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Is there Charge-Parity violation in
the lepton sector?

What is the ordering of the neutrino mass
states?
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Mixing between mass and flavour states is
determined by PMNS matrix

Neutrinos interact in a flavour eigenstate, but
propagate in a superposition of mass eigenstates

UPMNS 9 912, 913, 923 3 mixing angles
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U

UT2 UT3 4 3

UPMNS
Mixing between mass and flavour states is
Neutrinos interact in a flavour eigenstate, but determined by PMNS matrix
propagate in a superposition of mass eigenstates
’ UPMNS > 912, 913, 923 3 mixing angles
JK D
P(I/a — Vﬂ) — 505,6 — 4 Z R{ U U,B]UakU sin ( AR ) 5CP 1 CP violating(?) phase
J>k 0,, constraints from solar and reactor
| Amj neutrinos
+2 Z {U* Uﬂ] akU*k sin( ) 0,5 very well measured by reactor experiments
i>k 2L 6,5 constraints from beam and atmospheric

— -~ . neutrinos
Oscillation probability depends on mixing angles,

CP phase and mass splittings ; Ocp constraints from reactor and beam

neutrinos
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NOVA Experiment ¢~ &

® NuMI beamline produces high purity beam of v, or 7,

Uy

® Neutrinos pass through near detector before travelling 810km to
the functionally identical far detector in Minnesota

® Detectors are placed 14mrad off axis, meaning incident neutrino
energy is narrowly peaked at 2GeV.

*NOvVA
Far Detector

® Neutrino interactions in detectors produce scintillation light
which is collected by wavelength shifting fibres, then amplitied
and read out by the connected avalanche photodiode pixel.

Fermilab
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NOvVA - FNAL E929

Run: 25133/2
Event: 6764 / NuMI

UTC Fri Jan 20, 2017
16:08:16.654853184

228
t (usec)

v, CC candiate event

NOvVA - FNAL E929

Run: 15569 /40
Event: 116595 / NuMI

UTC Mon Jun 9, 2014
22:14:20.295631584

v, CC candidate event



Neutrino Oscillations
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or 6,5 > 45 (important for v, & v_symmetries) and O.p

H 7 6
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Correct Near detector Monte Carlo to match near detector data
® Extrapolate these corrections to Far Detector predictions (take into
account beam divergence, detector performance + oscillations)

Use convolutional neural
networks for:
® rejection of background

events from cosmic ray ® gives FD E  prediction with constrained systematic uncertainties

muons

® Neutrino interaction
flavour identification

® Particle identification

Compare FD data to predicted rates of neutrino events to extract

oscillation parameters using Bayesian or Frequentist statistics
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v-beam NOVA Simulation
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Parameters extracted from v,/U, data depend on

distribution shape — bin v, by hadronic energy
fraction (i.e. energy resolution)
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Events /0.1 GeV
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See 384 v, signal events, expect
11.3 background events
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vbeam NOVA Preliminary
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See 169 v, signal events, expect
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2024 v, events
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Mass Ordering
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U, — U5 sector results

NOVA Preliminary

31-NOVA NO 90% CL 26.6x10°° POT-equiv. v-beam
With 1D Daya Bay Constraint 12.5x10* POT v-beam
NOvVA
— 2024
> Best i
> ¥ Best-
S 2.5
— Both mass Normal Inverted
Al orderings mas.s mas..s
C\IEOO ordering | ordering
< Unconstrained 0.48 0.55 0.47
.............................. 1D reactor
2—------- lceCube 2024 -:---:- = MINOS+ 2020 constraint 0-55 0-55 0-55
-------------- — — NOVA+T2K® === SK(IV)+T2K* 2Dreactor ;g 0.55 0.55
constraint
0.4 0.5 0.6
t a2
sin“(6,,)
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U, — U5 sector results

NOVA Preliminary

3-NOvVA NO 90% CL 26.6x10* POT-equiv. v-beam Prefer upper octant
With 1D Daya Bay Constraint 12.5x10* POT v-beam
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-------------- — — NOVA$T2K® --=-= SK(IV)+T2K* 2Dreactor ;g 0.55
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= 2
sin“(6,,)
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U, — U5 sector results

3—-NOvVA NO 90% CL
With 1D Daya Bay Constraint

NOvA
2024 e

X Best-fit

|‘—l.-"-'l-—

A
.
‘‘‘‘‘‘‘
llll
q gut
lllllll
llllllllllll

NOVA Preliminary

26.6x10°° POT-equiv. v-beam
12.5x10%° POT v-beam

'..
LI B
l...
llllllllll
L |
",
]
’
L4
14
14
L4

- - - .
T L e i I IR

2H------- lceCube 2024 -:-:-:- = MINOS+ 2020
.............. —— — NOVA+T2K® - -- SK(V)+T2K*
0.4 0.5 0.6
. D
sin“(8,,,)

15

Prefer upper octant

Agreement with previous

Unconstrained
1D reactor
constraint

2D reactor
constraint

Both mass
orderings

0.48

0.55

0.55

Normal
mass
ordering

0.55

0.55

0.55

results + other experiments

Inverted
mass
ordering

0.47

0.55

0.55



U, — Uy sector results

| - Normal mass ordering |

NOvA" . 242970000 L5

NOvA+T2K? —— 2.429700%8  1.5%
IceCube —— 2.40 097 1.9%
T2K' —— 2.5061T00% 18%
SuperK+T2K? —— 2.511% 050 2.4% El
Daya Bay nGd — 2.466=+0.060 2.4% é
MINOS+ = o~ 2.40 008 35y
SuperK' | o | 2.40 T013  4.8% §
RENO nGd | ® = 2.69 012 45% -
>

Daya Bay  nH | o C2.72 To4r 5.3%
RENO nH ¢ = 2.48 1035 12.1%

22 23 24 25 26 27 28

|Am3,|, 1073 eV?
* 2024 result, PRELIMINARY
Preliminary  ° based on 2020 ana. ¥ SKI-V result, arXiv:2311.05105
Published I Neutrino-2022 result ! based on SK IV and T2K 2020, arXiv:2405.12488
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U, — U5 sector results 9= m

| - Normal mass ordering |

NOvA' —— 24201000 157

NOvA+T2K? —— 2.429700%8  1.5%

IceCube —— 2.40 097 1.9%

T2K' —— 2.5061T00% 18%
SuperK+T2K* ——— 25117 osg 24% -
Daya Bay nGd — 2.466=+0.060 2.4% ;
MINOS+ = o~ 2.40 008 35y
SuperK' | o | 2.40 T013  4.8% §
RENO nGd | o = 2.69 +0.12 4.5% -~
Daya Bay nH | o C2.72 s 3%
RENO nH ¢ = 2.48 1035 12.1%

* 2024 result, PRELIMINARY
Preliminary  ° based on 2020 ana. ¥ SKI-V result, arXiv:2311.05105
Published I Neutrino-2022 result ! based on SK IV and T2K 2020, arXiv:2405.12488

NOvA-only Am322 result has world leading precision for single experiment

measurement
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Summary = @

® New NOVA results with almost 2x neutrino data and analysis
Improvements

® Most precise single experiment measurement of Am322

® Strong preference for
normal ordering when
2D reactor constraint is

applied to 0,5 anc
Am322

® (Goal to double
antineutrino data
before end of running

—
N &=
INE

3¢
&

=iy
S

=]
fcES) &

Thank youl!




Backups

18



New for 2024

Far Detector Improved Light Production Model
g . e Additional Systematic

gt e T Uncertainties for Pion
Production
ND NOvVA Simulation

Neutrino Beam
v + V selection

—— Accumulated bec:

LA AN RERE

LS RAA

_, §  Proton Candidates
T
Muon Candidates

dE/dx (MeV/cm)
s

(o]

log(By) = log(p/(Mc))

Improved n-C Scattering Model

NOvA Preliminary

L2}

pa—

10° Events / GeV

Eoy

NOvA's Standard Gean4

x 10°° POT

MENATE Supplemented Geant4 a

BT 02 03 04 05 06 07 08

Hadronic Visible Energy (GeV)

Data/Sim 10° Prongs/11.4

Prona Enerav (GaV\

Improved detector Improved uncertainty New

More datal . . - .
simulations predictions Selection
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Systematics

Lepton Reconstruction
Neutron Uncertainty
Detector Response

Beam Flux
Detector Calibration
Neutrino Cross Sections

Near-Far Uncor.

Systematic Uncertainty

v-beam NOVA Preliminary v-beam NOVA Preliminary
. . ' y | ' ' ' ' ' ' ' ' I ' ' ' ' < . . ' y | ' ' ' ' ' ' ' ' I ' ' ' ' <
" Not Extrapolated = Lepton Reconstruction " Not Extrapolated ®
[ Extrapolated N % I Extrapolated B %
8.. Neutron Uncertainty .I 8..
B = B =
> Detector Response ‘ -
- |2 - . _
O Beam Flux —
I— S 9‘ I— S
%’- Detector Calibration ‘
I — m I —
Neutrino Cross Sections *
Near-Far Uncor. I
Systematic Uncertainty
A A A A | A | 1 1 1 1 1 A | A A A A A A A A | A A A 1 1 A A A | A A A A
-20 -10 0 10 20 20 -10 0 10 20

Total Prediction Uncertainty (%)
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Octant and op

60 I I | | | |

- NOvVA FD - i

- 20 . sin 2613=O.085 _
c L 26.61x 107~ POT-equiv (v) |
@ | 12.50 x 10%° POT (v) ]
8 501~ -
o - Inverted MO )
c AM2,=-2.47x10°eV? -
=P " _
= T sin°0,,,=0.54 -
C B —
m B —
b2, 30‘ LO .

B L, B
S| sin°6,,,=0.50 -
> B —
€))
< | Normal MO -
0 ool AM2,=+2.43x10%V2
= ""108,p=0 @ §,.=n/2 ]

0 Ogp= T | " Opp= 3TC/|2 X B?st Fit Predi|ction ]
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_NOVA Preliminary

Total events - neutrino beam
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Am322 precision 1O

Inverted mass ordering

NOvA* —e— 247710031 1.5%
NOvA+T2K3 —8— 247740035 1.4%
IceCube —— 2.40 fg:gi 1.9%
T2K! — 254870050 1.8%
SuperK+T2K? —— 248470000 24%
Daya Bay nGd ——— 2.571+0.060 2.3%
MINOS+ —— 245 T00L 3%
RENQO nGd —_—— 2.79 +0.12  4.3%
Daya Bay  nH 2.83 015 5.1%
A S 0.09
SuperK? 2.40 To55  8.5%
RENO nH —_— 2.58 1050 11.6%
2.2 2.4 2.6 2.8
AmZ,|, 1072 eV?
* 2024 result, PRELIMINARY
Preliminary 8 based on 2020 ana. ¥ SKI-V result, arXiv:2311.05105
Published T Neutrino-2022 result f based on SK IV and T2K 2020, arXiv:2405.12488
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