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STUDYING NEUTRINO OSCILLATIONS

NEUTRINO AND ANTINEUTRINO DATA ARE REQUIRED
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» |Is CP violated in the lepton sector?
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LONG-BASELINE ACCELERATOR NEUTRINOS
ARE ABLE TO DISENTANGLE THESE!
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NOVA AND T2K: LONG-BASELINE NEUTRINO

EXPERIMENTS IN A NUTSHELL

o Precision is achieved

Detector).

Mdm Ring

* These LBL experiments use neutrino beams
produced by accelerators: NuMI and JPARC

oy placing a detector

close to the source (Near Detector) and one
at or close to the osci

lation maximum (Far

The measured spectrum in
the ND i

s used to make a

TN Prediction of the

expecta

tion at the FD before

considering oscillations.
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NOVA AND T2K BEAM NEUTRINOS

Experiments are located off-axis for

Neutrino flux
narrow-band, highly pure muon (anti-)

neutrino beam:

T2K: from J-PARC at 0.6 GeV beam
neutrino energy.

3
o

® (Arbitrary Units)

NOVA: from Fermilab NuMI| at 2 GeV 1 > 3

4
beam neutrino energy. T2K NOVA E, (GeV)

Formaggio and Zeller
Rev. Mod. Phys. 84, 1307
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Ditterent neutrino energy leads to

—

qualitatively different neutrino interactions:
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T2K: primarily quasi-elastic interactions.
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NOvVA: mix of quasi-elastic, 2p2h,

v cross section/

resonant and DIS interactions.
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NOVA AND T2K BAS

Matter effects
modify the spectrum
depending on mass
ordering, neutrino/
anti-neutrino.

Effect is larger for
longer baseline.

T2K

L (baseline)

Energy
(beam peak)

Matter
effect*

CP effect*

*calculated at beam peak energy
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NOVA AND T2K RESOLVING
DEGENERACIES

T2K measurements isolate the impact of CP violation whereas NOVA has significant
mass ordering sensitivity.

The complementarity between the experiments has the power to break degeneracies.

T2K: L = 295km, E = 0.6GeV NOvA: L= 810 km, E = 2.0 GeV

Sin20. =0 .085 sin?20, =0.085
IAm%,1=2.5x107eV? IAm2,|1=2.5x107eV?
sin“0,,=0.5

N\

(—\
O
Normal

08=0 e 3=n/2 dcp phase Ordering
00=nt mO=-1/2
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WHY COMBINE : Normal Ordering
NOVA AND T2K?

T2K, EPJ C 2023: = BF — <90% CL ---* <68% CL

Mild disagreement (at
90% CL) on allowed CP
values in Normal

Ordering |
Good agreement on =

allowed values for

NOvA: + BF < 90% CL < 68% CL

Inverted Ordering

T2K, EPJ C 2023:

Inverted Ordering. | NOvA

Results from NOvVA and T2K with 2020 data
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NOVA AND T2K ANALYSES

The experiments have different analyses approaches driven by contrasting

experimental design.
Both T2K and NOVA have used Bayesian Markov Chain Monte Carlo (MCMC) fitters.
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NOVA AND T2K SYSTEMATIC
UNCERTAINTIES

Both analyses approaches reduce systematic uncertainties from
over 10% to ~4-5%.

The joint analysis thus seeks to respect each approach throughout.

NO

NOVA Preliminary

Eur. Phys. J. C (2023) 83:782 (2023)

Not Extrapolated |

Lepton Reconstruction
Extrapolated

= Pre-ND Neutron Uncertainty

uonosjesg °a

77 Post-ND Detector Response
Beam Flux

Detector Calibration

Neutrino Cross Sections

Near-Far Uncor.

Systematic Uncertainty

—10 0 10
Signal Uncertainty (%)

Reconstructed v-energy [GeV]
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CONSTRUCTING A JOINT ANALYSIS

The joint-fit is constructed using: Poisson likelihood from each experiment, penalty terms from

the systematics pull and external constraints on 613 and 612, , Am2y; from solar and reactor
neutrino experiments.

The other experiment’s likelihoods are integrated via a containerized environment. Both
experiments can run each other’s analysis through these containers. Independent
implementation of the framework provided rigorous validation of the joint fit.

No significant correlations between the experiments in flux and detector models. For neutrino

interaction models instead we expect correlations and experiments use different underlying
models.

Significant work to demonstrate robustness to no-correlations except for uncertainty in ve/v,,

External constraints External constraints
likelihood likelihood

T2K No7: T2K  (WASKEE  NOVA

likelihood likelihood | likelihood \GEN={VNIW likelihood

P

Systematics ~ Systematics
Penalty terms Penalty terms

Red represents T2K codebase & Ie shows NOVA codebase.
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_|_ H E D -l— With reactor constraint
[ I | | 1 1 1 1 I | | 1 -
/—\ I\ I Far Detector data: 4 ]

Posteriorrange: [l 1ol 20 30

&)
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N
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The joint-fit uses the data collected by
each experiment up until 2020.

W

N

Using both experiments data roughly

Events / 0.1 GeV

doubles the total statistics at the far
detectors.

The data from both experiments is Reconstructed neutrino energy (GeV)

described well by the joint fit, posterior With reactor constraint
N I I N L

predictive p-value of 0.75. : II
I Far Detector data: 4-

Posteriorrange: 1ol 20 30

Peripheral ]

Low PID o High PID

1
L o

T2K: Eur. Phys. J. C (2023) 83: 782 Complete sets in backup
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RESULTS: MIXING ANGLES

Joint fit result is consistent in 843 with *>[ Bayesian Cred. Int Both MO

No reactor constraint

reactor experiment results but has
degeneracy in 65s.

Using the PDG average from the reactor
experiments lifts degeneracy and
orovides small preference tor the upper

O Cta nt . ’ Bayesian Cred. Int. Both MO

With reactor constraint

Bayesian Cred. Int. Both MO Bayesian Cred. Int. Both MO
No reactor constraint With reactor constraint

Hio Bio
B2o

BElYy ReacTOR

Posterior density

Using reactor constraint in all other results
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RESULTS: MIXING ANGLES

Joint fit result is consistent in 613 with [ Bayesin Ced. T, Both MO

reactor experiment results but has
degeneracy in 65s.

Using the PDG average from the reactor
experiments lifts degeneracy and
orovides small preference tor the upper

O Cta nt "77| Bayesian Cred. Int. Both MO

With reactor constraint

Bayesian Cred. Int. Both MO Bayesian Cred. Int.
No reactor constraint With reactor constrair

or density

Using reactor constraint in all other results
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RESULTS: MASS ORDERING

The expe” ments Bayesian Cred. Int.

With reactor constraint

individually have
oreterences for normal
ordering.

The NOVA-T2K joint fit
has a weak preference
for the Inverted

Order: 26252423 23 24 25 2.6
rdering. AmZ. X103 eV2

Ask me more: Including the Am23; constraint
from the Daya Bay reverses the mass ordering

Bayes factor

oreference back to the Normal Ordering.
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RESULTS: CP VIOLATION

Normal Ordering allows for a broad
range of &cp.

Inverted Ordering, CP conserving values
ie outside the 3-sigma credible interval.

Ocp = /2 lies outside 3-sigma credible
interval for both mass orderings.

0.04 Bayesian Cred. Int. ]

[ With reactor constraint == RBoth MO — 1o
0.03 i Inverted MO ---20 1

0.02} == Normal MO

0.01f

Posterior density

Both MO
Inverted -

Normal
_'{T
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T T I T
| Bayesian Cred. Int.
L With reactor constraint

T T 2§ T
NO Conditional

N 1 I I 1 I I ] 1
| Bayesian Cred. Int.
L With reactor constraint




RESULT: COMPARISON WITH
NDIVIDUAL EXPERIMENTS

The joint result disfavors (slightly) the Normal Ordering where the individual experiments
preferred differing phase-spaces in 6¢p.

Provides tighter constraint in the Inverted Ordering where there was good agreement
between NOvA-only and T2K-only fits.

Fitter: ARIA With reactor con

Fitter: ARIA With reactor constraint

B NOvA+T2K NO Conditional
—— NOVA Only
—— T2K Only

B NOVA+T2K 10 Conditional
—— NOVA Only
—— T2K Only
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RESULT: COMPARISON WITH
NDIVIDUAL EXPERIMENTS

: - Fitter: ARIA
The 1D posterior in —
) . Inverted MO _Normal MO
AmZ3; highlights the e A
——— NOVA Only
switch in the mass ==‘EEy

ordering preference
when NOVA and T2K
are combined.

The joint-fit enhances
the precision of

|Am23;| over individual 2.6 2.5 2.4 2.3 23 24 25 26
: % 31372
experiments. Am;,x107eV

2.07 4.24

Bayes factor Normal/Inverted Normal/Inverted
~67% : ~33% posterior ~819% : ~199% posterior
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COMPARISON WITH OTHER RESULTS

2.0%

2.39 +005 2.1%
] . MINOS+ 2.40 oo 35%
his analysis has - 25110 40

IceCube 2.41 +007  2.9%
the smallest Superk 240 447 a0
Daya Bay nGd 2.466+0.060 2.4%
RENO nGd 2.69 +012 4.5%

uncertainty on e N N RN A A e o

e 12.1%
2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

‘ A m 232 ‘ dS |AmZ,|, 1073 eV?

Inverted mass ordering

com p are d to O‘t h er NOvVA+T2K 2.477+0.035 1.4%

T2K 2.53 +0.05 2.0%

’ NOvA 2.44 +o0.05 2.0%

p revious MINOS+ 2.45 008 3%
SuperK+T2K 2.484 10087 2 4%

m e a S u re m e n tS o TceCube 241 +o007 2.9%

SuperK 2.40 0 3.8%
Daya Bay nGd 2.571+0.060 2.3%
RENO nGd 2.79 +012  4.3%
RENO nH 2.58 T35 11.6%
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SUMMARY AND OUTLOOK

The joint analysis of NOVA and T2K is the first combination of these two
long-baseline experiments.

It is a combination of two very difterent analysis approaches.
The joint analysis shows:
A strong constraint on | AmZ23, |.
Mass Ordering remains inconclusive. Mild preference for upper octant.
Ocp = /2 lies outside 3-sigma credible interval for both mass orderings.

CP conserving values for the Inverted Ordering fall outside the 3-sigma
range.

NOVA and T2K continue data taking and analysis.

We look forward to future work together.

Mayly Sanchez - FSU 19






NOVA and T2K similarities and differences

Baseline

Beam spectrum peak
Interactions

Near Detector target
Far Detector Target

Near Detector principle

Far Detector principle

Near-to-far extrapolation

Neutrino energy estimator

T2K
295 km
0.6 GeV

Mostly QE, 2p2h and RES backgrounds

Plastic scintillator with some water
Water

Magnetized
Plastic Scintillator and
Gaseous Argon TPC tracker

Water Cherenkov

Fit model to ND data and propagate
best-fit model parameters and
uncertainties

Lepton Kinematics
(Assume elasticity)

NOvA

810 km

2 GeV

Mixture of QE, 2p2h, RES, DIS etc
Organic liguid scintillator

Organic liguid scintillator

Segmented Liquid Scintillator Tracker

Segmented Liquid Scintillator Tracker

Large overlap in systematics allows for
direct cancellation and use of ND-tuned
model to build FD predictions

Sum of lepton and hadronic energy
(Momentum by range and calorimetry)




WHY COMBINE
NOVA AND T2K?

Full implementation of:

Energy reconstruction and

detector response T2K, EPJ C 2023: = BF — <90% CL --- <68% CL

NOVA: + BF <90% CL [1] =68% CL

Detailed likelihood from each
experiment : Inverted Ordering

Consistent statistical inference
across the full dimensionality

In-depth review of:

Models, systematic uncertainties

and possible correlations T2K, EPJ C 2023: — <90%CL -~ <68%CL

<90% CL < 68% CL
Ditterent analysis approaches

driven by contrasting detector

designs Results from NOvA and T2K with 2020 data
Mayly Sanchez - FSU 22




NOVA AND T2K SYSTEMATIC
UNCERTAINTIES

T2K: Leverages high-statistics ND data to constrain model parameters and

uncertainties prior to oscillations, leading to significant anti-correlations between flux
and cross-section.

NOvVA: Model and systematic parameters enter as a ratio of how they impact near vs
tar detector. This cancelation constrains the variations allowed by systematics,
minimizing their correlations with oscillations and nuisance parameters.

. NOvA Preliminary

'."._detector

XSec
post-fit correlation matrix ! post-fit correlation matrix
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MOST RECEN

- INDIVIDUAL

- XPERIMEN"

— T2K

RESULTS

T2K, Super-K, IceCube: Neutrino 2022 Preliminary
NOvVA: PRD 106 032004 (2022), MINOS+: PRL 125 131802 (2020)

2022 s Super-K 2022 MINOS+ 2020

— = NOVA 2020 IceCube 2022 + Best fits

Mayly Sanchez - FSU

90% C.L.
Normal ordering

0.55 0.60 0.65

)
sin 623
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MOST RECEN

- INDIVI

- XPERIMEN"

Normal
ordering
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RESULTS

DUAL

T2K, Super-K: Neutrino 2022 Preliminary, NOvA: PRD 106 032004 (2022)
—

Inverted
ordering

—— T2K 2022 --= Super-K 2022 0%CL.
taken over

— — NOVA 2020 + Best fits both mass

orderings

035 040 045 050 055 060 0.65

)
sin 623

25



RESULTS: MASS DIFFERENCE AND
OCTANT

Marginalizing over each mass ordering, measurements
remain consistent with an upper octant preference but
also with a maximal mixing angle.

Note: Conditional posteriors are marginalized over
each mass ordering separately.

Bayesian Cred. Int. NO Conditional "+ Bayesian Cred. Int.
With reactor constraint With reactor constraint

(o (@

> >
O O
m 3

- -
A o
X X
« ~
N o A N
s s
< <
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_|_ H E D -l— With reactor constraint
[ I | | 1 1 1 1 I | | 1 -
/—\ I\ I Far Detector data: 4 ]

Posteriorrange: [l 1ol 20 30

&)
o

N
o

The joint-fit uses the data collected

W

by each experiment up until 2020.

Events / 0.1 GeV
N

Using both experiments data roughly
doubles the total statistics at the far
detectors.

Reconstructed neutrino energy (GeV)

. . With reactor constraint
The data from both experiments is — ——

Peripheral ]

described well by the joint fit. " Far Detector data: 4
i Posteriorrange: 1ol 20 30

T2K Combined Low PID == High PID

0.19 () 0.62
0.79 (v.1n)

0.67 0.40 i
0.48 0.62 : : " 4
0.87 0.72 R o DS !m-h

1 _2 3 4 1'{1 2 3 4
0.72 0.75 Reconstructed neutrino energy (GeV)

posterior predictive p-value Complete sets in backup
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MUON (ANTI-)NEUTRINO
DISAPPEARANCE FOR NOVA AND T2K

With reactor constraint With reactor constraint

Far Detector data: ¢- Far Detector data: ¢4
Posteriorrange:[ll 1o 20 30 Posterior range:[ll 1c 20 30

w H (o)
o (@]

N
o

Events / 0.1 GeV
o o

Events /0.1 GeV

-
o

U'llln-:- P T ey ey
.3 4 3 4
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

With reactor constraint With reactor constraint

Far Detector data: ¢

, Far Detector data: ¢
Posteriorrange:ll1c 20 30

Posteriorrange:ll1ic 20 30

-
(&)

-

o

Events / 0.1 GeV
o

Events / 0.1 GeV
()]

2 4 0 ===

Reconstructed neutrino energy (GeV) 0 3 4

2
Reconstructed neutrino energy (GeV)
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ELECTRON (ANTI-)NEUTRINO
APPEARANCE FOR NOVA AND T2K

With reactor constraint

Far Detector data: ¢
Posteriorrange:ll 1o 20| 30

V.1t sample
in backup

0.2 0.4 06 08
Reconstructed neutrino energy (GeV)

With reactor constraint

I Low PID II
Far Detector data: 4 High PID Peripheral
Posteriorrange: i 1c 20 30

1 _2 3 4 1.2 3 4
Reconstructed neutrino energy (GeV)
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With reactor constraint

Far Detector data: 4-
Posteriorrange:ll 1c 26 3o

- l'“ h"“..“lvu
0.2 0.4 06 08 1 1.2
Reconstructed neutrino energy (GeV)

With reactor constraint
I Low PID II 11

Far Detector data: 4- High PID Peripheral
Posteriorrange:ll 1ic 26 3¢

1.2 8 "4 1.2 3 4
Reconstructed neutrino energy (GeV)
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RESULT: COMPARISON WITH OTHER
RESULTS

The &cp measurements are consistent across all experiments and their combinations.

The uncertainty on &¢cp remains large.

Normal Ordering

NOvVA - ——————————————————  (.89070:180

NOvA+T2K ——— - _008701:8:%?8

To2K —_—— —0.630“:8:%8

SuperK S R & B —0.5570308

SuperK+T2K ———— —0.59670 753

—1.00 —-0.75 —-0.50 -—-0.25 0.00 0.25 0.50 0.75 1.00
Ocp, T

Inverted Ordering

NOvA — —0.560"0 55

NOvA+T2K ——— —0.47075150

T2K ——— —0.450*0 140

SuperK+T2K ——— —0.4700 108

—1.00 —-0.75 —0.50 —-0.25 0.00 0.25 0.50 0.75 1.00
Ocp, T
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RESULT: COMPARISON WITH OTHER
RESULTS

Normal mass ordering

Daya Bay leads the

NOvA+T2K
precision on the NOvA 3.4 10 8%
. Da B: Gd 8.514+0.24 2.8%
measurement of 813 with ava Bayn w28
RENO nGd 8.92+063 7.1%
28% umcertalﬂty. Daya Bay nH ———&—— 7.1 411 15.5%
RENO nH —_—— 8.0 +1.2 14.0%
Double CHOOZ —_———— 10.2 +12 11.8%
Overall, the long- . ;

sin® 26,5, 1072

baseline measurements
are consistent with Inverted mass ordering

—_

reactor experiments,
with larger consistency
. . Daya Bay  nGd

in the normal ordering - S -
than the inverted Daya Bay ~ nf ——e—— 71 a1 155%
ordering. RENO nH —_— 8.6 +1.2 14.0%

Double CHOOZ —_—— 10.2 +12 11.8%

8 9 10 11
sin® 26,5, 1072
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COMBINING WITH DAYA BAY IN MASS
DIFFERENCE AND MIXING ANGLE

NO Conditional

Enhanced precision in AmZ2;; is a - DayaBay 2023

>
new handle when combining @ B NOVA-TZK wio reac.

<)
reactor and long-baseline results. o

2

. S

In the true mass ordering, reactor =& ‘\
and long-baseline measurements A S
of AmZ3, would be consistent but in |Am2, | x10° eV?

the incorrect mass ordering would R S~

. DayaBay 2023
be wrong by different amounts.
= NOvVA-T2K w/o reac.

| AN

2.4 26

More info: Nunokawa, Parke and
Zukanovich Funchal. Phys. Rev. D
/2: 013009, 2005.

Posterior Density

|Am3, | x10° eV?
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COMBINING WITH DAYA BAY IN MASS
DIFFERENCE AND MIXING ANGLE

Including the Am?Z23;
constraint from the Daya
Bay (Phys. Rev. Lett. 130,
161802, 2023), reverses
the mass ordering
oreference back to the
Normal Ordering.

|:| NOVA-T2K w/o reac.
—— NOVA-T2K-1D DayaBay
—_— NOVA—TZK—ZD' DayaBay

>
N
o
N
-
O
o)
—
o
oy
—
O
~N—
)
o
A

Overall, this analysis

. .
does not show a 26 =25
significant preference

ALY
24 23 23 24 25 26

Am:, [107eV?]

for either mass ordering.

1.44

Bayes factor Normal/Inverted
~599% : ~419, posterior
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NOVA'S DISAPPEARANCE SPECTRA

NOVA uses an off-axis beam (2.5°) with large segmentead
scintillator detector in a 810 km baseline.

NOvVA Preliminary NOvVA Preliminary

+-FD data +FD data
— 2020 Best-fit — 2020 Best-fit

1-0 syst. range 1-0 syst. range

Background Background

Events / 0.1 GeV

>
)
Q)
.
o
~
2]
——
-
()
>
L

o000

oD Do
o000

oD DO

o
o

Ratio to no osc.
Ratio to no osc.

Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

Observe 221 events in neutrino mode and 105 events in antineutrino

mode.
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NOVA'S ELECTRON NEUTRINO AND
ANTINEUTRINO APPEARANCE

v-beam NOvVA Preliminary

w
o

Ve LowPID |  High PID

¢ FDdata
— 2020 best-fit |
1-0 systrange |
8 Wrong sign bkg '
Total beam bkg '
7] Cosmic bkg |

On the neutrino beam we

N
(=}

observe 82 events and
expect 26.8 backgrouna

Events / 13.60x10%° POT-equiv

INteractions.

3
Reconstructed neutrino energy (GeV)

For the antineutrino

v-beam NOvVA Preliminary

beam we observe 33 and e Low PID High PID

$ FDdata . Wrong sign bkg
— 2020 best-fit Total beam bkg
1-c systrange i || Cosmic bkg

expect 14 background

o
-
o
(&)

Peripheral

InNteractions.

Events / 12.50x10%° POT

> 40 evidence of electron
antineutrino appearance

Reconstructed neutrino energy (GeV)
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ELECTRON NEUTRINO APPEARANCE
EXPECTATIONS

Event counts in

60—NOVA FD

13.60x10% POT-equiv (v)

. 20

antineutrino mode vary
according to the
oscillation parameters.

Ellipses as a function of
CP are drawn for
normal and inverted
hierarchy (NH and [H) S 5gp= 0 ® dgpm 2

as well as upper and 0 8gp=m W dgp=3m2 % 2020 best fit

lower octant (UO and 20 80 80 100 120
LO) Total events - neutrino beam

S
©
O
0O
o
-
—
e
-
)
C
=
C
©
1
[72)
el
-
(O
>
()
]
el
o
|_

N
=)

OBSERVE 82 EVENTS FOR NEUTRINO MODE
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NOVA’'S RESULTS: 6., VS. SIN20, .

NOVA Prel | m | nary NOVA Preliminary NOVA Preliminary

Bayesian Cred. Int.:  [Jl1o 2o [J3 0 Bayesian Cred. Int.. [l1c 2o []30

-------------------
----------
------
- Y
~
~

==
~ -

-
~. .

Posterior Probability Density

.
.....

-
- - ~a
- LI - ~e
- - - ~e
- - - -
- e - “ea
e - e aanma

No asymmetry in electron neutrino vs

RGOS Giee. I TEYT antineutrino rates of appearance.
Distavoring points that would

T ‘ produce that asymmetry.

Bayesian reanalysis consistent with

ﬂ"
. -
~~~~~
---------------------

......................................................... Disfavor NH 6=3n/2 at ~20-

o,
e,

Exclude IH 6=n/2 at > 30
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NOVA'S RESULTS WITH AND WITHOUT REACTOR
CONSTRAINT

NOVA uses the reactor constraint
for the value of B3. If instead we
allow it to float the value is
consistent with the PDG value.

Bayesian Cred. Int.: B 20 3¢

Posterior Probability

Note that the slight (upper)
octant preference is driven by
the reactor constraint.

[z]Reactor mL.O. Uu.o.

Daya Bay  nGd 8.53+0.24 2.8%
RENO nGd 8.92+0.63 7.1%
Daya Bay nH —— 7.1 11 155%
RENO nH —_—— 8.6 +1.2 14.0%
Double CHOOZ 10.2 +12  11.8%
T2K 9.527288 16.9%
NOvA 8.5 T8 21.2%
9

Bayesian Cred. Int.:

0.005 0.01 0.015

Sill2 2913, 1072

Posterior Probability

Mayly Sanchez - FSU 39



T2K: AN OFF-AXIS NEUTRINO
-XPERIMENT IN THE JPARC BEAM

8 4 ‘|>
o 3E- +
DU 0. 04 0.6 0.8
constructed

2 1 12 00 02 04 06 08 1 12 uO 0.2 04 0.6 0.8 1 12
Reconstructed neutrino energy [GeV) Reconstructed neutrino energy [GeV] Reconstructed neutrino energy [GeV)

T2K uses an off-axis beam (2.5°) with large water Cherenkov
detector of SuperKin a 295 km baseline.

It has run in both neutrino and anti-neutrino modes.

Mayly Sanchez - FSU D. Cherdack - Nufact 2023 40



