» Central value pre?iction + uncertainties
based on fits to ND data
Knock out two nucleons with N N
an elastic-like interaction. _ NOvAPreliminary _ NOvAPreliminary
25~ No NOvA Weights  Neutrino Beam -] 25~ ... Default GENIE Neutrino Beam .
N v, Y, CC Selection [ ——NOvA2020Tune Vv, + 7, CC Selection ]
Lots of recent progress on 20 + woae ] 2of + Woous E
theory, but no model in g b me ] 2 o 1
. q$) — -o-‘ [ Res 2 - g 151 [ RES ]
GENIE describes extant I Cos | S ey e -
data well - TR

Employ fits to NOVA ND T 0Z 03 04 05 06 T 0Z 03 04 05 06
data in the meantime Visible E, , (GeV) Visible E, ., (GeV)
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Final-state interactions

* FSI model choice: “hN 2018

— More rigorous theoretical foundation than
older “hA” effective model

- Challenge: not directly reweightable
* Some tuning required...

- Use BDT reweighting technique adapted
from DUNE (see overflow)

- Adjust central value to agree better with

pion scattering data at low energies where
most relevant for NOvA

— Construct uncertainty bands in same spirit
as work from T2K

[Phys. Rev. D99, 052007]

* 5-10% unc. on pion kinematics

— Ultimately subdominant for calorimetric
E, reco. used in NOVA

FNAL JETP Seminar / Sept. 18

x10° NOvVA Simulation
3.0F —— NOVA 2020 CV tune
—— GENIE hN 2018
250 b b e Fate frac A1
------ Fate frac A,
0 200 b Fate frac A3
C
Q 15t
i1
—
05} 1
00 1 1 1 1 1 1
S o> 1.00
520
0.75
0 1 2 3 4 5 6 7 8 9
Pion multiplicity
x10° NOvVA Simulation
—— NOvVA 2020 CV tune
S 20} —— GENIE hN 2018
o ¥ 5 e Fate frac A1
o \v 1 Fate frac A,
-
o L e Fate frac A3
o
~
n 1.0
-——
c
0
L 0.5F

o 1.1
) o) >
R
0.0 0.2 04 0.6 0.8
Charged pion kinetic energy (GeV)
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.99.052007&v=fa2201fc

Making predictions

Detector
response )
tocharged -
particles and -
light "
propagation
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Detector response

* Detector response is largest
Syst

- Data-MC discrepancies in proton
candidate response at 5% level

* NOVA Test Beam program
underway
- Should allow direct

measurement of hadron
responses

- Expected to constrain detector
energy scale uncertainty

FNAL JETP Seminar / Sept. 18 J. Wolcott / Tufts University



10® Events / 11x10°° POT

Limiting uncertainties

- xtrapolating ND — FD mitigates
both “known" and “unknown” effects

. } NOVA Prelimina

Neutrino Mode NOVA Preliminary v-beam_ _ YYVA Freimin: ry
25T T T T T T T T T

: | | } Dota | ]

- — Total Simulation - 150; — No oscillation |
2 [ Total Background — B

B Il Wrong Sign ] “ . " >

- Extrapolation™ & — 2020 Best-fi
150~ ~ B 100 .

- . (account for beam 2 | I Background

11— — divergence, detector size S -

- difference, etc. w/ MC) b =

= _ 50_ ]
0.5 — i

— PR | L Trr— ) ]y T

0 00 1

1 2 3 — 4 2 3 4
Reconstructed v, Energy [GeV] Reconstructed neutrino energy (GeV)

River

Fermilab
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10® Events / 11x10°° POT

Limiting uncertainties

- xtrapolating ND — FD mitigates
both “known" and “unknown" effects

i ) NOVA Prelimina
Neutrino Mode NOVA Prellmlnary _v lblealm] [ T T T T ] T T T T 1 T T T T ] T T T ry_
25T T T T T T T T T
: | T + Data T ]
- — Total Simulation - 150 B — No oscillation |
21— [ Total Background — B
B Il Wrong Sign ] “ . " >
- Extrapolation™ & — 2020 Best-fi
150~ ~ B 100 .
- . (account for beam 2 | I Background
11— — divergence, detector size S -
B ] difference, etc. w/ MC) Ot
= 50 — ]
0.5 — -
— PR [ T oy e %
0 00 1

1 2 3 — 4 2 3 4
Reconstructed v, Energy [GeV] Reconstructed neutrino energy (GeV)

This technique applied both to
variations from systematic uncertainties ("known unknowns")
and
central value (“‘unknown unknowns")
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Limiting uncertainties

- xtrapolating ND — FD mitigates
both *known" and “unknown” effects

imi ) NOVA Prelimina
Neutrin Mode NOVA Preliminary v-beam _ _YJvA Trenminary
25T ———— T
: T T | Data T ]
- — Total Simulation - 150; — No oscillation |
N [ Total Background — B
(@] : -WmngSIQn i “ . » >
s I Extrapolation™ & — 2020 Best-fi
x P B B S100|- .
2 L ] (account for beam 2 | I Background
s 1 . divergence, detector size s
a L ] difference, etc. w/ MC) Ot
k=) 50— |
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-xtrapolating ND — FD mitigates

both “known" and “unknown” effects

3
1 T T T T T T T T T T T T T T T T T T T T X10

(0) ~12%

Ehad / Ev

(o) ~10%

(o) ~ 9%

(o) ~ 8%

2 3 4
Reconstructed Neutrino Energy (GeV)

" Events/ 0.1 GeV

40
30F

20 L —> Background

20

10}

10F

v-beam NOVA Preliminary
geusirrtg:orution I Quartile 2
—No oscillation  }

—2020 Best-fit 1

40F

30

1 2 3 4

0

Reconstructed neutrino energy (GeV)

Extrapolating in quartiles of E__ /E_
matches the resolutions between detectors



Limiting uncertainties

- xtrapolating ND — FD mitigates
both *known" and “unknown” effects

- ) NOVA Prelimina
v-beam NOVA Preliminary Vbe?m ...................................... l'y
0.8 T T T T T T — F— T T T D' T T T ] ._
I — Total Simulation | 05— LT::I Simulation 40 [ &ls:?étoruﬂan Quartile 2
o.e: e | oaf 30 1 —No oscillation
E : — 2020 Best-fit
B : 20 3 I [ Background l

> = = [
() —P» [
o° 7] E O 10F
= e
o i
- ¢ "4 Data 1 F > 0 :
[2) — Total Simulation | 0. — -— -
e oaf I Total Background | E ] 5 40 _ Quartile 3 gz;‘;‘:_‘;;u“on
Q>J - Il Wrong Sign 1 Lﬁ i
L oaf - _ 30 '

oz . : 20}

0.1 - E 10 _

2 3 4 E o0 T 2 3 4 € 0 | . ]
Reconstructed neutrino energy (GeV) 0 1 2 3 4 0 1 2 3 4 5

Reconstructed neutrino energy (GeV)

Extrapolating in quartiles of E, _,/E
matches the resolutions between detectors @
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>
K
‘—!
o
\0.
N
—
c
o
>
T

v-beam

04
0.3
o |||||||||||I| IIIIlIIIIIIIIIII IIIIIIIIIIIIIII ii|'|||
[
|||..::I||III||IIII LTI
0.1]
e Jil

Limiting uncertainties

Extrapolating ND — FD mitigates

both “known" and “unknown” effects
NOVA Preliminary

artile 4
3

NOVA Preliminary v-beam
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Limiting uncertainties

- xtrapolating ND — FD mitigates
both *known" and “unknown” effects

v Beam NOVA Preliminary
0.20 1 1 I ! | 1 1 I ! | 1 T T 1
I —+— ND Data v, + v, CC Sel. |
—— NDMCyv, +V, CCSel. ]
Lo1s|- —— FDMC v, +7, CC Sel. - Near Det.
3 ] [=1
>
L
Y
© 010 — )N
C
9
3]
£ [
LT 0.05] ) 1
- 1 L L 1 | 1 L L I |
0'0%.0 0.5 1.0 15

Reco |b’t| (GeV)
The acceptance difference is strongly correlated with the

lepton transverse momentum, |p.|
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Events /0.1 GeV

Limiting uncertainties

- xtrapolating ND — FD mitigates

both “known" and “unknown” effects

NOVA Preliminary

1 1
+ Data

—— Total Simulation ]
Total Background

2 3 4 £ 0 1 2
Reconstructed neutrino energy (GeV)

v Beam NOVA Simulation

— T T 1 T |
- Far Detector
[ v, +V, CC Sel. .

| Quartile 1 .
.! |

Reco E, (GeV)

New in 2020: extrapolating in sub-ranges of lepton |p,|

enables matching the acceptance between detectors

FNAL JETP Seminar / Sept. 18
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Limiting uncertainties

- xtrapolating ND — FD mitigates
both *known" and “unknown” effects

v beam NOVA Preliminary NOVA Preliminary
""""" — -
>
&
o %
o o
> —
2 °
g [0
| [
< D)
= T T it e
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
New in 2020: extrapolating in sub-ranges of lepton |p,|
enables matching the acceptance between detectors
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Applications of extrapolation

ND sample Extrapolation FD predic;tions
method constrained

E, ® (E,,/E) ® |p,]

v, candidates > Vv, signal

(contained)

—

E ® I, | —> v_signal (appeared)

f previous slides

+ unchanged from previous analysis (see overflow slides)

Parent hadron (p, p,) ® E

v, candidates >  v_background:
(contained & uncontained) beam v
E :
v candidates v . V.backgrounds:
e NC
v, CC

FNAL JETP Seminar / Sept. 18 J. Wolcott / Tufts University



Limiting uncertainties

NOVA Preliminary NOVA Preliminary

Beam Flux

Detector Calibration

Detector Response

Lepton Reconstruction

Near-Far Uncor.

Neutrino Cross Sections

Neutron Uncertainty

Total Syst. Unc.

Statistical Uncertainty
-0.06 0.00 0.06
Uncertainty in A m2, ( x10° eV?) Uncertainty in sin®,,

* New |p+| extrapolation improves analysis robustness
- 30% reduction in cross section uncertainties vs. previous analyses
- Slight increase from lepton reconstruction syst. (but well understood)
- Overall decrease of 5-10%

* Dominated by detector energy scale uncertainties
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Part |V: Inferences
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Events / 0.1 GeV

Events / 0.1 GeV

The data to be interpreted

3-flavor oscillations describe these data well: p=0.705

v-beam NOVA Preliminary NOVA Preliminary
T T T T T T 30 T T T T T ! T T T T T T T T T T —]
10} t+Fodata oustier —2020 Bestfit > B Low PID : High PID i
sl .Background 1 .1-cr syst. range E V V ag; : § FDdata —_—
ol 1 ; '5 | — 2020 bestfit | o
: 1 E [ 1-c systrange | oo
4 -
-l' U e R‘l 20~ Wrong sign bkg | g 'E-
o 1 ] S [ [ Total beam bkg | &
0 = [~ [ ] Cosmic bkg o
1of s | wn | 211events | 82events g |
8 (8.2 bkgd) (10 v, C b
6 22.7 beam bkdg, & |
4 3.1 cosmic) c
o©
o |
2 : TR
0 ' o 0
o 1 2 3 4 0 1 2 3 4 5 2 3 4 1 2 3 4
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
v-beam NOVA Preliminary NOVA Preliminary
6| +FDdata quartet T —2020Bestfit 20 — LOW PiDI I IHilghl Pllnl I S n
. Background . 1-6 syst. range - B . |
v v 8 L § FDdata [ Wrong sign bkg T i
8 °[ —2020bestfit : [ Total beam bkg @ | & 7]
H e e : . ol i
g | 1-osystrange | [cosmicbkg  © = 1
H © : o _
: s | wws 1 105 events | 33 events o« ' ]
] (2.1 bkg0) (23 v, “é | i
10.2 beam bkgd, § 5[ _
1 1.6 cosmic) o :
o AL . T >40 v 5 ]
o 1 2 3 4 0 1 2 3 4 5 c =% 3 4 1 2 3 4
Reconstructed neutrino energy (GeV) appearance Reconstructed neutrino energy (GeV)

(g
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Oscillation results: (0

Am?,)

23’

NOVA Preliminary

—_ 26_
%J Thanks once again to Fermilab,
5 SciDAC collaboration, and NERSC for
T 24 computing resources & expertisel
g
< 20
.<1cs ._20' |:|<30' + Best Fit
03 0a 05 o6 07

—2.n'---|"|"|"": ~6%

3 Bestf't /
e sin 493_0 57*003
. Am =(+2. a1+0. 07)x10 " eV*/c*(NH)

f

E 29%
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Oscillation results: (0

Am?,)

23’

NOVA Preliminary

NOVA FD  13.6x10%° POT equiv v + 12.5x10°° POT ¥

i ] B | | | I g
I i " 10
—~ 2.6 ] B N
< - © 2% 13
2 - . ~ - 10
o [ ] 3 2 12
- 2.4 N c - 13
| | ® 15 45
- = | 12
g i - = - <
2.2 . — g) = Normal B
- l<to [J<20 [J<3c + BestFit = L~ hierarchy .
N B N B n 0.5F Inverted -
0.3 0.4 0.5 0.6 0.7 - hierarchy ]
—2." ! ! ! ' | ! ! ot I ' ! ! ! T ! ' T 0- L | | 1 L L | L L 1 | ! ! [
) . 04 0..52 0.6 0.7
O 24 3 Best fi t: o5
. +
o ) E e sin 49 3—0 57
— : . Am (+241+O 07)x10eV’/c*(NH)
E-26 =
> : sin“6._<0.5 (lower octant) disfavored at 1.20
27 ] 23
.<1o |:|_20' |:|<30' H
28304 o, 5 0.6 0.7
sin 923 [AU contours and significances calculated using

Feldman-Cousins method thanks to NERSC]
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Oscillation results: (0

Am?,)

23’

NOVA Preliminary

NOVA FD  13.6x10%° POT equiv v + 12.5x10°° POT ¥

i I n 7 T T ]z
i ] N 10
< 20 7 —~ 250 1<
> | : R > 1z
< | I o of mixing 13
O N 1=
: 24_ ] c B l . 3
8 [ ] ® 1.5F 45
g | | e | ' 12
< 2o — C 1T Nomal B
B .S1G .QG DQG + Best Fit .g) - hierarchy ]
C e n 0.5 :—_ Inverted —:
0.3 0.4 0.5 0.6 0.7 - hierarchy ]
B e oL R R B N R
5 ; 04 0..52 0.6 0.7
c\;‘* ' ; Sin 923
O 24 3 Best fi t: 005
o ) E e Sin 83_0 57
= ] . Am =(+2. 410, 07)x10 " eV*/c*(NH)
26 -
<, E sin’ 0,,<0.5 (lower octant) disfavored at 1.20
B .<1o |:|_20' |:|<30' H ]
283 0a 05 06 o7 sin”6 ,=0.5 disfavored at 1.1o
Sin‘6,
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Oscillation results: (O

CP?

NOVA Preliminary

0.7

0.6

0.5

. 2
sin 923

0.4F
oo W< B0 Lo +Bestft
0 % n 3n 2n
8CP 2
- —
0.7F E Best fit: Sos
i ] . _ +U.
o6 —] e SIN 1923—0.57_0.04
b - 2 - 2
o P : e Am’ =(+2.41+0.07)x10 *eV?/c*(NF
D r 1
L o05F . e 5 =082z
= C d CcpP
n C 1
0.4_— —//—_
030" | . M
0 T T 31 21 [All contours and significances calculated using

2 SCP 2 Feldman-Cousins method thanks to NERSC]
[note: sin?6,,= 0.085+0.005 (from PDG avg. of reactor data)]
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Oscillation results: (O

e23)

CP?

NOVA Preliminary NOVAFD  13.6x10% POT equiv v + 12 5x10%° POT ¥
o7F T T T T T T Spr T ]z
: i --- NH Lower octant 10
™ 4:_ RNy — NH Upper octant 1 S
0.6 —~ - --IH Lower octant ] g
@g a 31_' — IH Upperoctant @
~” 0.5 c vy 13
.E 8 B 15
% S 12
0.4 c
S
< 1
0.3_. <1o ._20 [|<3c;| + Best Fit NH 7]
0 E T 311: 2n [ - ,
2 o 2 00 ﬁ T T
= T T 3
a ] P
0.71 ] Best fi t 0030
B T +
s — o SIN 9 —O 57
0.6 — 004 3 2, 4
Q o Am32:(+2.4110.07)><10_ eV’/c" (Nk
D
- 05 e O =082x
— CP
)
0.4F
031_.510 <26 [J<30
o gl —— 3 [All contours and significances calculated using
5 .
CP

Feldman-Cousins method thanks to NERSC]
[note: sin?6,,= 0.085+0.005 (from PDG avg. of reactor data)]
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‘No strong asymmetry’

NOVAFD 13. 6><1 0% POT equw v+ 12.5x10%° POT v

NH

CP

N

(=}
(o]
o

op= 0O o dcp= /2 * 2020 best fit
O 6CP= T . 6CP— 3n/2

20 40 60 80 100 120
Total events - neutrino beam

NOVA Preliminary ' ---NH Lower octant 1 &
I I I | I I I | I I I | I I I | I I I | I — | ‘_'_-‘ _NH Upperoctant ] <
60 —NOvA FD — . . - >
20 : sin22613=0.085 s E 4: . T ---IH Loweroctant ] g
e t 13.60- 10°° POT-equiv (v) i ) B — HUoperoctant 1@
S | 1250 10 POT (v) . O 3f PP _:5
Pe! R 7] o - A=
50 A — » 3
S %, : g > EE
-: | :“OCJ// L ~/p\ | C
5 r Y7 H 1 >
o 1
'..% 40— — n 1_ ]
5 | ' : :

— 1 ! L | L f L ! L L s L L L
LT | % T T 3n 21
) B h 8 2
C — _

5 30_ ] CP
>

o 1

s | I

O o0l _

P —

[AUL contours and significances calculated using

Feldman-Cousins method thanks to NERSC]
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‘No strong asymmetry’

NOvA FD 13. 6><1 0% POT equw v+ 12.5x10%° POT v
5 — —
| ---NH Lower octant

-~ ] — NH Upper octant

NOVA Preliminary

—NOvA FD 5 —
| 13.60- 10°° POT-equiv (v) i

(o))
o

- - - |H Lower octant

>

— |H Upper octant

“L|||||||||||

Areuiwidid YAON

- 12.50- 10%° POT (v) Q 3;
50 S [ a
= 2
c [
2
O -
2

Ocp

W
(=)

« Hie-oct-8.» combinations that produce 'asymmetric' v.-v,
appearance are disfavored

Total events - antineutrino beam

N

(=}
(o]
o

=0 ® dgp=m/2 Y 2020 best fit
O 6CP= T . 6CP= 3mt/2

20 40 60 80 100 120
Total events - neutrino beam

[AUL contours and significances calculated using

Feldman-Cousins method thanks to NERSC]
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W H (0)] (o))
(=) o o o

Total events - antineutrino beam

N
o

‘No strong asymmetry’

NOVA Preliminary

| I I I | I I I | I I I | I I I | I I I | I
—NOvVA FD 5 —
| 13.60- 10°° POT-equiv (v) i
- 12.50- 10%° POT (v)

II‘I\’J‘IIII|IIII

| ---NH Lower octant
— NH Upper octant
- - - |H Lower octant

— |H Upper octant

NOVA FD  13.6x10%° POT equiv v + 12.5x10° POT ¥

ST I I

uo

LO

NH
0 8ep=0 ® 8z p=m2 %k 2020 best fit (\HUO)
N dgp= T - dcp= 3|n/2 * lBest fits f(lar IH/LO |
20 40 60 80 100 120

Total events - neutrino beam
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Areuiwidid YAON

-----

Significance (o)

i m

2

« Hie-oct-8.» combinations that produce 'asymmetric' v.-v,
appearance are disfavored

* Combinations that include some “cancellation” are
preferred

- There are such combinations for either hierarchy or octant
rong preferences for hierarch r octan

—

[AUL contours and significances calculated using

Feldman-Cousins method thanks to NERSC]
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W H (0)] (o))
(=) o o o

Total events - antineutrino beam

N
o

‘No strong asymmetry’

NOVA Preliminary

I
—NOVA F

I
D

| 13.60- 10%° POT-equiv (v) |

sin°20,,=0.085 -

' ---NH Lower octant
TN — NH Upper octant
. - --|H Lower octant

— |H Upper octant

NOVA FD  13.6x10%° POT equiv v + 12.5x10° POT ¥

- 12.50- 10%° POT (v)

o
[oZ

0 8op= T W dop=3n/2 3 Best fits for IH/LO

uo

LO
NH

=0 ®dgp=m2 H 2020 best fit (NHUO)

20

40 60 80 100 120
Total events - neutrino beam

II‘I\’lIIII|IIII

-----

Significance (o)

ST I I

Areuiwidid YAON

T
2

T

« Hie-oct-8.» combinations that produce 'asymmetric' v.-v,

appearance are disfavored

 Combinations that include some “cancellation” are

preferred

- There are such combinations for either hierarchy or octant

—

rong preferences for hierarch

oCtan

N

NH preferred by 1.00

AP,; xsinocp
Exclude (IH, &.,=11/2) at >30
Disfavor (NH, &..,=311/2) at ~20
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Vs. other measurements

[n.b.: not yet updated for NEUTRINO 2020 results from all other expt’s]

NOVA Preliminary NOVA Preliminary
' ' ! | ! ' ' ' I ! ' ! ' [ ! ! ! ! oot
- Normal Hierarchy 90% CL - 0.7 Normal Hierarchy
- —— NOvVA 2020 — — MINOS+ 2020 i
3.0 ---- T2K Nature 580 - IceCube 2018 —
~ | - SK2018 . 0.6
s | [
° | ’ 1 &S
< . = 0.5
o £.0 — - —
‘\é B 7 » M
< b _ - 0.4F -
- e e . | T2K, Nature 580: = BF — <90% CL --- <68% CL -
2.0__ * NOVA bestﬁt _ 0.3F NCl)vA: + BF E.' <90% CL .I <68%CL ]
! L L ' | | ] L | | | f | | | = I L L I L L 1 1 ! ] L L 1 L=
04 05 06 0 n n 3n 2n
Sin‘e,, 2 BCF’ 2

Agreement across many precision
measurements about values of
“‘atmospheric” parameters

Apparent tension in
allowed values of 3,
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Vs. other measurements

[I. Esteban et al. (NUFit 5.0), arXiv:2007.14792]
0 | NO | NUFIT 5.0 (2020) |

III|IIII|IIIII|IIIII IIIII|IIIII|IIIII|IIIII
J 1L — Minos .
. L/  \ |eesesns NOVAV .
91 F —— NOvAV y

" NovAvav NOVA Preliminary

15

— T2K
— LBL-comb

|
Normal Hierarchy

=<

Tension has stirred lots of
excitement!

- IH may actually be best solution in 3-flavor
paradigm, despite individual preferences
for NH? (Kelly et al., arXiv:2007.08526)

- Hints for new physics: non-L/E dependent 0.4

(%h[e)rewggin; l(ijlte(la\lrili'zfzo08 - T2K, Nature 580: m» BF — <90% CL --- <68% CL

S. Chatterjee & A. Palazzo, arXiv.2008.04161) i NOVA: + BF I:I <90% CL . <68% CL

N
=]

— Essential that we learn as much from 0.3 T T T R
NOvVAs unique 810km baseline as 0 T T 31t
possiblel 2 ?

8CP
NOVA & T2K are working on a fully self-consistent joint fit (including systs)
(Regqular meetings, workshops; signed agreement)
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https://arxiv.org/abs/2007.08526
https://arxiv.org/abs/2008.01110
https://arxiv.org/abs/2008.04161
https://arxiv.org/abs/2007.14792

Looking ahead

« Will resume in neutrino mode
aofter summer shutdown

- Run plan: 50:50 viv

Am,= +2.40 (-2.44) x107eV?, sin’26,,=0.085

- NOVA is expected to run until 2025 O T e N M A e

- Beam improvements an important partof 5 [ — NH sin'9,,=0.60 19

story! Dt S N S L e 1

o i —— IH sin“6,,=0. 1Y

e : T N - fo.=045 |3

» Good sensitivity to resolution of & wf om0 12

hierarchy at full exposure S 15
- 4-50 for d¢p=31/2 § 40:_ i
- 230 for 30-50% of & values (depending § 201 Ty .
on B; & true hierarchy) et o oy —
— current measurements already o5 L L 1 S

beginning to show power Significance (c=\/§;)

* Anticipating reductions in
detector uncertainties that
should further improve analysis

robustness @
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Summary

« With 13.6x1020 POT neutrino + 12.5x1020 POT antineutrino beam
exposure, NOVA reports:

- Precision measurements of atmospheric parameters:
e Am2y, = (2.41+0.07)x10-3 eV2 (2.9%)
. 5iN*6,;,=0.57"%% (~6%)
- Constraints on strongly asymmetric v.-v, appearance PMNS solutions:

e (IH, d¢p = /2) excluded at >30
 (NH, &= 311/2) disfavored at ~20

- Progress towards answering the “deep questions’l
« With continued running through 2025, NOVA anticipates:

- 230 sensitivity to mass hierarchy determination for 30-50% of d¢p
values

- Input from NOVA Test Beam progrom, neutrino interactions
community to further improve robustness to systematics
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Reweighting using BDTs

To avoid having to fully resimulate , .
v scattering to apply tunes, we train The desired weights for an event are:

BDTs using truth quantities to build L feor(X)
reweights for each variation. wiX|= 1= (X)

;Qc; x10° NOVA Simulation
—— GENIE hN 2018
BDT r ——— NOVA 2020 CV tune

—— GENIE hN 2018 (w/ BDT wagt)

-
(&)
T

-
o

:—Z a,0(x-X)

N tree
i: ]_ f f 0.5F i\
event  trained

values  «ct” for
tree i

with X =(# hadrons, hadron KE, ...

Events / 0.01 GeV

. oy 0.0 0.2 0.4 0.6 0.8
We use a binary logistic loss as the Charged pion kinetic energy (GeV)
training objective:

_ N The weighted nominal distributions
log Z ynlnyn (.yn 1)11’1(1 .yn) 9
training adequately reproduce
evtn the simulated variations.
[Technique inspired by J. Phys. Conf. Series 762, 012036;
built on work by C. Vilela for DUNE]
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https://doi.org/10.1088/1742-6596/762/1/012036

FSI tuning & uncertainties

* FSI model choice: “hN”

- Propagates hadrons through nucleus in finite steps

- Interaction probabilities simulated according to
Oset quantum model

- More rigorous foundation than older “hA” effective
model (hA applies hadron scattering data directly
to FSI and ... hopes for the best)

* Challenge: hN not directly reweightable

— Addressed with novel BDT reweighting
technique adapted from DUNE (see also
J. Phys. Conf. Series 762, 0120306)

* Tuning:
- Adjust central value to agree better with pion

scattering data at low energies where most
relevant for NOvA

- Construct uncertainty bands in same spirit as work
from T2K [Phys. Rev. D99, 052007]

FNAL JETP Seminar / Sept. 18

100}

NOVA Preliminary

GENIE hN 2018:

© Phys. Rev. C95, 045203

. Multiple processes |
e Phys. Rev. C23,2173

. Absorption

1 T
Incoming pion KE (GeV)

|

0.5

NOVA Preliminary

O Phys. Rev. C95, 045203 _|
o Phys. Rev.C23, 2173 -

——— NOvA 2020 hN Tune N

|:| Systs Sum

o 05

R zD
Incoming pion KE (GeV)
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https://doi.org/10.1016/0375-9474(88)90310-7
https://doi.org/10.1088/1742-6596/762/1/012036
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.99.052007&v=fa2201fc

PID validation:

MRE, MRDiF

* Validating selection performance:
- Remove muons in both data & MC

- Compare PID efficiencies relative to a
preselection

* ND: muon removal. electron addition %

(MRE):
- Begin with v, CC candidates

- Replace the removed muon with
simulated electron of same kinematics

* FD: muon removal from decay-in-flight ~

(MRDIF)

- Begin with cosmic-ray muons that decay
in flight to electrons

- Remove muon part, study electron shower

FNAL JETP Seminar / Sept. 18

cos®, ... Weighted Efficiency

v-beam NOvA Prellmlnary
1.2 : :
- Detector Response systs i MRE Data ]
i —— MRE Simulation
3’ s [ 1o syst. error ]
c
o
i
=06
R
50_4—
©
Do.2f
E1.§l '
1.2
50.8
=0.6_,
0 . 2 3
Calorimetric energy (GeV)
v-beam NOvVA Preliminary
2 T T T T r T r T

" FD Decay-in-Flight — Cosmic MC (CRY) ]

T I T T T T I
« Cosmic Data

[ Cosmic MC Stat. Err._
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v_ bkgds: beam v_constraints

. e vu To ND
» | Target :
w
¥
v-beam NOVA Prellmlnary
FT T T T T T T Contain : V- NOVA Slmulatlon
520 (‘:;)‘t‘? de‘::a . ASSIQF\. . - LowPID | THighPID
e mvon= | dijscrepancies in = B
% 150 =: ;:gm gther _ ND t | d O I ] i
‘>_< 5 -B"ackground 1 V}J Con Olne 80' N —— Total v, Corr. E
= ol | anduncontained 2 | —weneer = ’
l: samples to flux, o | "0 e :
& sl derive corrections T | | .. — .
Tl : according to g2 [ B I S
y i i i
Ref;onstructefj neutrino energy (GeV) ° pqrent mesons OEJ L ‘ l =
(which also result 2 Jaaes -
v-beam NOVA Preli 1 B —
Ib' T T Uno‘:ntalnzlmmary In beom Ve) ° 1 2 3 4 ] 2 3 4
ook —3 v, data . Reconstructed neutrino energy (GeV)
- -v,lfrom:rrI 8
N v, fromK* ]
800— -v from Other 7
B -Background

Pion-ancestor neutrinos are corrected
in bins of parent (p_, p,). Average ~+0.2%

Regonstructed nea?rinoenergy (é%V) _ Koon'OnceStor ﬂeUtFIﬂOS
get a single weight: +5.8%

10% Events/ 11.0 x 10°° POT
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v, bkgds: NC/v, CC constraints

v-beam NOVA Preliminary
v-beam NOvA Prefiminary .- NANMMAD W B B I I
5 8 Low PID High PID P REEE = O N
i = @ Beamv,CC ..o . 8 a — Data
RJ mmNe 0 T _ 8 — NC
X B —— -quC H hi n 10_ B
o [ —— Data el e : o v, CC i
- 4 — ] 2 v, CC
2 r 3 - |
"I;l:J . i . % 10__ N
= ] 3k
ot E S *
s = |
g _____________________________ —; cb""o.lsl"'1”"1..'5"”2 25 3
T2 5 7 75 3 — Number of michel electrons
v-beam NOVA Preliminary Examine distribution of Michel electrons
et . .
Low PID High PID in each bin of ND v_ sglected somple
g @ Beam v, CC after beam v_constraint (prev slide)
e
@mv, CC
6 — Data

Fit these 18 distributions to determine
v, CC / NC corrections in each bin

10° Events / 11.0 x 10%°° POT

1 2 3 4 1 2 3 4
Reconstructed neutrino energy (GeV)

FNAL JETP Seminar / Sept. 18 J. Wolcott / Tufts University



A oriori sensitivities

8cp € [0.2n], A =+2.40 (-2.44) x10”°eV?, sin"26,,=0.085 Arrﬁ,- +2.40 (-2.44) x10°°eV?, sin’26,,=0.085
S, T T T T T ]~ 100 — 1 1 — 1 Z
| Octant determination 15 - CP violation 15
- || NHsin%,,=0.60 1= -~ [ —— NH sin’0,,=0.60 | =
a4l NH sinzez,=o.45 I | E O — NH sin’6,=0.45 —| =
|§ _ | Hsin? 70,,70.60 10 e [ —— IHsinf0,,=060 |
T 3: | IHsin0,,=0.45 12 2 ool e IH sinf0,=0.45 3
—_ 1o =2 7L ‘ 1
. 4= O u 4=
3] 19 o i 4O
& 2 1 6 sl =
c ] =) - i
o i &) .
»n — S 20— —
2020 analysis techniques ] L | 2020 analysis techniques i
31.5x10%° POT(v)+31.5x10%° POT(v)by 202 ] [ 31.5x10% F'OT(V)+31 5><10 F'OTF) by 25 | .
1 1 L L | L L L | L L L L | L L L L L L L L 1 1 1 L L
2021 2022 2023 5094 5025 % 3
Year S|gn|f' cance ( G-V )
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