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NOvA

► NuMI νμ beam at Fermilab: >700 kW
► Detectors 0.8° off-axis from neutrino beam
► World’s most powerful neutrino beam

Today:
Disappearance of  νµ CC events
 νμ → νμ & �νμ → �νμ
 Precision measurements of:

sin2 𝜽𝜽𝟐𝟐𝟐𝟐 &  𝜟𝜟𝒎𝒎𝟐𝟐𝟐𝟐
𝟐𝟐

Appearance of  νe CC events
 νμ → ν𝑒𝑒 & �νμ → �ν𝑒𝑒
 Neutrino mass hierarchy
 CP violating phase

𝜽𝜽𝟏𝟏𝟐𝟐 & 𝜽𝜽𝟐𝟐𝟐𝟐 & 𝜹𝜹𝑪𝑪𝑪𝑪

Not mentioned today:
-Neutrino scattering/cross-sections
(new:arXiv:1902.00558)

-Sterile ν searches
-Seasonal cosmic ray studies
(new: arXiv:1904.12975)

-Supernova νs
-Exotic searches:
magnetic monopoles, GW multi-messenger. n-�n oscillations, …

NuMI Off-Axis 𝝂𝝂𝒆𝒆 Appearance experiment

► >250 people from 7 countries, 51 institutes

August 6th, 2019

http://arxiv.org/abs/1902.00558
http://arxiv.org/abs/1904.12975
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Beam Delivery

POT=Protons-on-target

8.85x1020 POT neutrino beam 12.33x1020 POT antineutrino beam78% increase in 
exposure (2018 → 2019): 
6.91 → 12.33 × 1020 POT

► NuMI νμ beam at Fermilab (thank you!): >700 kW [758 kW hourly average peak]

August 6th, 2019
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Detectors
CN Tower ≈ 9 x FD stacked end-to-end

ND:  ~20,000 channels
FD: ~344,000 channels

APD

PVC extrusions (15% TiO2) 
filled with liquid scintillator 
(mineral oil with 5% pseudocumene)

August 6th, 2019

WLS fibers
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Two-detector technique
We use ND data to predict the oscillated spectra in the FD

Both disappearance (νμ → νμ) and appearance (νμ → ν𝑒𝑒) analyses start with νμ’s in ND

August 6th, 2019

(       ) (       ) (       ) (       )

Constrain 
predictions 
with ND data

Apply oscillations and FD/ND ratio

F/N x P (νμ → νμ )

F/N x P (νμ → ν𝑒𝑒 )

Compare to FD data

νμ in FD

ν𝑒𝑒 in FD
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Two-detector technique: Systs.

August 6th, 2019

Takeaway:
The two-detector design 
and extrapolation 
procedure significantly 
reduce the effect of  the 
~10–20% a priori 
uncertainties on the beam 
flux and cross sections. 

The principal remaining 
uncertainties:
-neutrino cross sections
-energy scale calibration
-detector response to 
neutrons
-differences between the 
ND and FD that cannot be 
corrected by extrapolation
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νμ and νμat FD

Total Observed 102

Best fit prediction 96

Cosmic bkgd 0.8

Beam bkgd 1.4

Unoscillated pred. 476

𝛎𝛎𝛍𝛍𝛎𝛎𝛍𝛍

Total Observed 113

Best fit prediction 124

Cosmic bkgd 2.1

Beam bkgd 2.1

Unoscillated pred. 730

78% more �𝝂𝝂 data
3-flavor oscillations describe data well

(goodness-of-fit p = 0.91)

August 6th, 2019
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ν𝑒𝑒 and �νe at the FD

𝝂𝝂𝒆𝒆

Total Observed 58

Total Prediction 59

Wrong-sign 0.7

Beam Bkgd. 11.1

Cosmic Bkgd. 3.3

Total Bkgd. 15.0

Total Observed 27

Total Prediction 27

Wrong-sign 2.2

Beam bkgd 7.0

Cosmic bkgd 1.1

Total Bkgd. 10.3

𝛎𝛎𝒆𝒆𝛎𝛎𝒆𝒆

Evidence of  𝝂𝝂𝒆𝒆
appearance at 4.4 σ

78% more �𝝂𝝂 data
3-flavor oscillations describe data well

(goodness-of-fit p = 0.91)

August 6th, 2019
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Oscillation results [joint νe + νμ fit]

[arXiv:1906.04907 for more details]

All systematic uncertainties, Feldman-Cousins corrections are 
applied
Best Fit:

• sin2θ23 = 𝟎𝟎.𝟓𝟓𝟓𝟓−𝟎𝟎.𝟎𝟎𝟐𝟐
+𝟎𝟎.𝟎𝟎𝟎𝟎

• Δ𝒎𝒎𝟐𝟐𝟐𝟐
𝟐𝟐 = +𝟐𝟐.𝟎𝟎𝟒𝟒−𝟎𝟎.𝟎𝟎𝟓𝟓

+𝟎𝟎.𝟏𝟏𝟏𝟏 × 10−3 eV2/c4 (NH) 

(       ) (       )

August 6th, 2019

https://arxiv.org/abs/1906.04907
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Oscillation results [joint νe + νμ fit]

[arXiv:1906.04907 for more details]

(       ) (       )

August 6th, 2019

All systematic uncertainties, Feldman-Cousins corrections are 
applied
Best Fit:

• sin2θ23 = 𝟎𝟎.𝟓𝟓𝟓𝟓−𝟎𝟎.𝟎𝟎𝟐𝟐
+𝟎𝟎.𝟎𝟎𝟎𝟎

• Δ𝒎𝒎𝟐𝟐𝟐𝟐
𝟐𝟐 = +𝟐𝟐.𝟎𝟎𝟒𝟒−𝟎𝟎.𝟎𝟎𝟓𝟓

+𝟎𝟎.𝟏𝟏𝟏𝟏 × 10−3 eV2/c4 (NH) 
• sin2θ23 < 0.5 (LO) is disfavored at 1.6σ

https://arxiv.org/abs/1906.04907
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Oscillation results [joint νe + νμ fit](       ) (       )

August 6th, 2019
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Oscillation results [joint νe + νμ fit]

[arXiv:1906.04907 for more details]

(       ) (       )
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All systematic uncertainties, Feldman-Cousins corrections are 
applied
Best Fit:

• sin2θ23 = 𝟎𝟎.𝟓𝟓𝟓𝟓−𝟎𝟎.𝟎𝟎𝟐𝟐
+𝟎𝟎.𝟎𝟎𝟎𝟎

• Δ𝒎𝒎𝟐𝟐𝟐𝟐
𝟐𝟐 = +𝟐𝟐.𝟎𝟎𝟒𝟒−𝟎𝟎.𝟎𝟎𝟓𝟓

+𝟎𝟎.𝟏𝟏𝟏𝟏 × 10−3 eV2/c4 (NH) 
• δCP = 𝟎𝟎.𝟎𝟎−𝟎𝟎.𝟎𝟎

+𝟏𝟏.𝟐𝟐𝝅𝝅
• All values of  δCP allowed at 1.1σ (NH, UO)
• IH disfavored at 1.9σ

https://arxiv.org/abs/1906.04907
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Oscillation results [joint νe + νμ fit]

[arXiv:1906.04907 for more details]

IH UO
Disfavored 1.8σ

NH UO
2019 best fit

IH LO
Disfavored   2σ

NH LO
Disfavored 1.6σ

LO
Disfavored 1.6σ

IH
Disfavored 1.9σ

[Feldman-Cousins corrected significances]

Normal Hierarchy preferred by 1.9σ

August 6th, 2019

(       ) (       )

https://arxiv.org/abs/1906.04907
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Into the future
Continue to take data until ~2025: 
- 50:50 ν:�ν
- Current dataset represents ~30% of  total expected

With 2019 analysis techniques, expect:
- Potential 3-5σ sensitivity to hierarchy with
favorable parameters
- Possible >2σ sensitivity to CP violation
Depends on true values in nature

Expected improvements:
- accelerator beam intensity
- GENIE 3.0; improved cross section models
- Test Beam; improved detector response model 

August 6th, 2019
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Summary
NOvA analyzed 8.9×1020 POT ν + 12.33×1020 POT �ν beam data and find:
◦ 4.4σ evidence for electron antineutrino appearance in a muon antineutrino beam
◦ 1.9σ preference for the normal neutrino mass hierarchy
◦ 1.6σ preference for θ23 in the upper octant (maximal mixing disfavoured at 1.2σ)

NOvA can reach 3σ sensitivity to the hierarchy by 2020 for the most favorable δ
◦ Extended running, accelerator improvements, and analysis improvements from test beam

Continued running through 2025, NOvA anticipates:
◦ Possible 3-5σ sensitivity to the mass hierarchy
◦ Potential sensitivity to CP violation >2σ
◦ Further robustness improvement to systematics via input from NOvA Test Beam program and 

the neutrino interactions community

August 6th, 2019
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Thank you.
Questions?

June 2019: NOvA Collaboration meeting at University of  Sussex, Brighton, UK

August 6th, 2019
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Backup

August 6th, 2019
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Open Questions

Neutrino Anti-Neutrino

vacuumvacuum

Mass Hierarchy

Neutrino mixing very different from quark sector mixing
Masses are really small compared to the rest of  the SM

Do neutrino oscillations violate CP symmetry?

Is the mass hierarchy (ordering) “normal” or “inverted”?
i.e. is the most νe state the lightest?
◦ Enhancement or suppression of  oscillation probability depending on hierarchy

CP Violation

August 6th, 2019
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Event Classification
Classify neutrino events using two tower 
network, Convolutional Visual Network.

Each view of  the event is examined 
separately for most of  feature extraction.

New this analysis:

-Updated simulation.

-Classification is done using final states.

-Network optimizations.

-Separate neutrino and antineutrino

training.

August 6th, 2019
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ND data for νμ

�𝛎𝛎 𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛

𝛎𝛎 𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛

Sample is divided into four quartiles based on Ehad/Eν fraction

Wrong-sign background is about 3% in ν beam and 11% in ν̅

Quartile 1
best resolution ~6%

Quartile 4
worst resolution ~12%

August 6th, 2019
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νμ and νμ at FD

Total Observed 102

Best fit prediction 96

Cosmic bkgd 0.8

Beam bkgd 1.4

Unoscillated pred. 476

𝛎𝛎𝛍𝛍𝛎𝛎𝛍𝛍

Total Observed 113

Best fit prediction 124

Cosmic bkgd 2.1

Beam bkgd 2.1

Unoscillated pred. 730

August 6th, 2019
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ν𝑒𝑒 and �ν𝑒𝑒 at the FD

Total Observed 58

Total Prediction 59

Wrong-sign 0.7

Beam Bkgd. 11.1

Cosmic Bkgd. 3.3

Total Bkgd. 15.0

Total Observed 27

Total Prediction 27

Wrong-sign 2.2

Beam bkgd 7.0

Cosmic bkgd 1.1

Total Bkgd. 10.3

𝛎𝛎𝒆𝒆𝛎𝛎𝒆𝒆

Evidence of  𝝂𝝂𝒆𝒆
appearance at 4.4 σ

August 6th, 2019
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ν𝑒𝑒 and �ν𝑒𝑒 at the ND
Select electron neutrino and antineutrino CC 
events using particle ID in the ND for each 
beam mode

• Separate into Low and High particle ID 
(purity)

For the neutrino beam constrain:
• the beam electron neutrinos using the 

muon neutrino spectrum
• the muon neutrino background using 

Michel electrons
• remaining data/MC discrepancy is 

assigned to the neutral current 
component

For the antineutrino beam, scale all components 
evenly to match the data. 

August 6th, 2019
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Off-axis NOvA Flux

Off-axis at 14 mrad, peaks just above the oscillation maximum. Small wrong-sign component 
for both configurations

Flux prediction of  the NuMI beam at the NOvA detectors made using the Package to Predict 
the Flux (PPFX), a method developed by MINERvA (Phys. Rev. D 94 (2006) 092005)

Beam optics uncertainties are incorporated by propagating errors in the alignment of  beam-line 
elements 

August 6th, 2019
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Event topologies

νμ CC

νe CC

NC

~5m

~2.5m

Long, straight track

Shorter, wider, fuzzy shower

Diffuse activity from 
nuclear recoil system

Low-Z to enhance electron photon separation, each plane is ~0.18 X0
Molière radius is ~10 cm, 2.5 NOvA cells

August 6th, 2019
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Far detector backgrounds to νe

Wrong sign depends on oscillation parameters

August 6th, 2019
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NOvA FD on the surface

Record 10 μs beam window ± 270 μs side band 

Surface far detector, rate is driven by 
cosmic ray muons. Rate of 148 kHz 

Beam 

August 6th, 2019
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NOvA FD Extrapolation
Translate ND data/
MC observation to
true energy

Oscillate ratio
to the FD

Smear back into
reconstructed
energy

Since NOvA has functionally similar Near and Far Detectors the flux combined
with the cross sections uncertainties largely cancel.

August 6th, 2019
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Neutron response
…is important in �ν mode

- neutrons dominate

August 6th, 2019

Search for �ν QE-like events (μ + no other tracks)
with compact displaced energy deposits

Design uncertainty to bound data-simulation 
difference in observed energy
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Wrong-sign background

~10% systematic uncertainty on RHC wrong-sign from flux and cross section 
– Both in νμ-like and νe-like events. 
– Does not include uncertainties from detector effects. 

Confirm using data-driven cross-checks of  the wrong-sign contamination 
– 11% wrong-sign in the νμ sample checked using neutron captures. 
– 22% wrong-sign in beam νe checked using identified protons and event kinematics. 

August 6th, 2019
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Simulation tuning
We tune our simulation to get a better central value 
and to set systematic uncertainties.

Beam flux is tuned using the Package to Predict 
the FluX using external data.
◦ Minerva, Phys. Rev. D 94, 092005 (2016)

We tune our cross-section model primarily to 
account for nuclear effects.
◦ Backstory: disagreements are seen in cross sections as 

measured on a single nucleons vs. in more complex 
nuclei.

◦ Nuclear effects are a likely solution, but the theory for 
them remains incomplete.

◦ So, we tune using a combination of  external theory
inputs and our own ND data. Fig: Teppei Katori, “Meson Exchange Current (MEC) Models in Neutrino 

Interaction Generators” AIP Conf.Proc. 1663 (2015) 030001

August 6th, 2019



32G. S. Davies (Indiana U.): NOvA 3-flavor oscillation results

Cross-section model tuning: 2p2h

August 6th, 2019

Slide from J. Wolcott
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Xsec model tuning: pion production

August 6th, 2019

Slide from J. Wolcott
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Cross-section tune

* Minerva, Phys. Rev. Lett. 116, 071802 (2016)

Minerva, Phys. Rev. Lett. 120, 221805 (2018)

We also determine uncertainties on the 
MEC component we introduce.
◦ Both on shape and total rate.

Repeat the tuning procedure with shifts in 
the Genie model.
◦ Turn Genie systematic knobs coherently to 

push the non-MEC 
x-sec more QE-like or more RES-like.

Independently, MINERvA* has also tuned 
a multi-nucleon component to their data.

The resulting tune is ~1σ away from the 
NOvA tune.

ν̅μ

νμ

August 6th, 2019
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Cross-check:
Muon-removed, electron-added

We can create a control sample of “electron 
neutrino” events by removing the muon and 
replacing it with a simulated electron.

Compare the efficiency between MRE 
events with real and simulated hadronic 
showers. – Allows us to focus on the effect 
of the hadronic shower on efficiency.

Efficiency agrees between data and MC at 
the 2% level for both neutrino and 
antineutrino beams.

August 6th, 2019
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Cross-check:
Muon-removed from bremsstrahlung

Bremsstrahlung showers in cosmic ray muons 
provide a sample of  known electron showers in 
data at the Far Detector

Efficiency of  data and simulated brem showers 
agrees within systematics for neutrino and 
antineutrino CVN.

August 6th, 2019
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Cross-check:
Muon-removed from bremsstrahlung

Bremsstrahlung showers in cosmic ray muons 
provide a sample of known electron showers in 
data at the Far Detector

Efficiency of data and simulated brem showers 
agrees within systematics for neutrino and 
antineutrino CVN.
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Cosmic rejection at FD
Additional cosmic rejection needed at the Far Detector. 
– 11 billion cosmic rays/day in the Far Detector on the surface. 
– 107 rejection power required after timing cuts are applied.
The νµ sample uses a BDT based on: 
– Track length and direction, distance from the top/sides, fraction of  hits in the muon, and CVN.

Cosmic rejection for the νe sample is in 2 stages: 
– Core sample: require contained events, beam-directed events, away from the detector top 
– Peripheral sample: events failing the core selection can pass a BDT cut plus a tight CVN cut.

• Different BDT from νµ

August 6th, 2019
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Binning for sensitivity

Oscillation sensitivity depends on spectrum shape
Improve sensitivity by separating high-resolution and low-resolution events.
Split into 4 quantiles by hadronic energy fraction. – Muon energy resolution (3%) is much better 
than hadronic energy resolution (30%)

August 6th, 2019
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Systematic uncertainties

Most important systematics:
Detector Calibration
◦ Will be improved by the test beam program

Neutrino cross sections
◦ Particularly nuclear effects (RPA, MEC)

Neutron uncertainty – with ν̅’s

August 6th, 2019
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