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Neutrino Oscillations: what and why?
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Neutrino oscillation physics
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Neutrino oscillation physics
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® §cp: Charge-Parity violation in neutrino sector. Potential contribution to
matter-antimatter asymmetry in the universe.

® Mass Ordering: Symmetries in neutrino physics, is 11 the lightest and 3 the
heaviest? Has consequences for double-beta decay search.

® (»3: Larger or smaller than 457 Important for v, — v/, symmetries.

® |s the current PMNS parametrization the right approach?
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NOvA Experiment

NOvA
Ash River
£

International ®
Falls

Neutrino beam from Fermilab’s NuMI Beamline.
® 14 mrad off-axis beam narrowly peaked at ~2 GeV.

e Two functionally identical detectors:

® Near Detector (ND), 0.3kton, 1 km baseline.
® Far detector (FD), 14 kton, 810 km baseline.

Fermilab '10 i Ash River

810 km

Artur Sztuc Imperial College London 8 Feb 2023 6/40




Neutrino oscillations with accelerators
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Channel for CP violation detection
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NuMI Neutrino beamline

Focusing +ve mesons to get mostly v, (Neutrino mode)

Target Focusing Horns Decay Pipe

/\) =h
Z’ﬂ . v

® Beam of 120 GeV protons incident on carbon target.
® Focusing +ve or -ve mesons to obtain mostly v, or .
® Achieved by reversing the polarity of the magnetic horns.

e Neutrinos appear from the decaying mesons. 675 m decay pipe.
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NuMI Neutrino beamline

Focusing -ve mesons to get mostly 7, (Antineutrino mode)

Target Focusing Horns Decay Pipe

® Beam of 120 GeV protons incident on carbon target.
® Focusing +ve or -ve mesons to obtain mostly v, or i7,,.
® Achieved by reversing the polarity of the magnetic horns.

® Neutrinos appear from the decaying mesons. 675 m decay pipe.
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NuMI Neutrino beamline

10° CC Events /ton / GeV /5 x 10" POT
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® | ow background contamination in both neutrino and anti-neutrino mode.

e Collected 37 x 10%° protons-on-target. Thank you Fermilab!

® Recent power record: 893 kW!
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NOvVA Detectors

15.5 M
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To APD
Readout

scintillation
Light,

Trajectory

Waveshifting
Fiber Loop

—
350m 665

NOVA Cell

e Extruded cells filled with liquid scintillator, with 62% active volume.

Wavelength-shifting fibre collects and transports light to Avalanche
photodiode.

® Each APD sees 32 NOVA cells.

Cells with alternating horizontal & vertical planes for 3D reconstruction.
Optimized for electron showers.
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Event topologies

v, CC
i ) ® Modern CNN techniques used to identify
- neutrino flavour.
v CC
¥ 2 ® | earns features of different event topologies.
® Data-driven validations based on ND and FD
NC ) control samples.
L l‘l':o:.{l::'llf_- - ’ - ° R I . h. h . |
T - esults In high purity samples.
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Collected data
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Collected beam data
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e Collected 37 x 10%° protons-on-target up to date.

® Data up to early 2020 included in the analysis shown here.
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® 13.6 x 102 in v-beam mode.
® 125 x 102 in 7-beam mode.
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Near detector data
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® v, and 7, ND samples are used to correct the FD unoscillated predictions
via extrapolation.

® We can then apply the P(v, — v.) curve to the corrected predictions.

® The v, samples are used to correct the irreducible v, background in the
beam at the FD.
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Far detector data Muon neutrinos

Reconstructed neutrino energy (GeV)
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® QObserved: 211
® Best Fit Prediction: 222.3
e Background: 8.2
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® QObserved: 105
® Best Fit Prediction: 105.4
e Background: 2.1
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Far detector data Electron neutrinos

Events / 13.60x10% POT-equiv

Artur Sztuc

v-beam NOVA Preliminary

P — —

/e Low PID High PID —

| # FDdata _ :

|  — 2020 best-it g ]

1-c syst range [ 2 ]

200 [ Wrong sign bkg 8 s i
B Total beam bkg 5

" [ Cosmic bkg a 1

10— |

0

® QObserved: 82
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e QObserved: 33
® Best Fit Prediction: 33.2
® Background: 14

> 4 ¢ evidence of electron antineutrino appearance
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Sterile Neutrinos
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Sterile Neutrinos: 3+1

Anomalous neutrino event rates in the short-baseline experiments

¢ Could be explained with a non-interacting
fourth flavour state.

e Manifest in NOvA through neutral-current
and v, charged-current interactions.

® v, disappearance can occur in the near
detector at large Am3;.

® New near+far detector fitting framework to
expand the reach in Am3;.
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Sterile Ne

Events x 10° /1 GeV

Events x 10° /1 GeV
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Events x 10°/1 GeV
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Sterile Neutrinos: 3+1
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90% C.L. corrected using profiled Feldman Cousins method.
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Non-Standard Interactions
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Non-Standard Interactions

* Non-Standard Interactions add a matter potential additional to the
standard MSW to include anomalous neutrino interactions in matter.

. 0 0 0 l+ee [EEH EE
H=— UPMNS 0 A%l 0 U;’MNS +a EZM €pp €ur
2E 0 0 A2 . .
31 €or €ur  Err
€ap = |€aple™™ a=2vV2GrN.E

(Wolfenstein matter potential)

¢ Real-valued, NSl-induced mass squared splittings (Not in this analysis)

e Complex, NSl-induced mixing angles (Fitting one parameter at a time)
® NOVA uses the 2020 dataset to probe the complex NSI mixing angles.
Artur Sztuc
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Non-Standard Interactions

e Effect of the NSI phases on the P(v, — v.) oscillations:

Transition Probability - Neutrino Beam
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® NOvA's 810 km long baseline mean strong matter effects.

® The off-diagonal elements have the largest effect.

® Used v, — v, and v, — v, in both neutrino and anti-neutrino beam mode.
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Non-Standard Interactions
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Non-Standard Interactions

NOvA Prellmlnary NOVA Prellmlnary

14— ————
- NOVvA 90% CL 13 6><10 POT equlv V-l beam 4 - NOvVA 90% CL 13 6><10 POT equlv V-l beam T
121 pr — i ) l
= D No | iio 12.5x10% POT v-beam ] 3 jI:' no | ho 12.5x10°° POT V-beam 5
1o BestfitNO - [ ® BestfitNO 1
- ® BestfitlO 1 | ® BestfitlO 1
— o8| - — o . a
w% E E ws B 1
— osf 1 - 1 1
0.4 . i+ .
0.2 = K 3
Ci . | I R oL | PP vt
0 %‘ T‘ 3n 2n 0 g s 3n 2n

(Bcp *+ 3g) 2 (Ocp + O¢) 2
€ep < 0.3 €ep < 0.4

® Large NSI parameter values ruled out at 90% C.L.
® No evidence for NSI found at 90%C.L. either.
® What is the effect of non-zero NSI effect on standard PMNS parameters?
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Standard Interactions

) NOVA Preliminary d NOVA Preliminary

T T T T T T T T T T
NOVA NO 90% CL. 13.6x10° POT-equiv. v-beam NOVA NO 90% CL 13.6x10% POT-equiv. v-beam

28| Std. Osc. 12.5x10% POT v-beam
L D Nsi (PRD 106, 032004)

1

td. Osc. 12.5x10% POT v-beam *
PRD 106, 032004)

& | ® BestfitNsi ] < ® BestfitNSI
? f # Bestfit Std. Osc. 4 ? # Best fit Std. Osc.
@ 26 -1 o 26
o | 1 e
! ] ® ¢., has a minimal effect on ¢
< 24 - 9 < 4
i ] 623 and Ams, constraints.
2 0.‘4 0.‘45 Q‘SZ 0. ‘55 0‘6 2 UI4 U»LS l]_l52 0. l55 U‘l(i
sin“(6,,) sin®(6,,)
: dey NOVA Preliminary L] Slm |Ia r efFeCt fOr €eor- S NOVA Preliminary
[ N(.INA 0 90%1 cL T 13.5)(10;“ POT-equnv.'v-beam [ NO'vA 10 90%‘ cL ' 13v6x|02‘n POT-equ\v,‘v»beam 1

Std. Osc. 12.5x10% POT v-beam
(PRD 106, 032004)

12.5x10%° POT V-beam
4)

[ = BestfitNSI

® ¢, has a more noticeable
effect on this space.

PRI R S

Pl

05
sin’(6,,)




-Standard Interactions
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e NSI largely reduce our sensitivity to CP violation due to the degeneracies
with the complex NSI phases.
® Both ¢, and €., have a large effect on dcp.
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Bayesian Inference into the PMNS model
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Normal Ordering Inverted Ordering

Appearance parameters’ results
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® General conclusions the same as in the 2020
Frequentist analysis.

® 0cp = 1.57 outside of 20 credible intervals (NO).
® dcp = 0.57 outside of 30 credible intervals (10).
® Prefer Upper Octant of 653.

- Both Orderings
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Normal Ordering Inverted Ordering

Disappearance parameters’ Il 5otn Orderings

Both Orderings NOVA Preliminary Both Orderings NOVA Preliminary
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® Prefer upper octant and normal mass ordering. %, “°}

® Neither preference is significant, below ~1 0. N:_:‘;“’ 22t
® Both interpreted as “not worth more than a bare <1_237 3
mention” (Jeffreys and Raftery & Kass). ]
2.4 O
g
N. Ordering I. Ordering -251 =
U. Octant 41.7% 20.9% | 62.6% o6l -

L. Octant 25.8% 11.5% | 37.4% _p7[ BayesianCred.Int: _1c..205..30

67.5% 32.5% 035 04 045 05 055 06 0.65

References: Jeffreys ISBN:9780191589676,
Raftery & Kass doi:10.2307/2291091
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JarISkOg— I nva ria nt Orderings Ordering Inverted Ordering

Both Orderings NOVA Preliminary
0012 E Flatin sin(5p) ' I
o | — C1o C]?3C235125135235CP 0.01E Bayesian Cred. Int.: His H26 3o E

0.008 |

B
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c
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[m]
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® Jarlskog-Invariant: § oo}
measure of CP-violation 2 o2
. .. - of
independent of parametrization. 8 —
[ L
. 8 -0.02
e Also used in the Quark sector o | Flatin 5, ;
—-0.04 -0.02 0 0.02 0.04

e J=0: CP-Conservation. J#0: CP-Violation
e A prior flat in sin(dcp) provides data-only preference (upper half).

e A prior flat in dcp has a bias away from minimal CPV (lower half).

® There's some theoretical motivation (Neutrino Mixing Anarchy) for this.
Reference: Neutrino Mixing Anarchy arXiv:1204.1249
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Jarlskog— I nva ria nt Orderings Ordering Inverted Ordering

NOvVA Preliminary NOvVA Preliminary
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e CP-Conservation (J=0) within 1o interval in NO, within 3¢ in 10.
® Disfavoured more with a prior uniform in dcp.

® Bayes factor for J7£0 using Savage-Dickey method: 1.5 for both priors.
® |ess than 10 significance, or “not worth more than a bare mention”.

e Slight, but not significant preference for CP-violation.
Reference: Savage-Dickey arXiv:2004.09899
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First NOvA-only 613 measurement

Posterior Probability

‘2
Sin"20,,

Both Orderings

0.012 Blayesian Cred. Int-
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0.008

0.006

o
=3
S
=

0.002

@ 02 O30 ]

- Both Orderings

0.15

0.1

0.05

Bayesian Cred. Int.: —1o --

26 - 30
1, [HReactor)

T
[@Reactor @LO. mU.O.

Bayesian Cred. Int.:

B, 8% O

0.4 0.45 0.5 0.55 0.6

2
Sin"0,,
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0.005 0.01 0.015

Posterior Probability

Imperial College London

Normal Ordering Inverted Ordering

sin2(2013) = 0085—1—88%2

NOVA in a good agreement with
the reactor experiments.

013 strongly linked with 6y3.

Each 6,3 octant and mass ordering
prefers slightly different central
value.

Reactor’s 63 value, when used,
causes higher preference for upper
octant.




N OVA_O n |y 013 - Both Orderings Normal Ordering

Both Orderings NOVA Preliminary Both Orderings NOVA Preliminary
150 ————————— — —— T
& NOvA ] I = ]
o baLive  Daya 20184] 25 ENOvA —T2K 2020 [] Heactog
— Daya 2016A — RENO 2020 | L 1

[ — RENO 2018 Chooz 2020 | o0 L

100 8 i

Posterior Probability Density
=

Posterior Probability Density
o

50 .
I 51
0 ot
0.05 0.1 0.15 0.05 0.1 0.15
sin’(20,,) sin’(20,,)

e NOVA (purple) in agreement with the reactor experiments.

® Also in agreement with T2K.

® No tensions between short-distance P(7. — 7.) and long-distance
P(v, = ve) & P(0, — 7e).

® Gives the PMNS model extra credibility.

Artur Sztuc Imperial College London



Bright Future

® NOvVA Test-Beam to measure detector e NOVA-T2K effort to produce joint
response. result.
e MW-capable horn and target installed. @ Tz ’K\
® New power record reached last year! Py—siiy

NOVA Preliminar

® Expect > 2x more in both v and 7 data. N
 Normal Hierarchy 4

hd Analysed 26e20 POT. I —median [J68%exp [J95%exp — Asimov
® 11e20 POT more collected since.

o _
e Goal by 2027: 67-72¢9 POT. | 1
|E 4 L
B :
g |
2
% 1 T 3 2
8CP 2
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Conclusions

NOVA Preliminary

e Large NSI effects ruled out at 90% C.L. uglvjowmﬁég " 2gceroraasvoun
® NSI not needed to explain NOVA data. o oo 5
e Still important to constrain NSI for standard analyses. Z°F E
e Competitive constraints on 3+1 sterile neutrinos.  "E.. /. S T
® NOVA data consistent with no sterile neutrinos. L0y s 1
2 Bep + By 7
e First NOvA-only measurement of 63 002 G B B

sin?(26:3) = 0.085 1393

* PMNS formalism explains NOvA data very well:

® No tension between Accelerator and Reactor neutrinos.
® Jarlskog-Invariant: no high preference for CP-Violation
or CP-Conservation.

Bayesian Cred. Int —16 26 .30
) ) | CReactor, W @2 [Bo
04 045 05

ANANO~\ AO VA 055 06 0005 001 0015

T T T
[Reactor  WLO. MU0,

sin0,, Posterior Probability
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Thank you!
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Event identification

NOVA Preliminary
T T

Pre-selections:

e (Contained inside the detector.

Efficiency
T
I

® Inside of the beam spill-window.

02~ -

e Cosmic particles rejection via BDT.

£ 3 O T g 7
True Energy (GeV) True Energy (GeV)

Event ldentification:

e Modern CNN techniques used to
identify neutrino flavour.

® | earns features of different event
topologies.

v NC

® Data-driven validations based on
ND and FD control samples.

® Results in high purity samples.

Artur Sztuc Imperial College London 8 Feb 2023 (0]




ND—FD Extrapolation

10° ND Events/1 GeV

True Energy (GeV)

Artur Sztuc

FD Events/1 GeV

True Energy (GeV)

Take advantage of detector similarity to extrapolate
ND predictions to FD.

Many systematic effects e.g. cross-sections, flux
and efficiency are shared.

Helps dealing with the “unknown unknowns”.

Extrapolate different kinematic samples separately
to deal with Near/Far acceptance differences.

Imperial College London

E . E ——ND data F E
3 L E Base Simulation F 3
E - 3 —— Data-Driven Prediction a2 3
3 E ; ; I : 3
2 3 E E|S g E
: E E (3 3 E
S 3 3 == & 3
£ 43 3t = e 3
ND Reco Energy (GeV) 10° ND Events 10° F/N Ratio Pv—v,) FD Events FD Reco Energy (GeV)

Lepton Reconstruction
Neutron Uncertainty

Detector Response

Detector Calibration
Neutrino Cross Sections
Near-Far Uncor.

Systematic Uncertainty

8 Feb 2023

v-beam NOVA Preliminary
T

0 Not Extrapolated |

| I Extrapolated
Beam Flux

T

{f+

uonosjes °A

=0 0 70
Signal Uncertainty (%

)

43/40



ND—FD Extrapolation: Ej.q

had/ Ev

1 2 3 4 1 2 3 4
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)

® The energy resolution varies between the detectors.
e Extrapolation split in four Ep.q/E, quartiles.

® Matches the Hadronic energy resolution between ND and FD.

Artur Sztuc Imperial College London
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ND—FD Extrapolation: Lepton |p

v Beam NOVA Simulation

2.0

I Near Detector
[ v.+V,CC Sel

Near Det.

Far Det.
i
L T [ bl

Events

Reco |b’t| (GeV)
5

0.5

0 1 ‘ 2 I 3 4 5
Reco E, (GeV)

e Different lepton angle distributions due to the difference in detectors’ size.

® Extrapolation split in three ranges of lepton transverse momenta.

® Done separately for each E;.q quartile.
® Matches the detector acceptances between ND and FD.

Artur Sztuc Imperial College London 8 Feb 2023



Far detector data Muon neutrinos

v-beam NOVA Preliminary ¥-beam NOVA Preliminary
Frr T T T T TT L L I L | AL L L R L L L
‘v . 8o/ —
e +FD data 1 s +FD data ]
150 — I 1
= — No oscillation = —No oscillation
2 [ . 3 oo .
6 [ — 2020 Best-fit ] S F — 2020 Best-fit |
S100 1-0 syst. range | = i 1-c syst. range |
= i & 40+ —
g I M Background i 2L Background |
g I ﬁ 2 r .
" s ] gy h
0 L L g fT P T — s i 0 L — e p——— 4
0 1 2 K 4 5 0 1 2 3 4
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
e Observed: 211 ® Observed: 105
® Best Fit Prediction: 222.3 ® Best Fit Prediction: 105.4
® Background: 8.2 ® Background: 2.1

Artur Sztuc Imperial College London 8 Feb 2023 46/40




Fitting/Sampling techniques

® NOVA fits 10 data samples: 4v,, 47, 1v, and 17,.

NOVA Preliminary
T

[ Normal Hierarchy 90% GL ] e All the previous NOVA results were Frequentist with
r —— NOvA — - MINOS+ 2020 1 HH
sol-  T2K2020 - IceCube 2018 a use of profiling.
— - SK 2020
3
® ® New Bayesian frameworks implemented in NOVA.
o~ 25—
&
<

T ® New studies now easier: Jarlskog-Invariant,
S T ‘ 5 NOvA-only 6;3, Bayes factors and possibly more!

® Other experiments often provide Marginalized
and/or Bayesian results.

Artur Sztuc

Imperial College London
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Markov Chain Monte Carlo for NOvA

Bayes Theorem:

— —

P(6|D) = P(D|0)P(a)

Posterior ~ Likelihood x Prior

X2

Posterior ~ e~ 2 X Prior

® Bayesian results given in terms of posterior probability distributions.

® Need to produce N-dimensional probability distribution for marginalized
results.

e MCMC generates samples on N-dimensional.
® Sample density corresponds to posterior probability density.

Artur Sztuc Imperial College London 8 Feb 2023 48/40




Markov Chain Monte Carlo for NOvA

Ub 0 Initial Sample (6°) 0

v | 9Q / [©0 0O

|/ & 9O 00O
o} b\d/*-.. 90

.

Lb ™\ Prior distribution p©) Posterior

distribution P(6]y)
L. Jaewook et. al. (2015). Energies. 8. 5538-5554. 10.3390/en8065538.

Bayes Theorem:

— —

P(6|D) = P(D|0)P(a)

Posterior =~ Likelihood x Prior

X2

Posterior =~ e~ 2 X Prior

o MCMC generates samples by iteratively deviating parameters from their

previous values.

® At each iteration we can either accept, or reject the step.
® Accept: new step added to the end of the chain.
® Reject: previous values repeated at the end of the chain.

e Qver time, this “chain” ensemble starts resembling posterior probability.

Artur Sztuc Imperial College London
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Markov Chain Monte Carlo for NOvA

Arianna Rosenbluth Stanislaw Ulam

® Two algorithms in NOvA: Metropolis-Hastings and Hamiltonian MCMC.
¢ Hamiltonian MCMC is based on Stan library (https://mc-stan.org). g
® Stanislaw Ulam invented the methods of Monte-Carlo.

® Metropolis-Hastings was written from scratch in-house.
® Named Aria after Arianna Rosenbluth, who first implemented the method.
® Importantly, both algorithms produce identical results.
References: Metropolis-Hastings doi:10.1063/1.1699114, Hamiltonian doi:10.1016/0370-2693(87)91197-X

Artur Sztuc Imperial College London 8 Feb 2023



https://mc-stan.org
https://aip.scitation.org/doi/10.1063/1.1699114
https://www.sciencedirect.com/science/article/pii/037026938791197X

Bayesian vs Frequentist, Marginalization vs Profiling

Normal Ordering NOvVA Fake Data
T

" — Marginalized — Profiled ]
0.025 [ 3

o

Q

o
T
1

e MCMC uses marginalization rather than profiling.
® Not necessarily reserved to Bayesian methods!
® Profiling: Maximize parameters not shown.
® Marginalization: Integrate over parameters not shown. ;s

Posterior Probability
s 8
= o
T T
1 L

0.1

® Example: marginalizing/profiling over sin?20;5. 0.095
® Line of best fit to profile over sin®26;3. 009
® Box with probabilities to sum over for marginalization.

&N 0.085

e Use posterior probability densities, not x2. 008

® Bayes. Credible Intervals vs Freq. Confidence Levels. oo} ]

oozl vt el
0.4 0.45 0.5 0.55 0.6 0.6

)
Sin“0,,
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Bayesian vs Frequentist, Marginalization vs Profiling

Normal Ordering NOvVA Fake Data
0.02 - H—‘I\/Iérg‘in‘ali'zed' —‘F"ro‘filéd‘ T
=
.. . - Soots
e MCMC uses marginalization rather than profiling. g
. . a
® Not necessarily reserved to Bayesian methods! 5 001
® Profiling: Maximize parameters not shown. 2
o

® Marginalization: Integrate over parameters not shown. 00

® Example: marginalizing/profiling over sin? 3. 08
® Line of best fit to profile over sin® 63.
® Box with probabilities to sum over for marginalization. g

0.55

0.5

sin

e Use posterior probability densities, not x2. oas

® Bayes. Credible Intervals vs Freq. Confidence Levels. o
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\:I Both Orderings - Normal Ordering - Inverted Ordering

Frequentist result Bayesian result
NOVA Preliminary

T T T

Normal Ordering

BuleplO [ewioN

/\_/\
0.4 =
0_3i nowa: + BF [ | <oouce [ <68%OL_| o | :
0 7: : : “ b (slé 0.3 BayesianCred. Int.. —16--26--3c
7 B » . ] : ]
| Inverted Ordering ] = 07[ T f } 15
[ 1 2
0.6~ 1 12
[ 5 13
o ] 10
fes) F ] ic
% 0.5: : %
0.af E 13
a NOVA: <90% CL —e8%cL 1
0-3’7 - L D I -
0 g T 3 2 0 % e 3 B
5CP 2 SCP 2
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https://arxiv.org/abs/2108.08219

20 Frequentist Results

0.7

Normal Ordering

&
L
c
K7
0_3i NOvA: 4+ BF =90% CL D sGS%CLj
07:, ——————————+—1 .
"I Inverted Ordering ]
0.6f 4
8 f ]
£ 05[ 7]
s 1
0.4f- .
L NOvVA: =90% CL =68% CL :
0'3-7. I P D. e
0 % T 3n 2n
dcp 2

Best fit:

® Normal mass ordering.

e Ami, = (2.41+0.07) x 10 3eV?
® sin’03 = 0.5713%

® jcp = 0.827

® Disfavour 10 dcp = 7/2 at > 30.
® Disfavour NO dcp = 37/2 at 20.

Artur Sztuc

Imperial College London
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Disa ppearance paramete rs' results [ soth Orderings Normal Ordering Inverted Ordering

Both Orderings NOVA Preliminary Both Orderings NOvA Preliminary 26 i I I B g
2 [ Hwcl @ol Dol g [T "B G 2o 1[I0 0. 1 . .. 13
5 00 1 oot 1 b L
[=] o [=) o
= 0.015:— 1 £ 251 1 Q
£ oo 1 & 24F =
8 r 5 0.005 - [ 1@
B 0.005- 1 & > r 1
& ‘ 8 ‘ Q2 23
03 04 0.5 0.6 0.7 =27 -26-25-24-23 22 23 24 25 26 o L
sin6,, Amé, (10° eV) - r
e 22
® Prefer upper octant and normal mass ordering. E =
<
. . . e [ D
® Neither preference is significant, below ~1 0. 23 =
(o}
2.4 @)
N. Ordering I. Ordering o5l o)
U. Octant 41.7% 20.9% | 62.6% 13
26}
L. Octant 25.8% 11.5% | 37.4% §
67 5% 32 50 o7k Bayesian Cred. Int.: —16..206..30
7 7 035 04 045 05 055 06 065

2
Sin"0,,
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Bayes Fa Ctors - Both Orderings Normal Ordering Inverted Ordering
Both Orderings NOVA Preliminary
LI T

N. Ordering I. Ordering £ [ Hiscl. H2sCl [oCl.
U. Octant m7%  20.9%|626%| 8| E
L. Octant 25.8% 11.5%|37.4%| 3 °°%F ]
67.5% 32.5% g oop E
'g 0.005; .
® Bayes Factors: odds ratio, how much S 03 04 05 06 07
more likely one model is than another. - sirez NOvA Proliminay

B C.l.l2c C.I.03c C.I.

e NO/IO: 2.1, UO/LO: 1.7

0.015F als

® Both can be interpreted as below 10 or
“not worth more than a bare mention”
according to Jeffreys and Raftery &

Kass scales.

References: Jeffreys ISBN:9780191589676,

L |
Raftery & Kass doi:10.2307/2291091 e =
Az, (10° eV)

o
=
T
|
T

0.005

Posterior Probability Density
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https://www.tandfonline.com/doi/abs/10.1080/01621459.1995.10476572

Ja rlskog— I nva ri a nt Priors - Both Orderings Normal Ordering - Inverted Ordering

0015 F T —Gaus e, | Unforln siie) |
i — Uniform 6,,, l Uniform sir’(26,,) ]
> 0.01 E b
3 i
$ 0.005 | .
(@] r ]
= o 4
o 0
= C ]
o r g—%‘" 1
-0.005 F i ; § i ]
-0.01E : -

0. 04 0. 02 0. 02 0. 04
Jarlskog—lnvanant

How about priors on other oscillation parameters for J?7
e Changing 6 priors to be uniform in 6, sin® @ changes the prior contribution.
® |t does not, however, change the posterior — our results.
e |ikelihood is stronger than the prior for high-stats data, overwhelming it.
® This does not happen for dcp because we don't constrain it well.

Artur Sztuc Imperial College London 8 Feb 2023 57/40




arlskog-

13 constraint comparisons
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0.004
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NOvA-only CP-violation

0.01
.008

o O O O

-0.005

Posterior Probability Density

-0.01
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.006 |
.004
002 F

Normal Ordering

[ Flat in sin(3.,)
[ Bayesian Cred. Int.:

E Flatin 5,

NOVA Preliminary

Bic W20 [3c

-0.04 -0.02

The shape changes because 613 is

Nevertheless, the general conclusions about CP-conservation are

0

0.02 0.04

Imperial College London

- Both Orderings

Inverted Ordering

Normal Ordering

NOVA Preliminary

0.008 [ Flatin sin(3_,)
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= [ Bayesian Cred. Int.: Bic B2s 3o
a h
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©
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2
a : ;
—
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§ -
S —001f 1
& | Flatin 8,

-0.04 -0.02 0 0.02 0.04

allowed to take more values.

similar.



Rea ctor constra | nt com pa risons - Both Orderings Normal Ordering Inverted Ordering

o S o
o o o
S S S
= =3 =3

Posterior Probability Density
g <
N

Both Orderings NOVA Preliminary BOW Ordermgs NOVA Preliminary

T
' ‘ 0.015 - BayeS|an Cred. Int.: 1
Bic [b2c [b3c Without Reactor Constraint
—-16 --2¢ --83c With Reactor Constraint

T
Bayesian Cred. Int.:
Bic [b2c¢ [b3c Without Reactor Constraint
-16 --2¢ -3¢ With Reactor Constraint

g
o

0.005

Posterlor Probability Densny

o

0 0.5 1 1.5 2 0.4 0.45 0.5 0.55 0.6
dcp sinf0,,

® Setting 613 free does change our results slightly.
® Prefer lower octant with free 6,3, upper octant when constrained.

® These differences are low, however.

® 1o intervals in both octants.
® [ow Bayes Factors.

Artur Sztuc Imperial College London 8 Feb 2023



- Both Orderings Normal Ordering Inverted Ordering

Both Order\ngs NOvA Prellmlnary Both Orderings NOvA Prellmlnary

RAREE
0.015- 1 WMo l20 |:|30'

Baye5|an Cred Int .1 G |:|2 G |:|3 G

o
o
S
>

o

o

o

Y
o
o
pard

T

L

T

0.0051

o
o
S
]

Posterior Probability Density

Posterior Probability Density

%

—2|.7 -2.6-25-24-23 2l2 23 24 25 26
cp Amg, (10° eV)
® All previous Frequentist results shown with exteranl 63 constraint.

T
2 5

e But NOVA has sensitivity to 613! How does it affect our results?
® Do we agree with the Reactors? Tensions in the PMNS model?

e Allowing unconstrained ;3 to give NOvA-only preferences:
® §cp preferences don't change much.
® Prefer normal mass ordering.
® General conclusions similar to Reactor-constrained 613.
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Results without Reactor Constraint

Inverted Ordering

Both Orde

Lower octant: sin? 3 < 0.5, Upper Octant:

Artur Sztuc

Bayesian Cred. Int.: Wio @203 Bayesian éréd. int: 1o M20s 030 NC‘)VA‘P‘I’G‘“I’T"]II"]a‘ry

o
=4

Posterior Probability Density
BullapIO rewloN

o

Bayesian Cred. Int.:
Il
}

Prefer Lower Octant overall with NOvA-only 613

Slight preference for Upper Octant in Normal

BulspIO paueAu|

Higher preference for Lower Octant in Inverted

We need to look at 6;3 to understand this.

Imperial College London
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Standard Interactions: ¢,

€ NOVA Preliminary | NOVA Preliminary

Eut| » Our

T - T T T T T T T
[ NOVA NO 90% CL 13.6x10*° POT-equiv. v-beam 0.8[-NOVA NO 90% CL 13.6x10° POT-equiv. v-beam
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