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Unanswered v Questions:
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There still are many unanswered questions in 
neutrino physics today.

Just to list a few:
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Neutrino mixing can be described by the PMNS mixing matrix (3 real rotation 
angles + one CP violating phase factor) and 2 squared mass splittings.
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Unanswered v Questions:

6

There still are many unanswered questions in 
neutrino physics today.

Just to list a few:
• Is m3 > m1 or m3 < m1?

• Do neutrinos exhibit CP violation?

• What is the underlying texture of the PMNS mixing 
matrix? What is the “octant” of !23?

Hierarchy?

"CP?

Octant?
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Neutrino mixing can be described by the PMNS mixing matrix (3 real rotation 
angles + one CP violating phase factor) and 2 squared mass splittings.



Neutrino Oscillations:
vμ survival probability:

• Depends on !23, "m322, and energy.
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Neutrino Oscillations:
vμ survival probability:

• Depends on !23, "m32
2, and energy.

• By measuring the energy spectrum of vμ
candidate events in our FD, we can 
extract information about !23 and "m32

2.
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!23"m322



Neutrino Oscillations:
ve appearance probability:

• Gives us access to the questions of 
hierarchy, !CP, and the octant of "23.
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Neutrino Oscillations:
ve appearance probability:

• Gives us access to the questions of 
hierarchy, !CP, and the octant of "23.

• The 4 ellipses represent the 4 
combinations of hierarchy and octant.

• Points on a single ellipse represent the 
possible values of !CP [0, 2#].
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Neutrino Oscillations:
ve appearance probability:

• Gives us access to the questions of 

hierarchy, !CP, and the octant of "23.

• The 4 ellipses represent the 4 

combinations of hierarchy and octant.

• Points on a single ellipse represent the 

possible values of !CP [0, 2#].

• Different combinations of these 3 

factors can produce asymmetries in 

the ve / ve appearance rates.
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NOvA performs a simultaneous fit to the vμ, ve, vμ, and ve spectra measured at the 
far detector.



The NOvA Experiment
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The NOvA Experiment:
NuMI - Neutrinos at the Main Injector

• Provides a 10 μsec beam pulse every ~1.4 sec

• Focusing horns can select 95% pure vμ or 93% 

pure vμ beam.

• Running at > 700 kW since 2017, FNAL is 

currently working on upgrades towards

900+ kW.

M.Baird - NOvA Results, ICHEP 2020

This talk shows results adding ~50% more neutrino-
beam mode data over 2019 results.



The NOvA Experiment:   Detectors
Two functionally identical detectors:

extruded PVC, mineral oil as scintillator, avalanche
photo-diodes for light collection

• Near: 300 ton, 1 km from source, 105 m underground
• Far: 14 kton, 810 km from source, on the surface

The NOvA Experiment:   Detectors
Two functionally identical detectors:

extruded PVC, mineral oil as scintillator, avalanche
photo-diodes for light collection

• Near: 300 ton, 1 km from source, 105 m underground
• Far: 14 kton, 810 km from source, on the surface
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The NOvA Experiment:   Detectors

The NOvA 3-flavor analysis requires us to identify neutrinos by flavor and 
reconstruct their energies before fitting to the final spectra.
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• We classify events using a convolutional neural 
network called the Convolutional Visual Network 
(CVN) yielding an increase in exposure of ~30% 
over traditional PIDs.

• NOvA was the first to use this technique in a 
particle physics analysis (JINST 11 P09001 (2016)).

• We have implemented a variety of new 
developments for this analysis leading to a > x10 
increase in training and evaluation speed.

Event Selection:
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New developments:
• Improved training samples (removed v!

and tighter cosmic preselection)
• Incorporating systematics into training
• Switched to MobileNet architecture
• Using HDF5 file format and 

keras/tensorflow for training.

https://doi.org/10.1088/1748-0221/11/09/P09001


Analysis Samples:
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v! events:

• Sensitivity depends primarily on the shape of 
the energy spectrum.

• Separate the events into quantiles by 
hadronic energy fraction (energy resolution.)

• Most backgrounds end up in the fourth 
quantile.

Q1
"E = 6%

Q2
"E = 8%

Q3
"E = 10%

Q4
"E = 12%
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v! events:

• Sensitivity depends primarily on the shape of 
the energy spectrum.

• Separate the events into quantiles by 
hadronic energy fraction (energy resolution.)

• Most backgrounds end up in the fourth 
quantile.

Q1
"E = 6%

Q2
"E = 8%

Q3
"E = 10%

Q4
"E = 12%

ve events:

• Sensitivity depends primarily on the ability to separate 
signal from backgrounds.

• Separate contained events by high/low PID to isolate a 
higher purity sample.

• Allow for a third “peripheral” sample of uncontained 
but high-PID events (no energy binning.)
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Extrapolation:
• We continue to use an extrapolation 

technique in the analysis:
- modify our FD prediction based on ND 

data/MC difference
- significantly reduces correlated 

uncertainties.
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Extrapolation:
• We continue to use an extrapolation 

technique in the analysis:
- modify our FD prediction based on ND 

data/MC difference
- significantly reduces correlated 

uncertainties.

• ND containment limits the range of 
accepted lepton angles more than in 
the FD

- Mitigate this by extrapolating in bins 
of transverse lepton momentum, pt

• Split ND sample into 3 bins of pt and 
extrapolate each separately to the FD

- pt bins are resumed before fitting
- Effectively “rebalances” the 

kinematics to better match between 
the detectors
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Extrapolation & Systematics:

• The result of this new pt extrapolation technique is that we:
- slightly increase sensitivity to well-understood lepton reconstruction
- increase analysis robustness against “unknown unknowns”
- reduce cross-section uncertainties by 30% and total uncertainties by 5-10%



Results:
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Events:
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v! CC candidate



25

Events:
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ve CC candidate



v! Spectra & Numbers:
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Observed: 211 events
Prediction: 222 ± 23 (8.2 bkg)

Observed: 105 events
Prediction: 105 ± 10 (2.1 bkg)

v beam anti-v beam



ve Spectra & Numbers:
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Strong ( > 4 ! ) evidence for ve appearance.

v beam anti-v beam



Fit Results:
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Best Fit:

!m2
32 = (2.41 ± 0.07) x 10-3 eV2

sin2("23) = 0.57 +0.04
-0.03 (49o)

NOTE:
The above does not include new results from other 
experiments shown at Neutrino-2020 a few weeks ago.



Fit Results:
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Best Fit:

!m2
32 = (2.41 ± 0.07) x 10-3 eV2

sin2("23) = 0.57 +0.04
-0.03 (49o)

B.F. for #CP = 0.83$



Fit Results:
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Fit Results:
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We see no strong asymmetry     
in the ve / ve appearance rates.

Disfavor hierarchy-!CP
combinations that would 
produce that asymmetry.



Fit Results:
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We see no strong asymmetry     
in the ve / ve appearance rates.

Disfavor hierarchy-!CP
combinations that would 
produce that asymmetry.

Exclude IH !CP = "/2 at > 3 #
Disfavor NH !CP = 3"/2 at ~2 #

Slightly prefer:
Normal Hierarchy at 1.0 #
Upper Octant at 1.2 #



Conclusions:

33

• NOvA has performed a joint analysis combining v! / v!
disappearance and ve / ve appearance results with roughly half of 
our expected final data set:
o prefer the Normal Hierarchy at ~1"
o prefer non-maximal mixing in the upper octant at 1.2 "
o exclude IH, # = $/2 at > 3 " and disfavors NH # = 3$/2 at ~2 "

• We are looking forward to continuing our work with our T2K 
colleagues towards a joint analysis.

• An exciting future is on the horizon with more data and more 
analyses from NOvA’s broad physics program, including input 
from our test beam program (see the next talk.)

M.Baird - NOvA Results, ICHEP 2020



Thank you!



Backups:
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Analysis Flow Charts:
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DATA

Core Preselection

Cosmic Rej Core BDT

CVN PID cut

CVN PID and 
Cosmic Rej Periph BDT

Low 
PID

High 
PID

Basic Quality cuts

selection

Peripheral 
bin

Peripheral Preselection

⌫e

| {z }
| {z }Core sample

Peripheral sample

no

no

no

v! events are separated into quantiles by 
hadronic energy fraction, isolating higher 
quality events.

ve events are separated into high/low PID bins 
and a peripheral sample, isolating a higher 
purity ve sample and separating out poorly 
reconstructed events.



Event Selection:
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New developments:
• Improved training samples (removed v!

and tighter cosmic preselection)
• Incorporating systematics into training
• Switched to MobileNet architecture
• Using HDF5 file format and 

keras/tensorflow for training

All together, we have boosted training and 
evaluation speed by > x10, opening up more 
possibilities for exploring our PIDs in the 
future.
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Future Reach:
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Systematic Pulls in the Final Fit:
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Systematic Pulls in the Final Fit:



Neutrino Oscillations:

Neutrino Mixing:

43M.Baird - NOvA Results, ICHEP 2020

• Neutrino mixing is described by 3 real rotation angles and a CP 
violating phase factor δ, plus 2 squared mass splittings.

• All three rotation angles have been measured, but we don’t 
yet know (very well) what delta is.

• The mixing is very different in the quark and lepton sectors!



Neutrino Oscillations:
vμ survival probability:
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Δ23
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Neutrino Oscillations:
vμ survival probability:
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Δ23

M.Baird - NOvA Results, ICHEP 2020

ve appearance probability:

octant hierarchy CP violation
Is θ23 > 45° or 
θ23 < 45°?

Is m3 > m1 or is 
m3 < m1?

Is δ ≠ 0?

NOvA performs a simultaneous fit to the vμ, ve, vμ, and ve spectra measured at the 
far detector.
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The “Bi-Probability” Plot:
Measure a single point in 
P(ve) appearance, P(ve) 
appearance space…

M.Baird - NOvA Results, ICHEP 2020
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The “Bi-Probability” Plot:
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• Including CP violation

The “Bi-Probability” Plot:
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• Including CP violation

• Including the matter effect

The “Bi-Probability” Plot:
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• Including CP violation

• Including the matter effect

• Including non-maximal Θ23

The “Bi-Probability” Plot:
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A simultaneous measurement of ve
appearance and ve appearance will 
help us answer these open questions!

M.Baird - NOvA Results, ICHEP 2020

The “Bi-Probability” Plot:
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The NOvA Experiment:
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NuMI - Neutrinos at the Main Injector

FHC = neutrino beam RHC = anti-neutrino beam
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The NOvA Experiment:   NuMI Beam
The NOvA experiment is 14 mrad off-axis:

• gives us a narrowly peaked v energy 
spectrum at 2 GeV

• 2 GeV = oscillation max for 810 km
• helps reduce NC backgrounds

M.Baird - NOvA Results, ICHEP 2020
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The NOvA Experiment:   NuMI Beam

The NOvA experiment is 14 mrad off-axis:

• gives us a narrowly peaked v energy 
spectrum at 2 GeV

• 2 GeV = oscillation max for 810 km
• helps reduce NC backgrounds
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The horns can run in forward current (FHC) or reverse current (RHC) modes to create 
a neutrino or anti-neutrino beam respectively.



Near Detector Event Display

(colors show hit times) 56



Far Detector Event Display

(colors show charge) 57



Far Detector Event Display

(colors show charge) zoomed in on beam window58



Calibration:
• Compute the attenuation curve for each 

fiber individually using through-going 
cosmic muons.

• This puts all fibers and cells on an equal 
footing.
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• Compute the absolute energy 
scale for the whole detector 
using stopping cosmic muons.

• Look for “good” hits in the MIP 
region of the track.
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Energy Reconstruction:

• Muon energy reco done with track length, EM and hadronic energy converted from calorimetry.

• Numu events broken into 4 quantiles by hadronic energy fraction, separating events by energy 
resolution and background contamination.



Far Detector Prediction:
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• The near detector data is used to adjust the far detector prediction via an extrapolation 
procedure. Any shape/normalization differences between the ND data and MC will be 
translated to the FD.

• This helps reduce some of our major detector-correlated systematics such as flux and cross 
sections.
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Far Detector Prediction:

62

The far detector prediction is generated using a near to far extrapolation process.

This extrapolation is repeated separately for each numu quantile.

ND reconstructed E spectra FD predicted E spectra

M.Baird - NOvA Results, ICHEP 2020



63M.Baird - NOvA Results, ICHEP 2020



64M.Baird - NOvA Results, ICHEP 2020



65M.Baird - NOvA Results, ICHEP 2020



ve Background Decomposition:

66

We expect more backgrounds 
in the ve event sample, and 
each component extrapolates 
differently to the FD.

Cosmic bkg

Beam bkg

Signal

Low CVN High CVN Peripheral

NOvA PreliminaryNeutrino Beam

• We can improve our background estimates using statistical techniques (tracking ve
events to parent pions, michele e- tagging) by comparing ND data and MC.

• Results in adjustments to expected ND background components

• Stats are too low in RHC data, so we fall back on a proportional decomposition method.
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Numu Quantlies
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Numu Quantlies
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