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NOvVA: NuMI Off-Axis ve Appearance Experiment

* NOVA is an accelerator-based neutrino experiment

- Longest baseline in operation (810 km), large matter effect,
sensitive to mass ordering

Far DetectOr (or1 surface) siie | |
at Ash River, MN : I * Muon neutrino beam (NuMI) at Fermilab

- Two configurations: neutrino mode and antineutrino mode

- Power record 954 kW in 2023
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 FD and ND are functionally identical to minimize systematics

* Detectors composed of highly reflective extruded PVC cells filled with liquid scintillator.
Alternating horizontal and vertical layers provide 3D views of the events

« Scintillation light captured and routed to APDs via wavelength shifting fibers
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Neutrino oscillations
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NOVA Physics Program

Addresses open questions:

« Sign of Am322: normal or inverted ordering?

» Value of 6,5: maximal mixing or (v, /v, asymmetry)?

* |s there CP violation in the lepton sector?

' — —
Usingy, - v,andy, — 1, and

antineutrino oscillations
Broad physics program:
 Neutrino-nucleus cross-section measurements
e Search for sterile neutrinos, NSI

* Astrophysics and BSM: Multi-muon air showers,
And MORE!
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Event Identification and Selection

Implemented a convolutional
neural network (CNN) in the
“Image recognition” style to
identify neutrino interactions

- ve CC, v, CC, NC, cosmics

The statistical power of CVN is
equivalent to 30% more
exposure than previous
methods

Before CVN to ID events

- Pixel size: ~4cm x 6 cm

v, CC (vﬂ disappearance signal) _

Long, straight track

v, CC (v, appearance signal)

Short, wider,
fuzzy shower

NC (background) -

| S Diffuse activity from
- Events are contained ; '"°"\'-E=='. nuclear recoil system
- Reject cosmic rays with : —
CNN and BDTS 10 1 10" q(ADC)
J. Inst. 11, PO9001 (2016)
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We observe no strong ve/Ve asymmetry

- 10: O0cp = m/2 disfavored at > 3o

- NO: ocp = 37/2 disfavored at > 20
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 Based on Bayesian Markov Chain
Monte Carlo

* Conclusions are consistent with the
frequentist results, preference for the
normal ordering and upper octant

» Extend our inferences to @, for the first
time

- 0.071 < sin*20,, < 0.107

Alternative statistical approach
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I Normal Ordering
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m——

0.6

0.45}

— Both Orderings
----Normal Ordering

Reactor

Bayesian Cred. Int. ('1 cs)': |

....... Inverted Ordering

- consistent with reactor experiments 041 “
arXiv:2311.07835 S|n2(291 A
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NO A T2K * The complementarity between the experiments (different baselines, beam
VA- energies, detector technologies) provides the power to break the degeneracies
Why joint fit?

0.7 Normal Ordering

- Very strong constraint on |Am322\

| 1 1 I 1 I I 1 I 1

- Weak preference for the 10
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* Adding constraints from Daya Bay reverses the ordering preference to NO

- CP conserving values for the 10 fall outside the 3o range
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Results from NOvVA and T2K from 2020 datasets Am? [1()'3eV2] SCP
32 FNAL Wine and Cheese Seminar
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https://indico.fnal.gov/event/62062/

M. A. Acero et al. (NOvA Collaboration)
e Results
M. A. Acero et al. (NOvA Collaboration)
= S d
lay tuned ...
M. A. Acero et al. (NOvA Collaboration)

M Its si last
Measurement of the v.-Nucleus Charged-Current Double- And
Phys. Rev. Lett. 130, 051802 — Published 3 February 2023
Measurement of the double-differential muon-neutrino charged-
Phys. Rev. D 107, 052011 — Published 27 March 2023
Measurement of v, charged-current inclusive 7Y production in the
Phys. Rev. D 107, 112008 — Published 23 June 2023

FHC v, CC inclusive: Phys. Rev. Lett. 130, 051802 (2023)
Differential Cross Section at (E,) = 2.4 GeV Using NOVA M
FHC v, CC inclusive: Phys. Rev. D 107, 052011 (2023) ore
current inclusive cross section in the NOVA near detector On the W‘ay!
FHC CC 7" production: Phys. Rev. D 107, 112008 (2023)
NOVA near detector
FHC v, CC 2p2h measurement: ENAL Wine and Cheese Seminar

Exploring 2p2h signatures in muon-neutrino charged-current measurements at

NOvVA.

Friday Feb 2, 2024, 4:00 PM — 5:00 PM us/Central
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.112008
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.051802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011
https://indico.fnal.gov/event/62061/

Summary and Prospects

 We present the updated neutrino oscillation measurements using different statistical methods

- Am32 (2.41£0.07)x 107 eV*  _ Excluded IO, 8-p = 71/2 at > 36
_ sin?6,;, = 0. 571“8 82 - Excluded NO, ocp = 3n/2 at > 20

* NOVA-T2K joint analysis demonstrates simultaneously compatibility with both datasets

- The working group is actively exploring the scope for the next steps with more data Collected

* |Looking ahead

- Next analysis will have increasing sensitivity with ~2x
neutrino data and improved systematics/reconstruction

- We expect to reach 30 mass ordering sensitivity for 30-50%
of ocp values, with the full dataset and an upgraded beam

- Plan to reduce our largest systematics related to detector NvA Test
energy scale, with the test beam program ¥ Beam Detector
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Muon neutrino disappearance

B I I I | I I I I I I I I | I I I I | I I I ]
—+ FD data
20 |- _ L -
— -, Am322 I >t 2020 Best-fit
P{v,—v, )~ 1—5sn"20,5s1n O i 1-0 syst. range
4F — 15[ s -
) Background
; &
o101 _] + 1 -
> -
T T _
« Measure v, (17”) survival probabillity with neutrino 5 'I -
beam (anti-neutrino) beam. - I 1 —I—i—l_g_ —
O | [ el | ——— | I T | I T |

. Provide high sensitivity to sin®20,; and |Amz,|. g & amg LT
J y 23 | Amg, | 80_8
< 0.6F
e Is the 6,5 mixing maximal (2 45°)? s 04F _
oC = -
o 1 > 3 4 5

Reconstructed neutrino energy (GeV)
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Electron neutrino appearance

NOvVA: L = 810 km

14
.2 = Total
(=) (=) sin“ (A3, —aL
(=) (=) .2 . 2 31 2
P(v,— v,)~in"0,3sin"20 4 - )Agl 12 mixing angles
: | - i (Agl - aL)- ) ——  Cp violating
i © 10 - matter effect
: : : sin A?l —al = ~—— Cp conserving
+s1n 26,5, sSin 26, s1n26 5 (A; )A S
23 13 12 31 8
(A3 —aL) |
sin(aL 2
X (al) )A21 cos(Asz; £0cp)) =
o2 G[:N
sin“(alL _ 4+ e
. - 9 2 a — =
+COS"923SIH"2912 3 )A§] \/2_

(aL)’

Neutrino Energy (in GeV)

Complicated dependence on multiple parameters of interest.

sin” 20, ; measured by reactor experiments

| Amy, | and sin” 6,5 constrained by v, disappearance

P(yﬂ — v,) difference between Am321 > () and Am321 < 0 enlarged by matter effect
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Long-baseline experiments

. Inverted ordering gives a slight

. CP violating phase causes opposite

>~ o

If ﬁ j

. Matter effects also produce opposite = 4 % .
effects in neutrinos and anti- > _
neutrinos. al ol :

NOvVA: L=810 km, E=2.0 GeV

suppression in both. 8r :fl)o 4

effects In neutrinos and anti-
neutrinos.

Impact of matter effect is proportional -06=0 e 6=n/2 ")coé* ]
to baseline: longer baseline -> larger o) i i R R
matter effect -> more sensitive to 0 2 4 6 8
mass ordering. P(v,—Ve) %

19
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NuMI beam

51 « Daily neutrino beam —— Accumulated beam
Daily antineutrino beam —— Accumulated neutrino beam .
N —— Accumulated antineutrino beam [*° 5
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Date

* Taking data since 2014, exceed 700 kW design goal since Jan 2017.
* New beamline components installed in 2022, power record 954 kW in 2023.
Current analysis utilizes

« FHC POT: 13.6x1020 « RHC POT: 12.5x1020
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 NOVA is the first neutrino experiment using
convolutional neural networks (CNN) for
event reconstruction.

 CVN (convolutional visual network) is an
event classifier which employs a Deep CNN
IN the “iImage recognition” style

- ve CC, v, CC, NC, cosmics.

e Two-tower CNN architecture learns from the
top and side views independently.

* The statistical power of CVN is equivalent to
30% more exposure than previous methods.

Convolution
5x5 stride 2

32 filters

Bottleneck Block
16 filters

Average Pooling

Bottleneck Block

24 filters X2

x1

Elementwise
Maximum Pooling
|
Average Pooling
2x2

Average Pooling
2Xx2

Bottleneck Block
48 filters

Bottleneck Block
64 filters

Average Pooling
2x2

Bottleneck Block
96 filters

Bottleneck Block
160 filters

Global Average
Pooling

Dense Layer
1024 Units

Dense Layer
4 Units

Deep-Learning based neutrino classifier

Convolution
5x5 stride 2
32 filters

Bottleneck Block

16 filters

x1

Average Pooling

Bottleneck Block

x4

X3

x1

24 filters X2

1x1 Convolution
6Xx expansion

Depth-wise
3x3 Convolution

1x1 Convolution

Bottleneck Filters
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Confusion matrix

Cosmic +

[0 NC
o)
8
Neutrino beam mode g
2
g Nue - - 0.4
- 0.2
Numu
1 1 1 O-O
Numu Nue NC Cosmic
True Label
Color is efficiency NOvVA Simulation 10
Cosmic - 0.004 0.001 0.003
0.8
. - o] NC -
Anti-neutrino beam mode £ 06
2
O
2 - 0.4
a Nue - 0.
- 0.2
Numu
1 1 1 0.0

Numu Nue NC Cosmic

True Label
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Deep-Learning based neutrino classifier

Color is efficieEsffICIenqu Simulation

Predicted Label

Predicted Label

PurityNOvA Simulation

Color is purity

Cosmic -

NC -

Nue -

Numu

- 0.4

- 0.2

Numu Nue NC Cosmic
True Label

Color is purity NOvVA Simulation

Cosmic A 0.004 0.001 0.003

NC -

Nue -

Numu

0.0

- 0.4

- 0.2

0.0

Numu Nue NC Cosmic
True Label




Deep-Learning based neutrino classifier

 NOVA is also exploring new deep

Iearnlng algorlthms to Improve -the Event Label: v,  Prong Label: Prongbel:yn Prong Label: p PronLabeI:yn Prong Label: y  Prong Label: y;
Interpretability, causality, and robustness . . . . .
of the data analysis. '

. TranSfOrmerCVN, a novel NN that %. . . . . . .

combines the spatial learning enabled by

convolutions with the contextual learning

enabled by attention, simultaneously Transformer Encoder Stack
classifies each event and reconstructs
every indiViduaI partiCIG,S identity_ Classif?er Classifger Classif%er Classifier

* TransformerCVN enables performing
iInterpretability studies.
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Energy reconstruction and extrapolation

Resolution = ~30%

201 hadrory

y (cm)

Evzf(Ew Ehad) _

L | .

L MuoN Resolution = ~4%

— —

2200 2400 T 2600 2800 000 3200 |
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2.5 — T T T I T T T T T T T T | T T T T | T T T | pp— | | | | | | | | | | | | | | | | | | | | | | |
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- . 150 | —
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S 15— al - .
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R - :

0.5[ o i
N i i '—l_:I |
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Reconstructed v, Energy [GeV]

Reconstructed neutrino energy (GeV)

Ev :f (EEL\I) :Ehad>
¥ Hadronic
&

I _ EM Shower

g-
A

Overall resolution = ~11%

* Observed data-MC
differences at ND,
extrapolate them to modity
the FD MC prediction
(significantly reduce
systematics).

» Systematic uncertainties
determined in ND also
extrapolated to FD.
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3-flavor oscillations

» Extrapolate the high

25

statistics spectra observed
at the Near Detector to
see what you expect at the
Far Detector

- Including the “not U,
CC” BG

- Estimate remaining
cosmic BG from data
adjacent to beam spilll

- Fit for both FHC/RHC,
appearance/
disappearance

Wenjie Wu (UC Irvine)
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Event selection

| Vﬂ selection

'

Basic Quality cuts

'

( Containment cuts )

Cosmic Rejection BDT

!

( PIDcut |

'

Selected Vy
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‘ Basic Quality cuts ‘

A4 no
( Core Preselection )

!

ﬂVe selectior?ﬂ
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Cosmic Rej Core BDT

!

(" CUNPDout )—o

Low High
PID PID

|

Core sample

v

(Peripheral Preselection)

v

CVN PID and
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'
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ollp
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Systematics

e Systematics assessed by generating shifted

sets of simulated data.

- Can get slight improvements by extrapolating

to FD in Pt bins (5-10% overall, 30% in xsec).

- Still statistics dominated.

Beam Flux

Detector Calibration

Detector Response
Lepton Reconstruction

- No ‘Bt| Extrap.

o Bt | Extrap.

Near-Far Uncor.

Neutrino Cross Sections

Neutron Uncertainty
Total Syst. Unc.

Statistical Uncertainty

NOvVA Preliminary

E
S q ...............................................
S . F ..................................................
S - ..............................................
.
0

Uncertainty in 8.,/ 7

NOvVA Preliminary

Beam Flux

Detector Calibration

Detector Response
Lepton Reconstruction
Near-Far Uncor.

Neutrino Cross Sections

Neutron Uncertainty

Total Syst. Unc.

Statistical Uncertainty

|

=

—-0.04

0.00
Uncertainty in sin“6,,

0.04

NOvVA Preliminary

Beam Flux

Detector Calibration

Detector Response
Lepton Reconstruction
Near-Far Uncor.

Neutrino Cross Sections

Neutron Uncertainty
Total Syst. Unc.

Statistical Uncertainty

0.06

Uncertainty in A m2, ( x10° eV?)
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