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NOVA Experiment

- NuMI Off-axis v, Appearance experiment,
located at Fermilab.

» Broad physics program:
- oscillations (e.g. Am322, sin? 0,5, and O.p).
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- cross sections (e.g. in Q% E,, E, ... |g]). |07 ] x\)ggw

Detector

- non-standard interactions (e.g. €, €,,). s

- "exotics” (e.g. slow monopoles, seasonal

muons, supernova neutrinos).



NOvVA Experiment

- NuMI Off-axis v, Appearance experiment, Deam s
located at Fermilab. "

- Broad physics program:

Detector

- Goal: Discuss the spirit of how
NOVA addresses uncertainties
in two broad categories:

- "exotics” (e.g. slow monopoles, season®

muons, supernova neutrinos).

» Data-driven analyses:
- oscillations, extrapolation.

» Model-spread analyses:

» cross section, 2p2h
component.
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NuMIl Beamline

NuMI record of 950 kW in 2023.

~ Several million interactions in
Near Detector (ND).

~ Several hundred in Far

Detector (FD).
(E,) ~ 2 GeV.
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NOvVA Experiment

- Functionally equivalent
detectors.

- PVC cells filled with
liquid scintillator,
arranged orthogonally
for stereographic image.
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Interaction Model

- NOVA observes
various neutrino
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Interaction Model

- NOVA observes
various neutrino

Interaction
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Interaction

- NOVA observes
various neutrino

: : v,, Cross-sections on carbon » In-house tuning of
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NOvVA 2p2h tune

- Raw Valencia 2p2h model is insufticient with NOvA ND data.
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NOvVA 2p2h tune

- Tune a double-Gaussian distribution in true (| g|, ¢, space to agree with ND
data — "NOVA 2p2h tune”.
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NOvVA 2p2h tune

- Tune a double-Gaussian distribution in true (| g|, ¢, space to agree with ND

data — "NOVA 2p2h tune”.
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Uncertainty for 2p2h tune

- We want to have systematic freedom to account for disagreement in other channels.

- We bracket our tune with two predictions: “QE-like” & “RES-like” *.
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10* Events

Uncertainty for 2p2h

- We want to have systematic freedom to account for disagreement in

- We bracket our tune with two predictions: “QE-like” & “RES-like” *.
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- We bracket our tune with two predictions: “QE-like” & “RES-like” *.

Uncertainty for 2p2h

- We want to have systematic freedom to account for disagreement in

~

NOVA Preliminarﬂ

NOVA Preliminary

tune L

other channels.

e
Neutrino Beam

Omec ]
v,49, CC selection (el
e zgj:\;eeme dres ]
Oois

Hother ]

‘ . . L
02 03 04 05 06
Reco E, 4 s (GeV)

NOVA Preliminary

*I' Neutrino Beam Hae __ QE RES-dominated " Neutrino Beam ilelz ]
- v +v,  CC selection [ T - v +v, CC selection ]
L VutVy RES 1 e L VutVy BEES il
| QE Like simulation / PredlCthﬂ- L RES Like simulation 1
30l [Jois ] 30l [Jois ]
2 r Morer 1 | Re-tune 2p2h (prev. € P Woner
I :..iNominal ] . . e I . : iNominal |
D 20f-="", ] slide) to agree with @ 2of-o+""=, -
< B -e- . < 3 - .
o i o | _
— - data. - [ ]
10 - o 10}= -
; ] This is our "OE RES- i 1
f T —— like” uncertainty on : —
% 01 02 03 04 05 06 262h % 01 02 03 04 05 06
L Reco E, ., s (GeV) J p£h. Reco E,_; ;s (GeV)
__________________________________________________________ Units of o |
Svstematic . QE-like {RES-like
__________ Z-expansion CCQE & 1 & 1|
Z-expansion coefficients: Tooob ]
______ CCQE RPA suppression : 1 & .1 |
______ CCQE RPA enhancement & 1 i .1 | * NOT our only
_______________________ RES My & 4 i g treatment, other MEC
_______________________ RES My & 4 i g uncertainties in
RES low-Q2? suppression: 1 backup.

14



Uncertainty for 2p2h tune .-

- We want to have systematic freedom to account for disagreement in other channels.

- We bracket our tune with two predictions: “QE-like” & “RES-like” *.
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Oscillation analysis
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oscillations

Extrapolation

> NOVA can maximize the information from both detectors.

- A data-driven approach:

> 1. adjust the ND prediction to agree with data.

- 2. "extrapolate” the modified ND prediction to create FD predictions.

- Extrapolation helps correct for effects we understand — e.g. detector, geometry,
beam divergence.

17



oscillations

Extrapolation

» NOVA can maximize the information from both detectors.
- A data-driven approach:
> 1. adjust the ND prediction to agree with data.
- 2. "extrapolate” the modified ND prediction to create FD predictions.

- Extrapolation helps correct for effects we understand — e.g. detector, geometry,
beam divergence.
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oscillations
Extrapolation

» ND data-driven prediction reduces systematic uncertainty.

19



oscillations
Extrapolation

- ND data-driven prediction reduces systematic uncertainty.

start: agrge(:rli:ent
FD prediction with FD data

20



oscillations
Extrapolation

- ND data-driven prediction reduces systematic uncertainty.

start: agriZ?rli:ent
FD prediction with FD data

No extrapolation
systematic
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oscillations
Extrapolation

- ND data-driven prediction reduces systematic uncertainty.

start: agr%Z?rli:ent
FD prediction with FD data

No extrapolation
systematic

extrapolation

ND data-driven model systematic

also convolved with:
F/N differences,
reconstruction smearing,
oscillation 20



Extrapolation

- ND data-driven prediction reduces systematic uncertainty.

start:
FD prediction

No extrapolation
systematic

extrapolation

ND data-driven model

also convolved with:
F/N differences,
reconstruction smearing,
oscillation

oscillations

goal:

agreement
with FD data
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oscillations
Impact of extrapolation

Impact of extrapolation on NOvA's v, and v, predictions.

v

- Extrapolation reduces impact of cross section uncertainties.

> Interaction uncertainties are not the leading contributor to uncertainty budget.
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oscillations

Impact of extrapolation

Impact of extrapolation on NOvA's v, and v, predictions.

v

v

Extrapolation reduces impact of cross section uncertainties.

v

Interaction uncertainties are not the leading contributor to uncertainty budget.
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Model spread analyses



Model spread analyses

> These analyses cannot use two detectors
to extrapolate and mitigate interaction
uncertainties.

- Some analyses cannot use “QE-like” and
"RES-like” uncertainties.

> An example that cannot use either:
- v, CC Low E,,, analysis.

- Risk: using ND data to tune 2p2h

and then measure the same process.

~ Opt for a model spread
uncertainty.
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Model spread analyses

Similar NOvA
2p2h approach,
different model:
Empirical MEC.

Two slices of 0”
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Cross-Sections
Model spread analyses

2p2h Two slices of Z,
model spread -

uncertainty
Similar NOvVA
2p2h approach,
different model:
Empirical MEC.
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Cross-Sections

Model spread analyses

2p2h
model spread

Interaction model

Two slices of 0 uncertainty (2p2h)

uncertainty

Similar NOvA
2p2h approach,
different model:
Empirical MEC.
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Model spread analyses

2p2h
model spread

Two slices of 0

o 91 < cose < o 94 NOVA Prelimi

Cross-Sections

Interaction model
uncertainty (2p2h)

uncertainty
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oummary

» NOVA has a broad physics program with different uncertainty treatment.

> NOVA uses most GENIE uncertainties provided.

» Special cases:
- in-house (| g3, ¢qy) 2p2h tune to its ND data — and QE/RES-like uncertainties.
> in-house hN FSI tune to external n-C scattering data — and uncertainties.

- Thanks to analysis design, interaction uncertainties are controlled for oscillation

and cross section analyses.

Oscillation analysis Cross section analysis
ND data-driven extrapolation - Analyses cannot use extrapolation.
reduces cross section uncertainties. . Some cases opt for 2p2h model
Uses 2p2h “QE/RES-like” uncertainty spread (Low E, ).

from ND data tune.
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Future plans

- NOVA still is actively seeking to improve its modeling and interaction

uncertainties.

> Future synergy with DUNE anticipated, with aligned GENIE modeling
choices.

Two Detectors Near Detector

- Have begun work on two-detector -+ Efforts to address:

fits — a model driven approach. - pion-related degrees of freedom.

- Have developed new degrees of > resonance contributions.

freedom from these efforts. - Continue to incorporate future 2p2h
advancements from the community.
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NOvVA Experiment

Most analyses use a Convolutional Neural
Network (CNN):

>

>

>

CNN for event ID — “3flavor”.
CNN for particle ID — cross sections.

CNN for hadronic vs. electromagnetic

separation.
=100 — .
. Eem from calorimetry, Ve events | -
wor ~10% resolution ]
;13()() E— {
w- YZ View o :
) 1800 2000 2200 2400 2600 2800 3000
z (cm)
Enhag from calorimetry,
[ - rimetry Vv, events
200 -/ ~30% resolution H .
é : / P
300 - & *//// R
E, from length, ~4% resolution
2200 2400 ] 2600 2800 3000 3200

z(cm)

Hadronic Energy Resolution

True NuMu Energy - Reco Muon Energy [GeV]

Neutrino Beam NOVA Simulation

0 - d i
0.00 0.25 0.50 0.75 1.00 125 1.50 1.75 2.00
Visible Hadronic Energy [GeV]

Muon Energy Resolution

True Muon Energy [GeV]

Neutrino Beam NOVA Simulation

0 5 10 15 20 25
Kalman Track Length [m]

10°

107!
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NOvVA Experiment

» Characteristics of events in NOvVA detectors.

T

Im

Long, straight muaon track

v, CC
REeNESEEE Michel e

Short, wide, electron Ye+n-—»e+p
shower

V. CC

Electron
v, Charged Current
- HH e V+X=v+ X
Hadronic activity
Ne "™-..,,,,. (nomuon, no

" electron)

Neutral Current
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Flux Uncertainties

> Right, fractional uncertainty from hadronic analysis.

> Bottom, hadron production uncertainties, some of the leading uncertainties.

NOvVA Simulation

Hadron Production Uncertainties Y

~— meson inc. — targetatt. ... absorption
— pC — 11X -nC — aX <=- nuclecn-A
----- pC — KX -+ pC —» nucleonX - others

= total HP

CC events / kt/ 1E21 POT /0.2 GeV

8

Vi

Y

8

3

— On axis
- 7 mrad
— 14 mrad

21 mrad
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Interaction Model.

- Opportunity to study oscillation
parameters (FD) and interactions from
these processes (ND).

v // o lepton
o ' - QuasicSEIastic
G. Zeller Nucleon’ S J Nucleon” ( )
Y Rev. Mod. Phys. 84. 1307
3 1.4 y _ lepton 5
$1.2 Y J 2-particle 3
“g . < e \=J 2-hole g
2 1 J & ’ Nucleons” (2p2h) =1
9— Nucleons’ :;
l-l\-ro8 v // O lepton :;:_i,.
gos QD ~ —omn e 2
8 Nucleon’ %
30.4 Nucleon”
60_2 v // O lepton Deep v
(3] —J
> 0 . A | N R Q — E‘:} pions Inelastic
1 0'1 1 10 1 02 Nucleon’ \ Sc(algtlesnng
EV (GGV) \ ) Nucleon” )
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hN FSI and external data

NOVA Preliminary

- 7" C — On
250[—
200
€ 150
°
100—
50[

I T
Data: GENIE hN 2018:

O Phys. Rev. C95, 045203

. Multiple processes
e Phys. Rev. C23, 2173

|:| Absorption

ABS

| L . —

0.5

1 1.5
Incoming pion KE (GeV)

N

400 __7'5+ C— ' Data:

300

o (mb)

200—
100—

NOVA Preliminary
L s

GENIE hN 2018:

® Phys. Rev. C23, 2173

. Multiple processes
o Phys. Rev. C28, 326
. Quasielastic scatter

0.5 1.5

-
Incoming pion KE (GeV)

GENIE 3.0.6

NOVA Preliminary

GENIE hN 2018: ]
80— —
O Phys. Rev. C95, 045203 -

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

. Charge exchange ]

60—

o L
E [ ]
o 40— —
20
0.5 ) ) 1 1.5 2
Incoming pion KE (GeV)
NOVA Preliminary
| T T T T l T T T T | T T T T I T T T T .
- 1t C — X Data GENIE hN 2018: ]
500 ® Phys.Rev.C23,2173 [ Multiple processes —]
B + ¢+  Phys. Rev. C53, 1745 - Multi-x prod. 7]
[~ ®  Nucl. Phys. 209, 1 ]
4001~ + *  Phys. Rev. C36, 1066 5 i:arge exchange -]
B sorption i
s F REAC elasi :
£ 300/ * + - Quasielastic scatter 3
0 u " ]
2004
100 }

0.5

5

1 1.
Incoming pion KE (GeV)
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hN FSI tune

- Adjust the “fate fractions” of FSI processes. NOVA FSI Tune

» Tune to extant pion scattering data on C-12. MFP | Abs | CX QE

- Biggest change is to Mean Free Path and Absorption. 06 | 14 | 07 | 09

Parameter Scale factor name Physics origin Note
The mean distance
Mean free path (MFP) fvEp p(7), OREAC traveled by pions before

they undergo an interaction.

Fraction of ABS f TABs The fraction of pion interactions
ABS

TREAC experiencing an absorption.
) The fraction of pion interactions
JgCcXx
Fraction of CX fex TREAC experiencing charge exchange.
Q The fraction of pion interactions

. OQF

Fraction of QE fam TREAC experiencing quasi-elastic scatters.
GENIE 3.0.6 :
* custom tuning

Process Reference

Final State Interactions hN semi-classical* | S. Dytman, Acta Physica Polonica B 40 (2009)
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hN FSI tune

NOVA Preliminary

250

200

100

50

Data: Simulation:
O Phys. Rev. C95, 045208 ——— NOvA 2020 hN Tune
e Phys. Rev. C23, 2173 ——— MFP=0.6
GENIE hN 2018

ABS

L L L L L L L L | L i —r
0O 0.5 ] . 1 1.5 2
Incoming pion KE (GeV)

NOVA Preliminary
400 = T T T N T T T T T T T T T T T T T T —
: -Tl:+ C - Data: Simulation: :
: ® Phys. Rev. C23, 2173 ——— NOvA 2020 hN Tune :
300 —
- ¢ Phys.Rev.C28,326 — MFP=0.6 7]
a B GENIE hN 2018 ]
£ 200 .
> 1 QE
100 ‘ _|
| 1

- L L L L I L L L L I L L L L I L L L L
0O 0.5 1.5 2

:
Incoming pion KE (GeV)

GENIE 3.0.6

o (mb)

80

60

40

20

0 0.5

800

600

200

0 0.5

NOVA FSI Tune

MFP | Abs | CX | QE

0.6 1.4 0.7 0.9

NOVA Preliminary

Simulation: _
Phys. Rev. C95, 045203 ——— NOVA 2020 hN Tune _
Phys. Rev. C23, 2173 — MFP=0.6 ]

GENIE hN 2018

3
Incoming pion KE (GeV)

1.5 2

NOVA Preliminary

Simulation: 7]
Phys. Rev. C23, 2173 1
Phys. Rev. C53, 1745 ——— NOvA 2020 hN Tune ]
Nucl. Phys. 209, 1 -
Phys. Rev. C36, 1066~ MFP=06 ]

GENIE hN 2018 .

5
Incoming pion KE (GeV)

1.5 2



hN FSI uncertainty

v

v

- Use bottom left 3x3 block.

v

» Fourth uncertainty of 0.2 adjustment of MFP.

fqEH

fINEL

fox

faBs

foE

fQE '/:1&9 fO,r ‘/I‘/ng féﬁ'},

[7] E.S. Pinzon Guerra et al. Using world charged 7* —nucleus scattering data to constrain an intranuclear
cascade model. Phys. Rev., D99(5):052007, 2019.

NOVA utilizes the covariance matrix from T2K, tuned on external data, to create uncertainties.

Create a correlation matrix from their parameters, diagonalize the matrix, construct eigenvectors.

Produce three eigenvalue/eigenvector linear combinations of the FSI processes.

NOvVA’s FSI Uncertainties

1
foE
Knob shift (0) fmrp  faBs fcx  fqE
Fate fraction #1 __Fll 82 (1)2 82 (1)(8)
Fate fraction #2 —1—11 82 1: 82 (1);
Fate fraction #3 T_Lll 82 ii 88 (1)3
Mean free path j_Lll 82 1?1 8; 83
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hN FSI uncertainty

NOVA Preliminary

250

200

50

atC — 0On

I T
Data:

[¢]

—— NOVA 2020 hN Tune]
Phys. Rev. C95, 045203 D Fate fraction A, Syst N

Phys. Rev. C23, 2173 D Fate fraction A, Syst

D Fate fraction A, Syst ]

0.5

NOVA Preliminary

400

300

100

—— NOVA 2020 hN Tune |

Phys. Rev. C23, 2173 D Fate fraction A, Syst |

Phys. Rev. C28, 326 D Fate fraction %, Syst -

D Fate fraction A, Syst :

0.5

1 15 2
Incoming pion KE (GeV)

NOVA Preliminary

80

0
m* C - n Data:

Phys. Rev. C95, 045203 D Fate fraction A, Syst _|

Phys. Rev. C23, 2173 D Fate fraction A, Syst—|

— NOvVA 2020 hN Tune__

D Fate fraction A, Syst

O ———"%s T 15 —
Incoming pion KE (GeV)
Knob shift (0) fmrp  faBs fox  fqe
Fate fraction #1 __Fll 82 22 82 (l)g
Fate fraction #2 i}—ll 82 ij 82 (1);
Fate fraction #3 Tll 82 }i 83 (1)3
Mean free path Tll 8481 }i 8; 83

1 15 2
Incoming pion KE (GeV)
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h N I:Sl Lunce Pt 2 I nty total systematic uncertainty

NOVA Preliminary NOVA Preliminary

250 [ 1 C — 0On O  Phys. Rev. C95, 045203 | 80 O Phys. Rev. C95, 045203__
B ® Phys. Rev. C23, 2173 N ® Phys. Rev. C23, 2173 :
200|— — .
: —— NOVA 2020 hN Tune : 60 ——— NOVA 2020 hN Tune —
o) 150 [ \:| Systs Sum ] o) \:| Systs Sum B
£ T ] £ ]
o) N ] o 40 ]
100 - ]
i 20 —
50 ] ]
0 1 1 1 1 _] O i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |
0 0.5 . 1 15 2 0 0.5 _ 1 1.5 2
Incoming pion KE (GeV) Incoming pion KE (GeV)
NOVA Preliminary NOVA Preliminary
400 — I T T T I T T T T I T T T T I T T T = T T T T I T T T T I T T T T I T T T T
C 7t C— " e Phys. Rev.C23,2173 -t C—X ®  Phys. Rev.C23,2173
N _ B *  Phys. Rev. C53, 1745 |
300 __ ¢ Phys. Rev. 28, 326 __ 600— B Nucl. Phys. 209, 1
[ —— NOVA 2020 hN Tune ]| B *  Phys. Rev. C36, 1066 |
: : | —— NOVA 2020 hN Tune  _|
:.é\ 200 = { Systs Sum . ./.g 400+ * Systs Sum ]
o i QE ] o
100 _ 200
N 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ] i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |
% 0.5 . K 1.5 2 % 0.5 _ K 1.5 2
Incoming pion KE (GeV) Incoming pion KE (GeV)
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hN FSI uncertainty

> Impact on neutrino oscillation-related
observables.

> Largest impact is in ~ 200 MeV range.

> MFP uncertainty is a leading uncertainty
in oscillation analysis.

x10° NOVA Simulation
301 —— NOvVA 2020 CV tune
—— GENIE hN 2018
2.5¢ Fate frac A1
Fate frac A,
i) 20 Fate frac A3
c | e
Q15
L
1.0k
" o
00 1 1 1 1

Ratio
to
cv

0o 1 2 3 4 5 6 7 8 9
Pion multiplicity

x10° NOvVA Simulation

.0

—— NOvVA 2020 CV tune
—— GENIE hN 2018

% Fate frac A,
o 151 Fate frac A,
e
o Fate frac A3
o
Z 10}
2]
P
C
G>) 0.5
w |
0.0
0.75E 1 . . .
0.0 0.2 0.4 0.6 0.8
Proton kinetic energy (GeV)

x10° NOvVA Simulation

—— NOVA 2020 CV tune
—— GENIE hN 2018
Fate frac A1
Fate frac A,
Fate frac A3

0.0 0.2 0.4 0.6 0.8

Chérged pion kinetic energy (GeV)
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NOvVA Oscillations

> Three main questions:

Ve Dy Ve
3 N 3 v, - ’
; A
1 0 O i3 0 s;e %) (c, s O 1 vl_I a1
U=]0 c¢3 53 0 | 1 0 —S1p ¢1p 0 Ams,
0 =53 3| =53¢ 0 C13 0 0 1 Am3,
2 Am? &
c, — cos(s) 21 v N 1 v
s, - sin(@ij) Normal Hierarchy Inverted Hierarchy
Appearance Probability
o sin? A(1 — A) sin AA sin A(1 — A)
Py, — v,) = sin“ 03 sin 203 + aJ cos(A £ 6.p)
/ (1—A) A (1—A)

. - A = Am%iL/AE
Survival Probability mizLI4L,

5 o[ AmpL L, Am2 = m2 —m?
Py, - v,) ® 1 —cos”0,;sin” 20,5 sin + O(a, sin” 0,3)
14
1 2 3
> mass ordering of - value of 6,; — an - 8p , matter vs.
i ? :
clgenstates: underlying symmetry of antimatter asymmetry in
» Sensitive to Disappearance, v and v.? lepton sector?
[z T :
P, = v,): 653 and Ams,.
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NOVA Oscillations

- From Neutrino 2020 analysis:
- 211 (105) v, (7,) events.
- 82 (33) v, (7,) events.

NOVA Preliminary

Neutrino Mode

NOVA Preliminary

25 — T T T T T T T

—y

0.5

‘ ¢ Data ‘

—— Total Simulation
[ Total Background
Il Wrong Sign

U-l\\\\l\\\\‘\\\\‘\\\\‘\\\\I

o

v-begm
FD Spectra A ' RN
- ~+ FD data
NOVA Prefimi > 20 — 2020 Best-fit
- Vv reliminar r
30 it"ea“m‘ — - X S I 1-0 syst. range
z | LowPD ©  HighPID 1 3150 I7 Background .
& | ¢ FDdaa _ 1 ; i 1%
| —— 2020 best-it [ 1 .41 g
8 1-0 systrange ! o|2 o10[ 9)(
201~ I Wrong sign bkg ! Ol a -1 = | ha
S - ‘ ofzc 1w =z
o [0 Total beam bkg | o i P
> " [ Cosmic bkg o 7 5 S
8 | ] [ i
P ol . i | . 2
~ | i 0 Ll Ll Ll
_‘cg | i . E T T T T ‘ T T T T T T T T ‘ T T T T ‘ T T T T E
S g FET T T T —
> B T 0.8 — =
oo | 1 2o6f | + I o S S
0 2 0.4E T L=
i 2 3 4 1 2 3 4 S 0oF E
Reconstructed neutrino energy (GeV) s S Ilﬁ T
0 1 2 3 4 5
. - Reconstructed neutrino energy (GeV)
Survival Probability
Am3,L
. . 32 )
P(v, = v,) ~ 1 — cos? 6,5 sin® 26, sin’ + O(a, sin* @
v, = v) 13 23 ] ( 13) A = Am{L/4E,

Appearance Probability

sSin

P(v, = v,) = sin” 0,3 5in 26,

2A(1—A)
(1-A)?

+ aJcos(A x 5pp)

sin AA sin A(1 —A)

A (1—A)

2 _
Am32—m

2

2

3~ M,

1 2 3 4
Reconstructed v, Energy [GeV]
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oscillations

ND Quantile distributions

» |n Near Detector,
we divide the v

U
distributions into 4
quartiles based on $ g 1%’
hadronic energy -
contribution. 08~ 300
> 0.6_—
\g i 200

100
0.2

Reconstructed Neutrino Energy (GeV)
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Cross section uncer‘talnty in ND

Prod5.1 Data

ND NOVA Preliminary NOVA Preliminary
T T T T I T T T T T T T T T T T T T T T I T T T T T T T T T T T T
. —— NOvVA 2024 MC . —— NOvVA 2024 MC
Neutrino Beam Neutrino Beam
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ot o I
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0.5 . i
- 0.2f
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i - ] 1.4 . ] -
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a2 C ] 4__ -]
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oscillations

2p2h Uncertainty in NOvA

__________________________________________________________________________________________________________________________________

Systematic QE-like RES-1like
Z-expansion CCQE ] 1 : 1
______ Z-expansion coefficients | 1 i ol
___________ CCQE RPA suppressionm . & = 1 i o2l
___________ CCQE RPA enhancement . ! =)
_______________________________ RES My b A
RS M o I NS N
RES low-Q2? suppression: 1 _1

10* Events

Data/MC

_NOVA Preliminary

L Neutrino Beam ¢ NOVANDData

” v+, CC selection = —— NOVA Tune ] -
30 +io MEC N np/nn fraction

T —— -1o MEC ]
20f -

a Reco : np {+0.15a
10} 7 np + pp —0.05¢0

:HH L > np +0.150
1.4F E - = U. 9
12 E np +nn —0.050
B :
o 01 02 03 04 05 06

Reco E, .4 is (GEV)

10° Events

Shape ratio to Valencia MEC

B T I T I T T T I T T T I T T T ]

B Neutrino Beam i

L Selected true v, + v, CC 2p2h_
1.5+ 2020 GENIE 3 NOVA tune —
B [ all 2p2h uncertainties B

» ———— -1o 2p2h shape uncertainty |

| ——— +10 2p2h shape uncertainty _|
1 L —

[ All 2p2h unc. i
0.50| L _
0 F L 1 il Il Il Il I 1 I I |
0 0.2 0.4 0.6 0.8 1

25

N

S S P L L o L L LA

1.5

0.5

Martini et al. MEC (PRC 80, 065501)

Megias et al. MEC (PRD 94, 093004)

......... Uncertainty envelope

E, (GeV)

True 9, (GeV)
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oscillations

Extr‘apolatlon U -
wavz[Z(ﬁ).R Ry P'[Nyp'
- Our FD prediction is more than just a “simple ) - J [ data
prediction. = NI7¢ s
ND

> Includes several important components...

3 — ND data
Base Simulation ©
Data-Driven Prediction 2

©

[

IS

10° ND Events/1 GeV

FD Events/1 GeV

I
IS

True Energy (GeV)

N

True Energy (GeV)

ND Reco Energy GeV 10° ND Events 10° F/N Ratio V —>V FD Events FD Reco Energy GeV
ND data-driven Detector
Reco. : : Oscillate Ay Reco.
correction to differences ND data-driven

the prediction FDpred SMearing
52
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Extrapolation

Residual difference (%)

Left, our remaining uncertainty after
extrapolated ND prediction.

Right, different FD predictions,
extrapolated and un-extrapolated.

Neutrino beam NOVA SimUIation
W71 T T T

R +1 o shift in FD minus ND ]

; __Quartile 1 — {5 shiftin FD minus ND -

ol .

s _

- RPA CCQE (supp) i
_10 1 1 I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

o 1 2 3 4
Reconstructed neutrino energy (GeV)

o

oscillations

' N
F\ i p-1iipi|ard
" + j U pt J
- Z RFDRND P NND
T \NJ;
N o ~
~ jdata
— NiMC Nxp
FD -~
ND

Events / (0.1 GeV)

Neutrino beam

NOVA Simulation

15 T T T T I T T T T I T T T
- RPA CCQE (supp)
: Quartile 1 Nominal with FD/ND
| + 1o in ND
10 +10in FD
0 It -1oin ND
| u -1oin FD
5 I
%" 1 2 3 4

Reconstructed neutrino energy (GeV)
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Extrapolation

- Left, our remaining uncertainty after

extrapolated ND prediction.

- Right, different FD predictions,

10

¢

Residual difference (%)
& o

-10

Neutrino beam NOVA Simulation
— —

extrapolated and un-extrapolated.

T I T T T T
+1 o shift in FD minus ND

Quatrtile 1

-1 o shift in FD minus ND

MEC E, shape

1 2 3 4
Reconstructed neutrino energy (GeV)

[é)]

oscillations

Events / (0.1 GeV)

- 3
o F\ i p-tiipifad
Nip'S Z(N) Rip Ry’ P' [Ny
i i
~ v ~
~ jdata
— NIMC Nyp
FD ~
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Neutrino beam NOVA Simulation

15 T T T T I T T T T T T T T I T T T T I T T T T
- MEC E, shape .
| Quartile 1 Nominal with FOND |
i +10in ND i
B +10in FD 7
o L ~1oin ND i
®  -10inFD i
5 _|

& il L L L ke L L L L L L L L {l -: L I.I L
0" 1 2 3 4 5

Reconstructed neutrino energy (GeV)
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NOvVA “3flavor” and extrapolation

» Systematic uncertainties are v

2! . NOVA Simulation
. ) 2 ) Detector Calibration | — |
disappearance: Amy, , dcp & Sin~ 0. ewtron Uncertainy ——

. . Lepton Reconstruction -
~ Extrapolation reduces impact of cross - —

Neutrino Cross Sections

section uncertainties. Detector Response | O 1
Near-Far Uncor. .
> Also reduces strain on NOvA's prediction Beam Flux i
. Systematic Uncertainty _
generatlon. Statistical Uncertainty _— | B
-0.05 0 0.05

Uncertainty in AmZ, (x10°° eV?)

'N'O'VA Simulla"[io'n NOVA Simgla'tiorj

Detector Calibration

Neutron Uncertainty -
I

Detector Calibration

Neutrino Cross Sections

Neutron Uncertainty Neutrino Cross Sections

Near-Far Uncor. Lepton Reconstruction B
Lepton Reconstruction B N Detector Response B .I N
Beam Flux R B Near-Far Uncor. B - B
Detector Response B ) Beam Flux| I |

Systematic Uncertainty

Systematic Uncertainty I

Statistical Uncertainty _ Statistical Uncertainty

L L L l L L L L L L L L L L
-05 0 0.5 -0.02 0,002
Uncertainty in 8./m Uncertainty in sm2623
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oscillations

Extrapolation

NOVA Preliminary

osc parameters
T T I T Twm I 17 [l [ T

» Also reduces the covariances
between parameters as well.

» One of note — calibration
systematic and Am322.

- "Horizontal”, energy-
based systematic,

. . - . W
expected to impact this 26| 12
parameter. [ 10
Y 25f 1%
ooq) I 1=
o - G

= 24 a3

SR -

£ asf 5

22 Bayesian Cred. Int.: —10 =20 30 |

i T S T S AN TN ST TR SR NN SRR TN ST S SN T ST ST S N S TR S S

-3 -2 -1 0 1 2

Calibration
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ND\/A R T2K oscillations

» As the underlying physics is fundamentallyy O Impact of correlations is negligible

the same, we expect correlations on the results at the current
Cross Section » Different neutrino interaction models L. L
Model —~ statistical significance.
= optimized for different energy ranges

» Systematics are designed for individual O Merits continued investigations for

models and analysis strategies higher data exposures.

L

- . 42
Cross-section: Impact of alternate models
» Evaluate the robustness of the fit against : T2K v, sample “ _
various alternate models - S
» Generated simulated fake data using :oé E

reweighting to alternate models for both the
near and far detector, then analyze the
credible intervals of the full joint-fit

u Pre'deCided threShOIdS for bias: 0 I 08 ! "sﬁecons(rucztadNeulnngénergy[Geel
= Change in the width of the 1D intervals <10% 2 T L pcdiction extrapolated]
. . L% . NOvA from ND mockgata E
= Change in central value < 50% of systematic 15~ v, sample Bascline Model |
uncertainty ! MINERVA =
10—
» Example: Suppression in single pion channel 5|

based on tune to the MINERVA data*

| U (ST S NS S S S R

1 2 3 3 5
*Phys. Rev. D 100, 072005 (2019) Reconstructed Neutrino Energy (GeV)

!! _!_R ! Joint Analysis Results Zoya Vallari, Caltech Feb 16, 2024 g 52
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oscillations

NOVA — T2K

Global Comparisons - Am5, -

Normal mass ordering

| NOva+T2K . 2.429°00% 157 |
T2K —— 2.48 +005 2.0%
NOvA —— 2.39 005 21%
MINOS+ ——— 2.40 098 35%
. . SuperK+T2K —— 2.511109%9  9.4%
» This analysis has the =
SuperK —_—— 2.40 007 33%
- Daya Bay nGd —— 2.466+0.000 2.4%
smallest uncertainty on hoNo N N O (et
RENO nH * 2.48 102 121%

|Am3,| as compared to O e T

Inverted mass ordering

. UOvA+T2K . 2477:008 14% |
other previous TR — RS pTTTT
NOvA — 2.44 1005 2.0%
MINOS+ —— 2.45 00T 31%
measurements. SuperK +T2K —— 248470355 2.4%
IceCube L 2.41 zo07 2.9%
SuperK —— 2.40 0% 38%
Daya Bay nGd —— 2.571x0.060 2.3%
RENO nGd —————  2.79 1012 4.3%
RENO nH . 2.58 F08 116%

22 23 24 25 26 27 28 29
[Am2,|, 1073 eV?

ﬂ ' Joint Analysis Results Zoya Vallari, Caltech Feb 16, 2024 g %
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Cross-Sections

Cross sections

- NOVA has several cross sections analyses.
> More are in the works!

> LOOI( at an example. Fermilab Wine + Cheese

Fermilab Wine + Cheese Fermilab Wine + Cheese
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https://indico.fnal.gov/event/62061/
https://indico.fnal.gov/event/62061/
https://indico.fnal.gov/event/63149

Cross-Sections

2p2h focused analyses

Fermilab Wine + Cheese
Feb. 2024

Neutrino interactions are simulated using GENIE 2.12.2

mmmmmm Same NOVA 2p2h tune procedure,

LS  Empirical  R-S different model: Empirical MEC.

Muon Energy
System vs
Vi angle

—y I I I I I I I
— ‘ —— 3-momentum
8- A “-l ’ L

Hadronic transfer P
—> lal
Ehad - EAvail

System Vs

energy
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https://indico.fnal.gov/event/63149

Cross-Sections

olingle detector analyses

Neutrino interactions are simulated using GENIE 2.12.2

L-S Empirical R-S

NOVA Preliminary

0.50 <cost, <0.68 "I- 0.68 <cost, <0.74 _L|_ 0.74 <cost, <0.80 0.80 <cost, <0.85

Measure the cross L

section with other
2p2h models.

GiBUU is most
discrepant in this

0.88 <cost, <0.91 0.91 <cosb, <0.94 | 0.94 <cost, <0.96

/ Measurement
- O
o
T

. -1.2f
analysis. 5
NO o 1E
. © -
SuSA-v2 and Valencia |gosf
©
produce a Simi|ar 1.5 .99 < cosh, < 1.00 17, (Gev) 2

A Measurement

w / NOvA-tune

w / Empirical MEC
w / MINERVA-tune
w / Valencia

w / SuSA-v2 MEC
GiBUU 2021

result.
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Cross-Sections

oingle detector analyses

> Right, fractional
uncertainty from
hadronic analysis.

>~ Middle, predictions
made with different
2p2h models.

(cm?/GeV/GeV/c/nucleon x 10%)

avail

d?o / diqIdE

40

30

20

NOvA Prellmlnarv

0. 30<Iq| <0. 40 GeV/c |

Data

—— GENIE 2.12.2-NOvVA Tune
------ w/ Empirical MEC
w/ MINERVA tune

------ w/ Valencia
- w/ SuSA-v2 MEC

0.50 < Iql < 0.65 GeV/c

L S LA N BN B LI R B

0.80 < Iql < 1.00 GeV/c

ot b b b b b b b e b b g L

05 1
Available Energy (GeV)

Fractional uncertainty

Fractional uncertainty

L-S Empirical R-S

Neutrino interactions are simulated using GENIE 2.12.2

lmmmmm

NOVA Preliminary

R — Total
03— e Flux
N —m Detector Calib
- XSec
- - === 2p2h-MEC Model
os [ e Energy Scale
“I —— GEANT Modeling
B — Stat

o
=

1 1 L I 1 | | L I |

0.5 1 1.5
Three-momentum transfer (GeV/c)

NOvA Prehmmary

— T T T T
— Total

03 e Flux
N v Detector Calib
- e XSec
- e 2p2h-MEC Model
os [ Energy Scale
20 —— GEANT Modeling
B —— Stat
1 — . P
g
C. s e e
: : Pl
.I.:.......-.,,_ -
bbbl JLILILIL) T ITTCI
%

0.5 1 1.5
Available energy (GeV)
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Sterile

MEC uncertainty

“F . Marti ot al. MEG (PRC 80, 065501)
- Sterile analysis has special treatment for CC o 2‘ ......... ugy.ci)
MEC: f 1_5;
> Normalization systematic: ; 1_ ____________________________________________
o . N |
> 100% on Valencia prediction. ol MEC Enu Shape
- Shape systematic: 00 ]
» Generated from NOVA tune — reliant e
on NOVA data.
v-beam
» Use model spread. [ oe se0tpor | —e-Dma | 18
> 1000 random universes of SuSA and 200l -:;’SE”;::;ZKW”"_- >
Dytman weighted by Valencia in (g3,q0) > f wgﬁiﬁﬁ‘fmc@nonig
Space. 8 - T w/ Syst. Uncertainty :3
gzoo_— 13
» Correlation matrix made and PCA — 2 1<
2 principal components used. 1o0f ]
- Bottom, error budget from the analysis. . ]
e . —

1 1
Reconstructed Neutrino Energy (&eV)
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Neutron Response

> We correct the data-MC disagreement in neutron-enhanced samples.

- Use this correction as the uncertainty.

- Geant suggests over-production of photons at low prong energy.

» Hope to improve this with more physics driven modeling.

v-beam NOVA Preliminary

| L R T

[ Proton

[ Photon

B Other

1 Neutron Daughter - Proton
I Neutron Daughter- Photon
B Neutron Daughter - Other

—— NOVA ND Data

800

600

400

200

10° Prongs / 11.0 x 10%° POT

Data /Sim
.g :I
- lll

lllllllllllllllll
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Two-detector fits iIn NOVA

This approach has received attention recently.

Investigated NOVA ND data and MC with new scrutiny.

Has initiated development of new degrees of freedom.

An area NOVA intends to pursue in future.

Constraining neutrino oscillation
and interaction parameters
with the NOvA Near Detector
and Far Detector data

using Markov Chain Monte Carlo

A dissertation submitted by
Michael Dolce

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Constraining neutrino interaction uncertainties for oscillation measurements in the

NOvVA experiment using Near Detector data

by

Maria Martinez Casales

A dissertation submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
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A new RES systematic

A decays.... +30 shift....

e more events with
Adjust the B
relative vp / vn v u-+ I less events with 1t
RES cross section.
ﬁ I -th
Attempt to ess events with p
address RES/DIS _
. . % ut +
Interactions — /' less events with p &
especially those prong
with pions. — more events with 1t
e less events with p



A new DIS systematic

//t

-,
@
» In GENIE, a v CC DIS, O
with final state Q=+1,0,

and multiplicity=2 has

fixed probabilities: probability
proton = 1/3.
+
> neutron = 2/3. O K
~ Associated with isospin /
amplitudes. ? 4 Q DIS
. Allow flexibility in the final O

states — topology.

probability 2/3 1/3




NOVA cross section uncertainties

QE

RES

skokkokokokskokokokkokokok
RPAShapeenh2020
RPAShapesupp2020
ZExpAxialFFSyst2020_EV1
ZExpAxialFFSyst2020_EV2
ZExpAxialFFSyst2020_EV3
ZExpAxialFFSyst2020_EV4
ZNormCCQE

LowQ2RESSupp2020
RESDeltaScaleSyst
RESOtherScaleSyst
RESvpvnRatioNuXSecSyst
RESvpvnRatioNubarXSecSyst
MaCCRES

MvCCRES

MaNCRES

MVNCRES

RDecBR1gamma
RDecBR1leta
Theta_Delta2Npi

MECShape2020GSFNu
MECShape2020GSFAnt iNu
MECEnuShape2020Nu
MECEnuShape2020Ant iNu
MECInitStateNPFrac2020Nu

MECInitStateNPFrac2020AntiNu

DISvpCCOpi_2020
DISvpCClpi_2020
DISvpCC2pi_2020
DISvpCC3pi_2020
DISvpNCOpi_2020
DISvpNClpi_2020
DISvpNC2pi_2020
DISvpNC3pi_2020
DISvnCCOpi_2020
DISvnCClpi_2020
DISvnCC2pi_2020
DISvnCC3pi_2020
DISvnNNCOpi_2020
DISvnNClpi_2020
DISvnNNC2pi_2020
DISvnNNC3pi_2020
DISvbarpCCOpi_2020
DISvbarpCClpi_2020
DISvbarpCC2pi_2020
DISvbarpCC3pi_2020

DISvbarpNCoOpi_2020
DISvbarpNClpi_2020
DISvbarpNC2pi_2020
DISvbarpNC3pi_2020
DISvbarnCCoOpi_2020
DISvbarnCClpi_2020
DISvbarnCC2pi_2020
DISvbarnCC3pi_2020
DISvbarnNCOpi_2020
DISvbarnNClpi_2020
DISvbarnNC2pi_2020
DISvbarnNC3pi_2020
DISNuHadronQ1lSyst

DISNuBarHadronQ@Syst

FormZone2020GSF
AhtBY

BhtBY

CV1uBY

CV2uBY

FSI

hNFSI_FateFracEV1_2020GSF
hNFSI_FateFracEV2_2020GSF
hNFSI_FateFracEV3_2020GSF
hNFSI_MFP_2020GSF

Other

radcorrnue
radcorrnuebar
2ndclasscurr
MaNCEL

EtaNCEL
COHCCScale2018
COHNCScale2018
AGKYxF1pi
AGKYpT1lpi



