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Neutrino oscilla.ons

Erika Catano-Mur (William & Mary, NOvA)

• In the SM, neutrinos are massless. We now have experimental evidence for oscillations of 
neutrinos caused by nonzero masses and neutrino mixing à (new) physics beyond the Standard 
Model.

• Create in one flavor (νμ), but detect in another (νe)
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ϴ

“Mixing Matrix”

• Each flavor (e, µ) is a superposiLon of different masses (1, 2)
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Two-flavor oscilla.ons

Erika Catano-Mur (William & Mary, NOvA)

νμ = νe					 νµ=
ν1
ν2

ν1

ν2
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Phase ∝ (m1)2L/E

Phase ∝ (m2)2L/E

P (⌫µ ! ⌫e) = sin2(2✓) sin2
✓
�m2L
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P (⌫µ ! ⌫µ) =1� P (⌫µ ! ⌫e)

Experimentally, we care about:

1. The elements of the mixing matrix

2. Squared differences of neutrino masses

3. Distance/energy (L/E) ratio

(Measurement)

(Set by expt.)

Appearance probability 

Survival (disappearance) probability 
P (⌫µ ! ⌫e) = sin2(2✓) sin2

✓
�m2L

4E

◆

P (⌫µ ! ⌫µ) =1� P (⌫µ ! ⌫e)

Neutrino 
oscillaRons require 
that neutrinos have 

mass!
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Three-Flavor Oscillations
• The mixing matrix can be written in terms of 3 angles and 1 phase. Usually factorized into 

components directly related to the experiments:

• The (12) sector: Solar and Reactor,                      L/E 15,000 km/GeV 
• The (23) sector: Atmospheric and Accelerator, L/E      500 km/GeV
• The (13) sector: Reactor and Accelerator, L/E      500 km/GeV
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sin2 ✓12 = 0.304± 0.014 sin2 ✓23 = 0.51± 0.05

sin2 ✓13 = 0.0219± 0.0012 �CP =?

!"# = cos ("#
)"# = sin ("#

,-. ≠ 0, 2
àCP violaQon 
à diff. (anQ)neutrinos 

Erika Catano-Mur (William & Mary, NOvA)

(from  global 
averages)
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Squared mass differences and hierarchy
• Neutrino oscillation experiments can access the mass differences squared 

�m2
21 = (7.53± 0.18)⇥ 10�5 eV2 |�m2

32| = (2.44± 0.06)⇥ 10�3 eV2

• By convention, we denote the mass eigenstate
with the largest fraction of !" as  !#

• We haven’t determined which mass eigenstate
is the lightest à “hierarchy”
• Normal: !# is the lightest, just like the 

electron is the lightest charged lepton
• Inverted: !$ is the lightest

Normal Hierarchy Inverted Hierarchy

Erika Catano-Mur (William & Mary, NOvA)
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Sources of !’s  for oscillation studies

Erika Catano-Mur (William & Mary, NOvA)

Source Type of 
!

E 
[MeV]

L 
[km]

"#$(&'( )
[eV2]

Reactor !* ~1 1 ~10-3

Reactor !* ~1 100 ~10-5

Accelerator !+, !+ ~103 1 ~1

Accelerator !+, !+ ~103 1000 ~10-3

Atmospheric !+,*, !+,* ~103 104 ~10-4

Solar !* ~1 1.5x108 ~10-11
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!" → !" oscillations 
• Probability of !" survival in a !" beam

One “dip” at a fixed 
baseline

P (⌫µ ! ⌫µ) ⇡ 1�
⇣
sin2(2✓13) sin

2(✓23)+

cos4(✓13) sin
2(2✓23)

⌘
sin2

✓
�m2L

4E

◆

Erika Catano-Mur (William & Mary, NOvA)
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!" → !$ oscillations in matter 
• Probability of !$ appearance in a !" beam

Erika Catano-Mur (William & Mary, NOvA)

P (⌫µ ! ⌫e) ⇡
���
p
Patme

�e(�32+�CP ) +
p

Psol

���
2

⇡Patm + Psol + 2
p
PatmPsol (cos�32 cos �CP ⌥ sin�32 sin �CP )

p
Patm = sin(✓23) sin(2✓13)

sin(�31 � aL)

�31 � aL
�31

• νμ → νe depends on:
• CP phase: δCP
• Mass hierarchy and matter effects
• Atmospheric parameters: sin2(θ23), Δm2

32

• The smallest mixing angle: θ13

• Solar parameters: sin2(θ12), Δm2
12

Disappearance 
Constraints

Open QuesPons

NOvA: !"→ !", !"→ !"
Reactor: !$→ !$
Solar: !$→ !$

a =
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NOvA: L=810 km, E=2.0 GeV
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no Vacuum and no CP 
violation: neutrinos and 

antineutrinos are the 
same

Electron neutrino vs antineutrino appearance

Erika Catano-Mur (William & Mary, NOvA)
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Erika Catano-Mur (William & Mary, NOvA)
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Erika Catano-Mur (William & Mary, NOvA)
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NOvA: L=810 km, E=2.0 GeV
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Electron neutrino vs antineutrino appearance

Erika Catano-Mur (William & Mary, NOvA)
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The octant creates the 

same effect in neutrinos 

and antineutrinos.

NOvA: L=810 km, E=2.0 GeV
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Erika Catano-Mur (William & Mary, NOvA)
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Comparing long baseline experiments

Erika Catano-Mur (William & Mary, NOvA)
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NOvA’s physics goals

Erika Catano-Mur (William & Mary, NOvA)

• Is the mass hierarchy “normal” 

or “inverted”?

• Is there a ν
μ

- ν
τ

symmetry? I.e., 

is the large mixing angle 

maximal? If not, what is the 

octant?

• Is CP violated in the lepton 

sector?

In addition: Are there other neutrinos beyond the three known active flavors? 

Plus: cross section analyses, searches for exotic phenomena and non-beam physics
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NOvA
• NOvA is a long-baseline neutrino 

oscillation experiment
• Study neutrinos from the NuMI beam 

at Fermilab
• Two functionally identical detectors: 
• Far Detector    (FD)   

14 kton; on the surface
• Near Detector (ND) 

0.3 kton; underground

MN WI

IL

MI

810 km

Near 
Detector

(ND)

Far Detector
(FD)

Erika Catano-Mur (William & Mary, NOvA)
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Focusing HornsTarget Decay Pipe

π-

π+ νμ

νµ/ν̅µ

p

8.9×1020 POT Neutrino Beam

The NuMI neutrino beam

> 700 kW opera4ons

Erika Catano-Mur (William & Mary, NOvA)
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π+

π-

Target Focusing Horns Decay Pipe

ν̅μ

νμ/ν̅μp

> 700 kW operations

8.9×1020 POT Neutrino Beam
6.9×1020 POT An=neutrino Beam

The NuMI an+neutrino beam

Erika Catano-Mur (William & Mary, NOvA)
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• Produc)on cross sec)on is a li1le higher for π+→νμ than 
for π-→ ν̅μ
• p+ colliding with p+ and n0 in the target 

• Wrong-sign: ν in the ν̅ beam (or vice versa).

• Off-axis beam reduces the wrong-sign.
• WS primarily would primarily come from the unfocused high-

energy tail. NA49, Eur. Phys. J. C 49 897 (2007)

Flux 1-5 GeV

95% νμ
4% ν̅μ
1% νe

Flux 1-5 GeV

6% νμ
93% ν̅μ

1% νe

Neutrino Beam

- π/+ π

0 0.5 1 1.5 2
1

2 = 0.050Fx

[GeV/c]
T
p

NOv
A

An8neutrino Beam

Erika Catano-Mur (William & Mary, NOvA)
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• The big difference is in the interaction: the cross section 
for antineutrinos is 
~2.8 times lower than for neutrinos.

• Antineutrinos also tend to have more lepton energy and 
less hadronic energy.
• Lower kinematic y
• More forward-going

MINERvA, 
Phys.Rev. D95 
(2017) no.7, 

072009
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Neutrino Beam An7neutrino Beam

Erika Catano-Mur (William & Mary, NOvA)
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NOvA Detectors

• PVC + Liquid Scintillator
• Mineral Oil
• 5% pseudocumene

• Read out via wavelength shifting fiber to APD
• Layered planes of orthogonal views

15
.6

 m

4.2 m

60m

ND: 214 layers,   18 000 channels

FD:  896 layers, 344 000 channels 
Erika Catano-Mur (William & Mary, NOvA)

15.5m

6.6cm
3.9cm

Scintillation 
Light

Waveshi=ing
Fiber Loop

To APD 
Readout

NOvA Cell

Particle 
Trajectory

Detectors are fine-grained, 
low-Z, highly-active tracking 
calorimeters
Orthogonal layers à top and 
side views for each event
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NOvA detectors

MN WI

IL

MI

810 km

Near 
Detector

Far Detector

Erika Catano-Mur (William & Mary, NOvA)
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Finding neutrino events

NOvA - FNAL E929
Run:   18620 / 13
Event: 178402 / --

UTC Fri Jan 9, 2015
00:13:53.087341608
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Erika Catano-Mur (William & Mary, NOvA)

NOvA - FNAL E929
Run:   10407 / 1
Event: 27950 / --

UTC Thu Sep 4, 2014
05:28:44.034495968
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Near detector Far detector4m 16m
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Time Charge Time Charge

Top

Side

18000 channels. 1 km from beam source
~5 neutrino events per spill (every 1.33 seconds)
Negligible cosmic background (underground)

344000 channels. 810 km from source
<1 neutrino event per day
130 kHz cosmic ray background



24

Finding neutrino events

Erika Catano-Mur (William & Mary, NOvA)

NOvA - FNAL E929
Run:   18620 / 13
Event: 178402 / --

UTC Fri Jan 9, 2015
00:13:53.087341608
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μsec (beam: ~10 μsec)
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Finding neutrino events

Erika Catano-Mur (William & Mary, NOvA)

NOvA - FNAL E929
Run:   18620 / 13
Event: 178402 / --

UTC Fri Jan 9, 2015
00:13:53.087341608
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Slicing: 

Coarse event-level time-
space clustering
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Finding neutrino events

Erika Catano-Mur (William & Mary, NOvA)

NOvA - FNAL E929
Run:   18620 / 13
Event: 178402 / --

UTC Fri Jan 9, 2015
00:13:53.087341608
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Finding neutrino events

Erika Catano-Mur (William & Mary, NOvA)

NOvA - FNAL E929
Run:   18620 / 13
Event: 178402 / --

UTC Fri Jan 9, 2015
00:13:53.087341608
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Finding neutrino events

Erika Catano-Mur (William & Mary, NOvA)

NOvA - FNAL E929
Run:   18620 / 13
Event: 178402 / --

UTC Fri Jan 9, 2015
00:13:53.087341608
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Vertexing: 

Find lines of energy 
depositions + optimize
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Finding neutrino events

Erika Catano-Mur (William & Mary, NOvA)

NOvA - FNAL E929
Run:   18620 / 13
Event: 178402 / --

UTC Fri Jan 9, 2015
00:13:53.087341608
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Clustering: 

Find clusters in angular 
space around vertex. 
Merge views based on 
topology and prong 
dE/dx
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Finding neutrino events

Erika Catano-Mur (William & Mary, NOvA)

NOvA - FNAL E929
Run:   18620 / 13
Event: 178402 / --

UTC Fri Jan 9, 2015
00:13:53.087341608
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Tracking: 

Trace single particle 
trajectories 
(muons)
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Event topologies

Erika Catano-Mur (William & Mary, NOvA)

νμ CC

νe CC

NC

Long, straight track

Shorter, wider, fuzzy 
shower

Hadronic activity from 
nuclear recoil system
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Par$cle iden$fica$on

Input Image 256 Feature Maps

νe

νμ

ντ

NC
Cosmic

Learned varia;ons on the 
original image

• We use a convolutional neural network.
• Successive layers of “feature maps”:

• Create many variants on the original image which enhance different features.
• Later layers apply variations to the feature maps from the previous layer.

• Ends with a “feed forward” neural network to create a multi-label classifier.

Erika Catano-Mur (William & Mary, NOvA)

Classifier

(…)
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Input Image

Par$cle iden$fica$on

Responding to μ
tracks

Responding to 
hadronic activity.

Erika Catano-Mur (William & Mary, NOvA)

Responding to e 
showers.

Responding to μ
tracks

Responding to 
hadronic activity.

Responding to e 
showers.

Muon neutrino Electron neutrino
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Measuring Neutrino Energy
ν μ e v e n t s ν e e v e n t s

• Neutrino energy is a function of EM and 
hadronic energy.
• EM “prongs” are identified with a single-

prong CVN variant.
• All remaining activity is hadronic.

• Both energies reconstructed 
calorimetrically.

• Neutrino energy is the sum of muon
and hadronic energy.
• Muon energy is a function of track 

length.
• Hadronic energy reconstructed 

calorimetrically.
• Includes activity overlapping the muon 

track.

Erika Catano-Mur (William & Mary, NOvA)
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Oscillation analysis strategy

FD predic,on

ND Data

FD/ND 
MC

FD 
Cosmic 

Data

Oscillation 
parameters

FD Beam 
Data

Additional constraints

• Reactor experiments
• Solar sector

Erika Catano-Mur (William & Mary, NOvA)
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Oscillation analysis strategy

FD predic,on

ND Data

FD/ND 
MC

FD 
Cosmic 

Data

Oscillation 
parameters

FD Beam 
Data

Addi,onal constraints

• Reactor experiments
• Solar sector

!" analysis

!# analysis

Neutrino beam

An,neutrino beam

“Analysis”à specific selection of the 
samples, energy estimation, data-
driven-constraints

Erika Catano-Mur (William & Mary, NOvA)
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Muon neutrino analysis
1. Identify contained !" CC events in each detector
2. Measure Near and Far energy spectra
3. Extract oscillation information from differences between both energy 

spectra

(simulated !# CC event)Ehad

Ltrack

Erika Catano-Mur (William & Mary, NOvA)
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Electron neutrino analysis
1. Identify contained !" (!#) CC candidates in each detector.
2. Use data to improve the prediction from the simulation:
• ND !# candidates à !" signal in the FD
• ND !" candidates à FD beam backgrounds 
• FD data outside of the beam time window àFD cosmic ray background

3. Interpret any FD data excess over predicted backgrounds as !" appearance

(simulated !e CC event)

ElectromagneHc shower

Erika Catano-Mur (William & Mary, NOvA)
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Constraints from ND Data
• Use Reco-to-true migration for !" → !" and !" → !$ signal “extrapolation”

Erika Catano-Mur (William & Mary, NOvA)

• !$ backgrounds use the F/N in bins of reconstructed energy
• Other (small) beam backgrounds are taken directly from the simulation
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Muon neutrinos in the ND

• Selected muon neutrino and antineutrino charged current interactions in ND.
• Used in the signal extrapolation
• Wrong sign contamination in ND is estimated to be 3% for neutrino beam and 11% for 

antineutrino beam.
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• The ND νe-like sample has no νe/ν̅e appearance – all background.
• For the neutrino beam we use two data-driven techniques to 

constraint the background composiAon.
• For the anAneutrino beam scale all components proporAonally 

for now.

νe ν̅e

Neutrino Antineutrino

Beam νe/ν̅e 55% 76%
NC 24% 17%
CC νμ/ν̅μ 21% 7%

Electron neutrinos in the ND
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νe Decomposition
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K 

Beam νe

• νe and νμ events come from the same parents:
• Lower energy neutrinos come primarily from π decay. 
• Higher energy neutrinos come primarily from K decay.

• Use contained νμ data to constrain the π flux

• Use higher energy uncontained events to constraint the K flux.
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νe Decomposition
The CC/NC constrained using the 
number of observed Michel electrons.
• Determine the fraction of the two 

components in each analysis bin.
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FD selection and cosmic rejection
• Because the far detector 

sits on the surface, 
cosmic backgrounds are 
a significant issue.
• Even with a pulsed 

beam and excellent 
>ming resolu>on, there 
is s>ll a significant 
cosmic background.
• Selec>on steps are 

tuned to reduce cosmic 
backgrounds while 
maintaining sensi>vity 
to oscilla>ons

Erika Catano-Mur (William & Mary, NOvA)

~30 cosmics

104 cosmics

106 cosmics

2.1 cosmics

!" DATA

Preselection cuts

Cosmic Rejection cuts

CVN PID cut CVN and BDT cut

Low 
PID

High 
PID

Basic Quality cuts

selection

Peripheral 
bin

Peripheral Preselection
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| {z } | {z }
Core sample Peripheral sample
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Binning for Sensi,vity: νμ Events

• Oscilla)on sensi)vity depends 
on spectrum shape
• Improve sensi)vity by 

separa)ng high-resolu)on and 
low-resolu)on events.
• Split into 4 quan)les by 

hadronic energy frac)on.
• Muon energy resolu)on (3%) is 

much beEer than hadronic energy 
resolu)on (30%).0 1 2 3 4 5
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Total Observed 65
Best fit prediction 50

Cosmic Bkgd. 0.5

Beam Bkgd. 0.6

Unoscillated 266
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Total Observed 113
Best fit prediction 121

Cosmic Bkgd. 2.1
Beam Bkgd. 1.2

Unoscillated 730

νμ and ν̅μ data at the Far Detector
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Total Observed 58 Range

Total Prediction 59.0 30-75
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Total Bkgd. 5.3 4.7-5.7

Strong (>4σ) evidence 
of ν̅e appearance

νe and ν̅e data at the Far Detector
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10-22 Expected 
for ν̅e

20 30 40 50 60 70 80
Total events - neutrino beam

5

10

15

20

25

To
ta

l e
ve

nt
s 

- a
nt

in
eu

tri
no

 b
ea

m

NOvA Simulation

= 0CPδ /2π= CPδ

π= CPδ /2π= 3CPδ

=0.08213θ22sin
NOvA FD

)νPOT (2010×9.48
)νPOT (2010×6.91

Inv
ert

ed
 Hier

arc
hy

Normal Hierarchy

Upper OctantLower Octant



51

58 observed νe

18 observed ν̅e
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Additional constraints

• Reactor experiments
• Solar sector

Erika Catano-Mur (William & Mary, NOvA)
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Most important systema1cs:
• Detector Calibra/on
• Will be improved by the test beam program

• Neutrino cross sec/ons
• Par/cularly nuclear effects (RPA, MEC)

• Muon energy scale
• Neutron uncertainty – new with ν̅’s
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Results
Best Fit

Normal hierarchy
Upper Octant
Δm2 = (2.51+0.12

-0.08)×10-3 eV2

sin2θ23 = 0.58 ± 0.03
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Consistent with other long-baseline 
and atmospheric experiments.
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Prefer non-maximal at 1.8σ.

Favor the upper octant 
at a similar level.
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• Note: you cannot read the rejection of the MH from this plot.
• This is an FC-corrected plot of significance for rejecting particular sets of values (δ, octant, hierarchy).
• It is not a likelihood surface, so it cannot be profiled to remove δ and the octant.

• Additionally, the MH itself is highly non-Gaussian so we need to use FC.
• A binary choice with degenerate, unknown parameters.

Consistent with all δCP
values in NH 

at < 1.6σ.
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Mass Hierarchy Preference

• χ2(IH) - χ2(NH)= 2.47
• giving a p-value of 0.076 from the FC empirical χ2.
• or equivalently 1.8σ
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NOvA prospects - 2019

Erika Catano-Mur (William & Mary, NOvA)

Update with ~80% more anEneutrino data right around the corner!
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NOvA prospects - 2019
• 2019 analysis to be presented at the 

Fermilab Users MeeAng in June
• Same 9.48E20 POT of neutrino 

beam data; 12.33 E20 POT 
anAneutrinos
• Using the same analysis techniques 

as the 2018 analysis 
• PotenAally observe:
• Different best fit values for ssth23 and

dmsq, driven by the numu data
• Slightly different significance of

rejecAon of the IH and the lower 
octant
• Less likely: extreme fluctuaAons
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NOvA prospects
• Extended running through 

2024, proposed accelerator 
improvement projects and test 
beam program enhance NOvA’s
ultimate reach. 
• 3 σ sensitivity to hierarchy (if NH 

and δCP=3π/2) for allowed range 
of θ23 by 2020. 3 σ sensitivity for 
30-50% (depending on octant) of 
δCP range by 2024.
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NOvA prospects
• Extended running through 

2024, proposed accelerator 

improvement projects and test 

beam program enhance NOvA’s

ulAmate reach. 

• 2+ σ sensiAvity for CP violaAon in 

both hierarchies at δCP=3π/2 or 

δCP=π/2 (assuming unknown 

hierarchy) by 2024.

Erika Catano-Mur (William & Mary, NOvA)
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Conclusions
• We have begun the measurement of an3neutrino appearance at long baseline.

• Analyzed the first NOvA an3neutrino beam dataset 6.9×1020 POT plus 8.9×1020 POT of  neutrino beam data
• Update with ~80% more an3neutrino data coming very soon!

• We have strong evidence for νe̅ appearance at long baseline.
• >4σ above background, including wrong-sign.
• Achieved in our first an3neutrino result thanks to outstanding beam performance and support from 

Fermilab!

• A joint analysis of νμ/νμ̅ disappearance and νe/νe̅ appearance prefers:
• The Normal Hierarchy at 1.8σ and excludes IH, δCP = π/2 at > 3σ.
• Non-maximal mixing at 1.8σ and similarly prefers the upper-octant.

• NOvA can reach 3σ sensi3vity to the hierarchy by 2020 for the most favorable δ, and >30% of the 
δ range by 2024.
• Thanks to extended running, accelerator improvements, and analysis improvements thanks to the test beam.
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Thanks!

Erika Catano-Mur (William & Mary, NOvA)
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Backup

Erika Catano-Mur (William & Mary, NOvA)
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Other Selec*ons
• Some basic addi.onal cuts: 

• Contained, fiducial events, well-
reconstructed, reasonable energy range

• An addi.onal νμ requirement: a track 
iden*fied as a muon.
• CVN iden.fies events with a muon, but it 

does not iden.fy the muon track.

• Iden.fy muons in reconstructed tracks 
using a kNN

• Track length, dE/dx, scaIering, frac.on of 
track-only planes

67

ReMID score
0 0.2 0.4 0.6 0.8 1

Ev
en

ts

0.5

1

1.5

610×

Simulated Selected Events
Simulated Background
Data

 syst. rangeσFull 1-
 POT20 10×ND POT norm., 8.09 

A PreliminaryνNO

νμ



68

0 0.2 0.4 0.6 0.8 1
/p

T
p

0

200

400

600

800

M
ax

im
um

 y
 o

f a
ny

 p
ro

ng
 e

nd
po

in
t (

cm
)

68Core Sample

0.9 0.92 0.94 0.96 0.98 1
CVN PID

0.3

0.4

0.5

0.6

0.7

C
os

m
ic

 B
D

T

Black – Cosmic data
Color – νe Signal MC

Peripheral Sample

νe

• Addi;onal cosmic rejec;on needed at the Far 
Detector.
• 11 billion cosmic rays/day in the Far Detector on the 

surface.

• 107 rejec;on power required a$er ;ming cuts are 
applied.

• The νμ sample uses a BDT based on:
• Track length and direc;on, distance from the top/sides, 

frac;on of hits in the muon, and CVN.

• Cosmic rejec;on 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 selec;on can 
pass a BDT cut plus a ;ght CVN cut.
• Different BDT from νμ based on the same containment 

variables used for cuts in the core sample.
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• Addi;onal cosmic rejec;on needed at the Far 
Detector.
• 11 billion cosmic rays/day in the Far Detector on the 

surface.

• 107 rejec;on power required a$er ;ming cuts are 
applied.

• The νμ sample uses a BDT based on:
• Track length and direc;on, distance from the top/sides, 

frac;on of hits in the muon, and CVN.

• Cosmic rejec;on 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 selec;on can 
pass a BDT cut plus a ;ght CVN cut.
• Different BDT from νμ based on the same containment 

variables used for cuts in the core sample.
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Binning for Sensitivity: νμ Events

• Data-MC shape agreement good within each quan9le.

• By extrapola9ng each separately, we transport kinema9c differences between data and 
simula9on to the FD.
• Can see this in the different normaliza9ons applied to each quan9le.
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Best Resolution ~6%

Quan2le 4
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Future Sensitivity: Octant and Maximal Mixing
• Above 3 σ sensi.vity to θ23  

maximal mixing outside of 
the 0.42-0.58 range by 
2024.

• Above 3 σ sensi.vity for 
octant determina.on 
outside of 0.4-0.6 range by 
2024.
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Test Beam Program

• The test beam program is how we will realize those analysis 
improvements.
• Reduced systema<cs
• Addi<onal valida<on of ML techniques
• Simula<on improvements

• Installa<on and commissioning efforts are ongoing
• Full data taking this fall

72
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Neutral current disappearance 

•For the neutrino beam sample we predict 188 ± 13 (syst.) 
interac=ons (38 bkg.) and observe 201.
•For the an=neutrino beam sample we predict 69 ± 8 (syst.) 
interac=ons (16 bkg.) and observe 61.

No significant suppression of Neutral current interactions 
observed for neutrinos or antineutrinos
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Systema(cs Reduced with Extrapola(on
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• A total of 49 systema0c parameters were included in the fit.

• Largest pulls mostly correspond to the systema0cs already called out as most important.
• Excep0on: Cherenkov is a part of “Detector Response”

• For systema0cs affec0ng both neutrinos and an0neutrinos, we see consistent pulls from from both parts of 
the data.

Pulls in the Fit
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• Good data-MC agreement in both 
neutrino and an5neutrino.

• Area-normalized and shape-only 
systema5cs.
• However, normaliza5on only differs by 

1.3% for neutrino and 0.5% for 
an5neutrino.

• 3% resolu5on in Eµ and 
30% in Ehad.
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• Good data-MC agreement in both 
neutrino and an8neutrino.

• Area-normalized and shape-only 
systema8cs.
• However, normaliza8on only differs by 

1.3% for neutrino and 0.5% for 
an8neutrino.

• 3% resolu8on in Eµ and 
30% in Ehad.
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νe
• Good data-MC agreement in both 

neutrino and an5neutrino beams.
• As expected, RHC has significantly 

less hadronic energy and 
significantly more wrong-sign 
background.



79

ν̅e
• Good data-MC agreement in both 

neutrino and an7neutrino beams.
• As expected, RHC has significantly 

less hadronic energy and 
significantly more wrong-sign 
background.
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with ν̅-trained network
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Wrong-sign Constraint with Neutron Capture

• Look for delayed clusters of hits following stopping muons.
• Fit the various <me components to measure the rate of neutron 

captures in bins of neutrino energy.
• Then fit the neutron captures vs. reconstructed energy to extract 

the number of νμ CC and NC events in the neutrino and 
an<neutrino beams.
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Wrong-sign Constraint with Neutron Capture

• Look for delayed clusters of hits following stopping muons.
• Fit the various <me components to measure the rate of neutron 

captures in bins of neutrino energy.
• Then fit the neutron captures vs. reconstructed energy to extract 

the number of νμ CC and NC events in the neutrino and 
an<neutrino beams.
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What’s new with ν̅’s? Wrong-sign contamina5on

• ~10% systematic uncertainty on 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.‹#›
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Simula'on 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
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ν̅μ

νμFrom external theory:
• Valencia RPA model† of nuclear charge 

screening applied to QE.

† “Model	uncertainties	for	Valencia	RPA	effect	for	MINERvA”,	
Richard	Gran,	FERMILAB-FN-1030-ND,	arXiv:1705.02932

* “Meson	Exchange	Current	(MEC)	Models	in	Neutrino	Interaction	
Generators”,	Teppei Katori,	NuInt12	Proceedings,	arXiv:1304.6014
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ν̅μ

νμFrom external theory:
• Valencia RPA model† of nuclear charge 

screening applied to QE.

• Same model applied to resonance.

From NOvA ND data:
• 10% increase in non-resonant inelasBc 

scaCering (DIS) at high W.

† “Model	uncertainties	for	Valencia	RPA	effect	for	MINERvA”,	
Richard	Gran,	FERMILAB-FN-1030-ND,	arXiv:1705.02932

* “Meson	Exchange	Current	(MEC)	Models	in	Neutrino	Interaction	
Generators”,	Teppei Katori,	NuInt12	Proceedings,	arXiv:1304.6014
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ν̅μ

νμFrom external theory:
• Valencia RPA model† of nuclear charge 

screening applied to QE.

• Same model applied to resonance.

From NOvA ND data:
• 10% increase in non-resonant inelasAc 

scaBering (DIS) at high W.

• Add MEC interacAons
• Start from Empirical MEC*

• Retune in (q0,|q|) to match ND data

• Tune separately for ν/ ν̅

† “Model	uncertainties	for	Valencia	RPA	effect	for	MINERvA”,	
Richard	Gran,	FERMILAB-FN-1030-ND,	arXiv:1705.02932

* “Meson	Exchange	Current	(MEC)	Models	in	Neutrino	Interaction	
Generators”,	Teppei Katori,	NuInt12	Proceedings,	arXiv:1304.6014



91

0 0.1 0.2 0.3 0.4
 (GeV)hadVisible E

20

40

60

80

 E
ve

nt
s

3
10

NOvA ND data
 tuneν + ν2018 NOvA 

σNOvA - MEC shape -1
σNOvA - MEC shape +1

Non-MEC

0 0.1 0.2 0.3 0.4
 (GeV)hadVisible E

0.6
0.8

1
1.2
1.4

M
C 

/ d
at

a

Antineutrino Beam
NOvA Preliminary

MEC Uncertain-es

‹#›

• We also determine uncertain2es on the 
MEC component we introduce.
• Both on shape and total rate.

• Repeat the tuning procedure with shi=s in 
the Genie model.
• Turn Genie systema2c knobs coherently to push the 

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

ν̅μ

νμ
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* 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
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Improved Flux Model

• Package to Predict the FluX (PPFX) from MINERvA.
• Based on thin target hadron producDon data from NA49 and MIPP.

• Significantly reduced systemaDc uncertainDes.
• Central values also changed within prior systemaDcs, but not shown here.

‹#›
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New Flux

‹#›
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Scin%llator Model
• Absorbed and re-emi0ed Cherenkov light 

is a small but important component of our 
scin<llator response.
• Par<cularly for low-energy protons in 

hadronic showers.

• Was one of our largest uncertain<es, now 
reduced by an order of magnitude.
• Previously accounted for with second order 

terms in our scin<llator model.
• Those terms were unusual, so we placed 

large systema<cs.

• Expected energy resolu<on for νμ CC 
events increased from 7% to 9%.
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• ν̅’s have neutrons where ν’s have protons.
• O3en several hundred MeV of energy.
• Modeling these fast neutrons is known to be challenging.

• See some discrepancies in an enriched sample of neutron-
like prongs.

• New systemaCc introduced:
• Scales the amount of deposited energy of some neutrons to 

cover the low-energy discrepancy.

• Shi3s the mean νμ energy by 1% in the anCneutrino beam 
and 0.5% in the neutrino beam.
• Negligible impact was seen on selecCon efficiencies.
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• ν̅’s have neutrons where ν’s have protons.
• O3en several hundred MeV of energy.
• Modeling these fast neutrons is known to be challenging.

• See some discrepancies in an enriched sample of neutron-
like prongs.

• New systemaCc introduced:
• Scales the amount of deposited energy of some neutrons to 

cover the low-energy discrepancy.

• Shi3s the mean νμ energy by 1% in the anCneutrino beam 
and 0.5% in the neutrino beam.
• Negligible impact was seen on selecCon efficiencies.
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νe and ν̅e Background at the Far Detector

• 14.7 – 15.4 total νe background 4.7 – 5.7 total ν̅e background
• Wrong-sign background depends on the oscilla=on parameters.

• Largest backgrounds are from real electrons: beam νe/ν̅e and wrong-sign.
• The amount of wrong-sign background varies with the oscilla=on parameters.

• Most other beam backgrounds contain a π0.
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Introduc)on to neutrino oscilla)ons

Erika Catano-Mur (William & Mary, NOvA)

• Neutrinos: neutral leptons, only 
interact weakly. 
Names refer to associated charged 
lepton:

• Electron neutrino, !"
• Muon neutrino, !#
• Tau neutrino, !$

Fundamental par)cles in the 
Standard Model

3 families of 
quarks

Higgs boson 

4 force

carriers

3 families of leptons

Charged current 
weak interacLon

Neutral current 
weak 
interacLon

Abundant Low-interacLng

Lightweight OscillaLng
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Long baseline experiment design

νμ νe
νμ

ν!
Source Detector

L (baseline

Erika Catano-Mur (William & Mary, NOvA)
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Long baseline experiment design
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Erika Catano-Mur (William & Mary, NOvA)
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Long baseline experiment design

νμ νe
νμ

ν!
Source Detector

L (baseline)
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>

Compare to the 
predic;on without 
oscilla;ons

Measure the (νμ) 
oscillated spectrum

Near
Detector

• Measurements of the unoscillated beam à
improve the predic;ons

• Sources of uncertainty include
• Flux: number of neutrinos produced
• Cross sec6on: how oCen they interact

Erika Catano-Mur (William & Mary, NOvA)
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Long baseline experiment goals
• Electron neutrino appearance 

(!" → !$): 
Sensi6ve to %&', ()*, and the 
neutrino mass hierarchy

• Muon neutrino disappearance 
(!" → !"):
Sensi6ve to %&' and Δ,'&&

Joint -. + -0 analysis
Constrain the parameter space

Erika Catano-Mur (William & Mary, NOvA)

sin2 ✓23 = 0.51± 0.05

sin2 ✓13 = 0.0219± 0.0012

�CP =?

|�m2
32| = (2.44± 0.06)⇥ 10�3 eV2

Mass hierarchy: ?
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Erika Catano-Mur (William & Mary, NOvA)
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New for this analysis:
• A shorter, simpler architecture trained on updated simula6on.
• Replaced Genie truth labels with final state labels.

• Exploring using final states with protons to constrain WS backgrounds.
• Separate training for the neutrino and an6neutrino beams.

• Wrong-sign treated as signal in training.
• 14% beGer efficiency for ν̅e with a dedicated network.
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New for this analysis:
• A shorter, simpler architecture trained on updated simula6on.
• Replaced Genie truth labels with final state labels.

• Exploring using final states with protons to constrain WS backgrounds.
• Separate training for the neutrino and an6neutrino beams.

• Wrong-sign treated as signal in training.
• 14% beGer efficiency for ν̅e with a dedicated network.
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NOvA - FNAL E929
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Cross-checks: 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 anGneutrino beams.

Neutrino
Beam

An-neutrino
Beam



108Cross-checks: 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 systemaAcs for 
neutrino and anAneutrino CVN.
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• 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 systemaAcs for 
neutrino and anAneutrino CVN.

‹#›

An&neutrino
Beam

Brem shower Brem shower
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NuMI muon neutrino beam • NuMI: neutrinos from 
the Main Injector

• Part of Fermilab’s
accelerator complex

• Linac: H- ions, 400 MeV

• Booster: protons, 8 GeV
• Main Injector: protons, 

120 GeV
• These protons are used 

to make the NuMI beamMain injector (MI)

Linac
Booster

NuMI Neutrino 
Beam

NuMI target

Erika Catano-Mur (William & Mary, NOvA)
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NuMI muon neutrino beam

• MI proton beam is steered onto a graphite target

• Produced hadrons are focused in and charge-sign-selected by 
two magne;c horns

• 675 m decay pipe

• Predominantly pions and kaons, decay modes:

!" → $" + &',  

(" → $" + &'
• Small contamina;on: &), &
• Reverse the horn current ⟹ ,-. beam

Erika Catano-Mur (William & Mary, NOvA)

⟹ -. beam

Components

νμ 97.5%

anti-νμ 1.8%

νe 0.7%

Aside: we use Protons on Target 
(POT) as the units of neutrino 
beam intensity
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NuMI off-axis
• FD located 14 mrad off-axis angle
• 2-body π decay gives narrow range of ν energies

• Tune peak energy for oscillaBons
• More events at max oscillaBons
• Fewer backgrounds.

E⌫ =
0.43E⇡

1 + �2
⇡ sin

2 ✓

Erika Catano-Mur (William & Mary, NOvA)
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A. Radovic, JETP January 2018Calibra)on

• Largest effect that needs correc)on is a7enua)on in 
the WLS fibre.

• Stopping cosmic muons provide a standard candle for 
seAng absolute energy scale.

ca
lib
ra
tio
n

w
in
do
w

Far Detector SimulationFar Detector Data

ca
lib
ra
tio
n

w
in
do
w

Erika Catano-Mur (William & Mary, NOvA)



114

!" → !$ oscilla'ons 

NOvA: L=810 km, E=2.0 GeV
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Erika Catano-Mur (William & Mary, NOvA)



115Sta$s$cal Approach: Feldman-Cousins
• Replace the standard χ2 with an empirical distribution, F(x|θ):

F(x|θ)  = Fraction of N experiments where [ χ2(fixed θ) - χ2(best fit) = x ]

• Pseudo-experiments are generated from the data profile at θ.
• i.e. fit all other parameters to data holding θ fixed at a particular value.

• This procedure gives proper coverage while minimizing over-coverage.*

• A point θ is inside the (1-α) confidence interval if less than (1-α) experiments are more extreme 
than the data.
• i.e. if the integral of F(x|θ) up to the observed Δχ2 at θ is < (1-α).

• F(x|θ) can…
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* Test coverage using method from: R. L. Berger and D. D. Boos, J. Amer. StaSst. Assoc., 89, 1012 (1994)
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• Note: deciding if any individual point θ0 is outside a CI is equivalent to a hypothesis test 

where H0 is θ = θ0.
• The same technique applies to this mass hierarchy hypothesis test.

• Since our best fit is in the NH, we want to know how strongly we reject the IH.
• So H0 is IH and we generate pseudo-experiments at our best fit in the IH.
• Follow the FC procedure with:

χ2(fixed θ) - χ2(best fit) → χ2(IH) - χ2 (best fit)

• If an experiment has a best fit in the IH, then the difference is 0.
• This pile-up at 0 behaves like a physical boundary: it increases significance.

‹#›

Limi'ng Case: No sensi'vity
• Half of experiments in each hierarchy 

and Δχ2 = 0
• p = 0.5
• 50% for either NH or IH
• All “prior”
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Probability & biprobability



118Electron neutrino appearance 
“Electron neutrino 
appearance”: 
3-flavor oscilla8ons
!" → !$
!" → !$
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Erika Catano-Mur (William & Mary, NOvA)



119Electron neutrino appearance
Oscilla)on 
probabili)es depend 
on: 
• Source-detector 

distance (!)
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Erika Catano-Mur (William & Mary, NOvA)
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Oscilla*on 
probabili*es depend 
on: 

• Source-detector 
distance (!)
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Erika Catano-Mur (William & Mary, NOvA)
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Oscilla)on 
probabili)es depend 
on: 
• Source-detector 

distance (!)
• Neutrino energy 
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Erika Catano-Mur (William & Mary, NOvA)
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Oscilla)on 
probabili)es depend 
on: 
• Source-detector 

distance (!)
• Neutrino energy 
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Erika Catano-Mur (William & Mary, NOvA)
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• Allowed range for 
!"# ∈ [0,2%) 

• CP-conserva:on: 
!"# = 0, %

• Max. CP viola:on: 
!"# = %/2,3%/2
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NOvA: L=810 km, E=2.0 GeV
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NOvA: L=810 km, E=2.0 GeV
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A different Δ"#$$
results in an overall 
shi4 of the 
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