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Neutrino oscillations overview
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How well measured?

Mayly Sanchez - ISU

H O W  W E L L  D O  W E  K N O W  I T ?

4

S. Parke 2014!

Unitarity Envy?! 3 neutrino paradigm
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Figure 4. Six leptonic unitarity triangles. After scaling and rotating each triangle so that two of
its vertices always coincide with (0, 0) and (1, 0) (see text for details) we plot the 1�, 90%, 2�, 99%,
3� CL (2 dof) allowed regions of the third vertex. Note that in the construction of the triangles
the unitarity of the U matrix is always explicitly imposed.

and then we have plot the 1�, 90%, 2�, 99%, 3� CL (2 dof) allowed regions of the third

vertex of the triangle as the real and imaginary parts of z. For convenience in each panel

we have chosen the normalization side (the one which lies on the horizontal (0, 0) ! (0, 1)

segment) as the best determined of the two longer sides of each triangle. In this way all the

triangles have more or less the same size, and the uncertainty in the position of the third

vertex is not too much a↵ected by the uncertainty of the normalization side. Note that the

most common unitarity triangle in the quark sector is the one based on the d-quark and

b-quark columns [7], which corresponds to the 1st and 3rd column in the leptonic matrix,

i.e., to the triangle in the middle-right panel in Fig. 4.

In this kind of diagrams the absence of CP violation implies a flat triangle, i.e., Im(z) =

0. As can be seen, in all the panels the horizontal axis marginally crosses the 1� allowed

region, which for 2 dof corresponds to ��2
' 2.3. This is consistent with the present
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leptons
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M.C. Gonzalez-Garcia — arxiv:1409.5439
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Precision era in neutrino oscillation phenomenology
Standard 3! mass-mixing framework parameters
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�CP-violating phase 
✓23Octant of

sign(�m2)Mass Ordering —>

In this talk
�m2 = (�m2
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Mass Ordering = sign of �m2
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Ordering
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(pre-!2016)

�m2
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sin2 ✓12
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2.4%
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4.7%

⇠ 9%

Known

Most angles and masses have been measured 
using more than one experimental techniques 
including accelerator-based experiments. A. Marrone (Neutrino 2016)

Most angles and masses have been 
measured using more than one 

experimental technique, including 
accelerator-based

Measurable with accelerator 
experiments

• Is sin2θ23 maximal? (θ23 = π/2?)
• Is there CP violation in the lepton sector?
• What’s the mass-hierarchy? (is m3 > m2 or 

vice versa?)
• Are there more than 3 neutrino flavours? Is 

there a sterile neutrino?

Not directly measurable with 
accelerators

• Are neutrinos Dirac or Majorana?
• What’s the mass scale?

Solar
Atmosp.

Solar

Atmosp.
Reactor

NuFit 3.2 (2018), www.nu-fit.org

2.8%
1.3%
4.2%
3.4%
~9%

http://www.nu-fit.org
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Physics
Designed to be sensitive to the 
mass splitting Δm2

32 

!  θ23 – νµ disappearance
!  θ13 – νe appearance

MINOS has been leading the 
world on the precision of Δm2

32

Is there physics beyond three-
flavour oscillations?

!  Non-standard interactions
!  Large extra dimensions
!  Sterile neutrinos

3 

Δm2
32 

θ23 

θ13 

Normal hierarchy

The neutrino

I Neutrinos mix, just like the quarks

|⌫↵i =
X

i

U?
↵i |⌫i i

i = 1, 2, 3 ↵ = e, µ, ⌧

I PMNS matrix. ⇠CKM matrix for leptons
I Unlike the quarks, mixings are large

d s b 

u

c

t

� � �

�

�

�

1 2 3

e

µ

�

CKM PMNS

C. Backhouse (Caltech) NOvA 3 / 43

PMNS matrix is analogous to CKM in the quark sector
But, unlike quarks, mixings in the PMNS are large! Is 

there a pattern?

•Only a small fraction of ve in |ν3>: sin2(2θ13)
• The remainder is split ~ 50/50 between νµ and ντ
• Accident or underlying symmetry? Is it really 45° or…

- < 45°: |ν3> more ντ, like the quarks
- > 45°: |ν3> more νµ, unlike quarks

Models for neutrino mass
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CP violation ⇐⇒ θ13 ≠ 0

Daya-Bay 2012 θ13 ~ 8.5°

A new door to probing CP violation, the mass ordering and the octant of θ23

• Depends on every oscillation parameter!
• Benefit: can answer more questions. Drawback: degeneracies complicate things

Importance of reactor result

Mayly Sanchez - ISU

E L E C T R O N  N E U T R I N O  A P P E A R A N C E

Searching for νe  appearance in a νμ beam, we can access sin
2
(2θ13). 

Probability depends not only on θ13 but also on δCP  which enhances or suppresses it. 

Probability is enhanced or suppressed due to matter effects which depend on the 
mass hierarchy as well as neutrino vs anti-neutrino running. 

In addition, the probability depends on the octant of θ23.  

19

The probability of νe appearance in a νμ  beam:  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2�

⇥ E

11 GeV
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4E

P R O B E  T H E  M A S S  H I E R A R C H Y,  C P  V I O L AT I O N  A N D  O C TA N T  S PA C E

M. Freund, Phys.Rev. D64 (2001) 053003 

α = ∆m212/∆m231 ;

+ O(α2)
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Long-baseline

• Highly pure νµ beam
• Two detectors

✓ Near detector: 
- Measure beam composition
- Determine energy spectrum

✓ Far detector:
- Measure oscillations
- Search for new Physics

νµµ

W

Source e
W

Detector

νe
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NOvA

Argonne, CalTech, UC Irvine, Cincinnati, Colorado 
State, Dallas, Fermilab, Harvard, Houston, IIT, 
Indiana, Iowa State, Michigan State, Minnesota 
Duluth, Minnesota Twin Cities, Pittsburgh, SMU, 
South Alabama, South Carolina, South Dakota 
SMT, Stanford, Syracuse, UT Austin, Tennessee, 
Tufts, Virginia, Wichita State, William & Mary, 

Wisconsin

Sussex,  
University College London

JINR Dubna, INR Moscow, 
Lebedev Institute

Charles University,  
Czech Technical University, 

Institute of Physics, Institute of 
Computer Science-Czech 

Academy of Sciences

Universidad del 
Atlantico

Universidade Federal 
de Goias

Banaras Hindu University,  
Cochin University of S&T, 

Delhi University, IIT 
Guwahati, IIT Hyderabad, 
University of Hyderabad, 
Jammu University, Panjab 

University, NISER

238 collaborators at 49 institutions across 7 countries

19 Remote Control Rooms 
across the globe

•6 Publications + 2 in preparation
Phys.Rev.D98 (2018) no. 3 032012 (12 cites)
Phys.Rev.D96 (2017) no. 7, 072006 (25 cites)
Phys.Rev.Lett. 118 (2017) no. 23, 231801 (101 
cites)

Phys.Rev Lett. 118 (2017) no. 15, 151802 (93 
cites)
Phys.Rev.D93 (2016) no. 5, 051104 (108 cites)
Phys.Rev. Lett.116 (2016) no. 15, 151806 (172 
cites)

• 24 PhDs, 11 since last summer



B. Zamorano - Latest oscillation results from the NOvA experiment  9

•NuMI Off-Axis νe Appearance
•Two highly active scintillator detectors:

- Far Detector: 14 kT, on surface
- Near Detector: 300 T, 105 m 

underground
•14 mrad off-axis narrowly peaked muon 

neutrino flux at 2 GeV, L/E ~ 405 km/GeV
•νµ disappearance channel: θ23, Δm232

•νe appearance channel: mass hierarchy, δCP, 
θ13, θ23 and octant degeneracy

15.6m

4.5m
15.5m

6.6cm3.9cm

Particle Trajectory

Scintillation Light

Waveshifting
Fiber Loop

To APD 
Readout

NOvA
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•NuMI Off-Axis νe Appearance
•Two highly active scintillator detectors:

- Far Detector: 14 kT, on surface
- Near Detector: 300 T, 105 m 

underground
•14 mrad off-axis narrowly peaked muon 

neutrino flux at 2 GeV, L/E ~ 405 km/GeV
•νµ disappearance channel: θ23, Δm232

•νe appearance channel: mass hierarchy, δCP, 
θ13, θ23 and octant degeneracy

NOvA

Also: neutrino cross sections at the 
ND, sterile neutrinos, supernovae…
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NOvA
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NOvA

¡Foh!
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Neutrinos and antineutrinos

Neutrino

An
ti

ne
ut

ri
no Vacuum and no CP 

violation: neutrinos 
and antineutrinos are 

the same
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Neutrinos and antineutrinos

Neutrino

An
ti

ne
ut

ri
no CP-violation through 

δ creates opposite 
effects in neutrinos 
and antineutrinos
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Neutrinos and antineutrinos

Neutrino

An
ti

ne
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and antineutrinos



B. Zamorano - Latest oscillation results from the NOvA experiment  16

Neutrinos and antineutrinos

Neutrino

An
ti

ne
ut

ri
no Matter effects also 

introduce opposite 
neutrino-antineutrino 

effects.
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Neutrinos and antineutrinos

Neutrino

An
ti

ne
ut

ri
no In
ve

rte
d 

Hi
er

ar
ch

y

Normal Hierarch
y

The octant creates the 
same effect in 
neutrinos and 
antineutrinos.

Upper Octant

Lower Octant



B. Zamorano - Latest oscillation results from the NOvA experiment  18

Neutrinos and antineutrinos

22

Focusing	HornsTarget Decay	Pipe

π-

π+ νµ

νµ/νµ̅
p

8.9×1020 POT	Neutrino	Beam

The	NuMI Neutrino	Beam

>	700	kW	operations
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Neutrinos and antineutrinos

23

π+

π-
Target Focusing	Horns Decay	Pipe

νµ̅
νµ/νµ̅p

>	700	kW	operations

8.9×1020 POT	Neutrino	Beam
New!	6.9×1020 POT	Antineutrino	Beam

The	NuMI Antineutrino	Beam
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Neutrinos and antineutrinos

• Production cross section is a little higher for π+→νμ 
than for π-→ νμ̅
p+ colliding with p+ and n0 in the target 

• Wrong-sign: ν in the ν ̅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

NOvA

Antineutrino Beam

 20
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Neutrinos and antineutrinos

•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

Events 1-5 GeV

96% νµ

3% ν̅µ

1% νe

Events 1-5 GeV

15% νµ

84% ν̅µ

1% νe

Neutrino Beam Antineutrino Beam

 21
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Neutrino Events in MINOS and MINOS+

Neutral Current (NC)

νe Charged-Current

νμ Charged-Current

 22

1 radiation length = 38 cm
(6 cell depths, 10 cell widths)

•Superb granularity for a detector this scale
•Outstanding event identification capability

Event topologies
MINOS NOvA

CC νµ

CC νe

NC
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•First usage of image-recognition in particle physics!

Identifying neutrinos in the NOvA detector
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Selecting	νe’s	and	νµ’s	with	Computer	Vision

38
A.	Aurisano and	A.	Radovic and	D.	Rocco	et.	al,	

JINST	11 P09001	(2016)

• We use a convolutional neural network based on the GoogLeNet.
– Successive layers of “feature maps” create variants of the original image 

which enhance different features at growing levels of abstraction.

• Multi-label classifier – the same network used in multiple analyses.

Input	Image
256	Feature	Maps

νe

νµ

ντ
NC
Cosmic

Learned	variations	on	the	
original	image

Identifying neutrinos in the NOvA detector

True
µν eν τν NC Cosmic

Se
le

ct
ed

µν

eν

τν

NC

Cosmic

0

0.2

0.4

0.6

0.8

1
Color is Efficiency

0.92

0.0081

0.0062

0.057

0.0047

0.005

0.9

0.019

0.075

0.0002

0.13

0.22

0.29

0.36

0.00059

0.02

0.045

0.034

0.9

0.0012

0.012

0.0013

1e-07

0.02

0.97

NOvA Preliminary

•Efficiency above 90% for all except tau 
neutrinos

- Exceptionally rare in NOvA due to 
narrow energy distribution
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39
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NOvA PreliminaryNeutrino Mode

CCµν CCµν

CCeν CCeν

NC

ND data Total MC Uncorr. MCData
Total	Simulation
νe CC
νμ CC
NC

νe

New	for	this	analysis:
• A shorter, simpler architecture trained on updated simulation.
• Replaced Genie truth labels with final state labels.

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

– Wrong-sign treated as signal in training.
– 14% better efficiency for ν̅e with a dedicated network.
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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 antineutrino beams.
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Data-driven crosschecks

•Take a muon-neutrino 
event and remove the 
muon

•Replace by a simulated 
electron

•Compare efficiency 
between MRE events, real 
and simulated data

•Agreement within 2% for 
both neutrinos and 
antineutrinos

MRE
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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 antineutrino beams.
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Data-driven crosschecks

•Similar idea using 
bremsstrahlung from 
cosmic muons

•Remove the muon and 
estimate efficiency in 
selecting electron 
showers

•Agreement within 
uncertainties

MRB

Cross-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 
systematics for neutrino and 
antineutrino CVN.

42
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Cross-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 
systematics for neutrino and 
antineutrino CVN.
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Identify contained 
νµ CC events in 
both detectors

Measure both 
energy spectra

Measure oscillation 
from comparison 
between near and 
far energy spectra

Mayly Sanchez - ISU

M U O N  N E U T R I N O  D I S A P P E A R A N C E

• In long-baseline experiments, neutrino oscillations deplete rate 
and distort the energy spectrum.
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Energy resolution quartiles

•Muons have a much 
better energy resolution 
(3%) than hadrons (30%)

•Hadronic energy fraction 
is a proxy for energy 
resolution

• Improve sensitivity by 
separating high-resolution 
and low-resolution events

Binning	for	Sensitivity:	νμ Events

• 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%).
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Energy resolution quartiles
Binning	for	Sensitivity:	νμ Events

• Data-MC shape agreement good within each quantile.

• By extrapolating each separately, we transport kinematic differences between 
data and simulation to the FD.
– Can see this in the different normalizations applied to each quantile.
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• Data-MC shape agreement good within each quantile.

• By extrapolating each separately, we transport kinematic differences between 
data and simulation to the FD.
– Can see this in the different normalizations applied to each quantile.
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• Good data/MC shape agreement across all quartiles
• By extrapolating each one separately, we are accounting for kinematic 

differences between data and simulation in the FD
- This can be observed in the different normalisation for each quartile
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νμ	and	ν̅μ	Data	at	the	Far	Detector
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Far detector data
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Far detector data

• Good agreement in FD data distributions of muon and 
hadronic energy and inelasticity.
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•Good agreement between data and MC for muon and hadronic energy, as well 
as inelasticity
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Oscillation parameters

• Best fit:  
Normal Hierarchy  
sin2θ23 = 0.58±0.03 (UO)  
Δm232 = (2.51+0.12-0.08)⋅10−3 eV2
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Prefer non-maximal at 1.8σ
Exclude LO at similar level
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Comparison with other experiments

•90% CL intervals are compatible across experiments
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Identify νe CC 
events in both 

detectors

Use ND 
measurements to 

predict 
backgrounds in the 

FD

Interpret any FD 
excess over 
predicted 

backgrounds as νe 
appearance

CPδ
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NOvA FD =0.4-0.623θ2sin

NH
IH

NOvA Simulation

Number of observed events 
constraints δCP and mass 

hierarchy

Electron neutrino appearance analysis in a nutshell
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Extrapolating	from	
Near	to	Far

55

• Use the ND νµ sample to predict the FD νµ sample.
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Decomposition and extrapolation

•Use the ND vµ sample to predict the FD vµ sample
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Extrapolating	from	
Near	to	Far

56

• Use the ND νµ sample to predict the FD νµ sample.
• Use the ND νµ sample to predict the FD νe signal.
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Decomposition and extrapolation

•Use the ND vµ sample to predict the FD vµ sample
•Use the ND vµ sample to predict the FD ve signal
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Extrapolating	from	
Near	to	Far

57

• Use the ND νµ sample to predict the FD νµ sample.
• Use the ND νµ sample to predict the FD νe signal.
• Use the ND νe-like sample to predict the FD νe backgrounds.
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Decomposition and extrapolation

•Use the ND vµ sample to predict the FD vµ sample

•Use the ND vµ sample to predict the FD ve signal
•Use the ND ve-like sample to predict the FD ve background
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Reconstructed Neutrino Energy (GeV)
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Decomposition and extrapolation

•Select electron neutrino events using 
particle ID in the ND for each beam mode
- Separate into low and high particle ID 

(purity) range
•For the neutrino beam constrain:

- The beam electron neutrinos using the 
muon neutrino spectrum, and

- The muon neutrino background using 
Michel electrons

- Remaining data/MC discrepancy is 
assigned to the NC component

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



B. Zamorano - Latest oscillation results from the NOvA experiment  41

Decomposition and extrapolation

•We use the ND data to predict the 
background in the FD. Each component is 
propagated independently in bins of 
energy and particle ID bins

•Add a one-bin peripheral signal sample. 
This sample has a less stringent 
containment selection, but stronger ID 
requirements

•ND wrong sign component is 22% (32%) 
of the νe background for the high (low) 
PID bin
- Data-based cross-checks using identified 

protons and event kinematics within 
systematic uncertainty
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Joint fit

Neutrinos

Antineutrinos

• Appearance: low / 
high CVN + 
peripheral

• Disappearance: Q1-
Q4

• Appearance: low / 
high CVN + 
peripheral

• Disappearance: Q1-
Q4

• In previous analyses, muon 
neutrino disappearance and 
electron neutrino appearance 
were fitted separately

• In this analysis we have moved to a 
joint-fit, which in practice involves 
fitting 14 experiments

• Although the data are independent 
across experiments, the 
systematics are correlated and 
have to be handled with care
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• Measurements are still statistics limited but 
calibration and cross sections are the 
largest uncertainties

• Upcoming test beam programme will 
address the calibration and detector 
response uncertainties
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•On the neutrino beam we observe 58 
events and expect 15 background 
interactions
- 11 beam, 3 cosmic background and < 1 

wrong sign background
•On the antineutrino beam we observe 

18 events and expect 5 background 
interactions
- 3.5 beam background, < 1 cosmic 

background and 1.1 wrong sign 
background 

FD data
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>4σ evidence of electron 
antineutrino appearance
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58 observed νe

18 observed νe̅

In
ve

rte
d 

Hi
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y

Normal Hierarch
y

Upper OctantLower Octant

Event count

Not a golden region at 
this round
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Oscillation parameters
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• Best fit: Normal Hierarchy  
δCP= 0.17π 
sin2θ23 = 0.58±0.03 (UO)  
Δm232 = (2.51+0.12-0.08)⋅10−3 eV2

Prefer NH by 1.8σ
Exclude δ=π/2 in the IH at > 3σ
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• One cannot read the rejection of IH from this 
plot

• This is a FC-corrected plot of significance for 
rejecting particular sets of values (δ, octant, 
hierarchy)

• Not a likelihood surface, so it can’t be 
profiled nor marginalised

• Besides, the mass hierarchy is a highly non-
Gaussian parameter (binary NH/IH), so we need 
to use a dedicate Feldman-Cousins analysisMass	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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• Currently running anti-neutrino beam. Run 
50% neutrino, 50% anti-neutrino after 
2018.

• Extended running through 2024,  
proposed accelerator improvement 
projects and test beam program  enhance 
NOvA’s ultimate reach.  

• 3σ sensitivity to hierarchy (if NH and 
δCP=3π/2) for allowed range of θ23 by 
2020. 3σ sensitivity for 30-50% (depending 
on octant) of δCP range by 2024.

• >2σ sensitivity for CP violation in both 
hierarchies at δCP=3π/2 or δCP=π/2 
(assuming unknown hierarchy) by 2024.

 48

NOvA prospects

0 0.5 1 1.5 2
π / CPδ

0

1

2

3)
σ

Si
gn

ifi
ca

nc
e 

of
 C

P 
vi

ol
at

io
n( Inverted

Normal

=1.0023θ22=0.082, sin13θ22sin  POT2010× 36ν + 2010× 36ν N
O

vA Sim
ulation

0 0.5 1 1.5 2
π / CPδ

0

1

2

3)
σ

Si
gn

ifi
ca

nc
e 

of
 C

P 
vi

ol
at

io
n( Inverted

Normal

=1.0023θ22=0.082, sin13θ22sin  POT2010× 36ν + 2010× 36ν N
O

vA Sim
ulation

2018 2020 2022 2024
Year

0

1

2

3

4

5

2 χ
Δ

=
σ

Si
gn

ifi
ca

nc
e 

=0.08213θ22,  sin2eV-310×|=2.532
2mΔ=0.4-0.6, |23θ2sin

 projected beam exposure improvements
2018 analysis techniques and

N
O

vA Sim
ulation

Hierarchy resolution
/2π=3CPδNH 

π=CPδNH 
=0CPδNH 

/2π= CPδNH 



B. Zamorano - Latest oscillation results from the NOvA experiment  49

Next generation experiments

1st generation 2nd generation 3rd generation

•Higher intensity beams can provide more neutrinos and allow for a longer 
baseline

•Similarly, larger mass can allow to collect more neutrinos
•Finally, higher detector resolution allows for better background rejection

In the US, DUNE is being planned with 
a baseline of 1300 km, a new 2.3 MW 
beam and high resolution liquid argon 

detectors

In Japan, HyperK is also being planned 
with an upgrade to 1.3 MW beam and 

500 kton detector
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CC νµ

CC νe

NC

 50

DUNE	and	
Liquid	Argon	

Jeff	Hartnell,	PASCOS	2016	 24	

Exquisite LAr 
detectors (40 kt 
fiducial) 
 
High efficiency and 
purity 
 
Measure hadronic 
recoil system 
 

NOvA DUNE simulation

Like going from VHS/analogue to 
DVD/DTV and now 8K!

Event topologies (II)
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DUNE Experiment 

E. Worcester: Neutrino 2018 4 

Observe νe appearance and νµ disappearance at long baseline in 
wideband beam to measure MH, CPV, and neutrino mixing parameters 
in a single experiment. Deep underground location reduces cosmogenic 

background and enables sensitivity to low-energy physics. 

Fermilab SURF 
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Timeline 

E. Worcester: Neutrino 2018 13 

2018: protoDUNEs at 
CERN 

2019: Technical Design 
Report 

2019: Far Site Primary 
Excavation Begins 

2022: First Module 
Installation Begins 

2026: Neutrino Beam 
Available 

DUNE Far Detector 
Interim Design  
Report (2018) 

Will be made public soon… 

Physics data as soon as 1st 
module complete 

•  Atmospheric νs 
•  SNB and solar νs 
•  Baryon number 

violation 
•  Detector calibration 
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Conclusions
•Discovery of non-zero θ13 has opened the door to a 2nd golden age of neutrino 

oscillation physics
•New NOvA data disfavour maximal mixing at 1.8σ and the lower octant at a similar level
•Prefer normal hierarchy at 1.8σ. Also exclude δCP ~ π/2 in the inverted hierarchy at 3σ
•More than 4σ significance electron antineutrino appearance
•Future NOvA running can reach 3σ sensitivity for the mass hierarchy by 2020 and cover 

significant CP range by 2024
- Compelling discovery of CP-violation will require new experiments

•Highly precise 3rd generation will allow testing the 3 flavour neutrino oscillation 
framework

Extremely active and exciting field! Theoretical questions to answer, 
experiments currently taking data and new projects down the line. 

Stay tuned!
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Why study neutrino oscillations?
• Second most abundant particle in the 

Universe and yet the worst understood
• Dark Matter aside, the only measured 

confirmation of Physics beyond the 
Standard Model

• ~25 000 neutrino papers since the 
discovery of neutrino oscillations

• Nobel prize 2015 and Breakthrough prize 
2016

• Many open questions: CP violation (matter-
antimatter asymmetry), mass ordering and 
mass scale, Dirac or Majorana, why are they 
so light…

• Oscillation parameters are, to our best 
knowledge, fundamental constants of 
Nature

?



B. Zamorano - Latest oscillation results from the NOvA experiment  57

1st generation
(past)

2nd generation
(present)

3rd generation
(future)

Long-baseline neutrino oscillation experiments

• MINOS / MINOS+
• K2K

•NOvA
• T2K
•OPERA

• DUNE
• Hyper-K

Firmly established 3-
flavour scenario

Precise 
measurements of 
Δm232 and sin2θ23

Optimised for 
electron-neutrino 

appearance

Constraints on δCP, 
mass hierarchy and 

octant

Precision 
measurement of δCP 
and the remaining 

unknowns
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Key features of 2nd generation

NOvA

T2K

• Baseline: 810 km
• Segmented 

scintillation 
calorimeter

• 700 kW neutrino / 
antineutrino beam

• 14.3 mrad off-axis

• Baseline: 295 km
• Cherenkov detector 

(SuperK)
• 420 kW neutrino / 

antineutrino beam
• 2.5° off-axis

• Narrow band (off-axis) beam
• Detectors optimised for :

- νe flavour identification
- νe appearance maximum (L/E)

• High-intensity neutrino beam
• Longer (or shorter) baseline to 

enhance (reduce) the matter 
effect: 10% in T2K, 30% in NOvA

Very complementary projects!
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•Large and massive 
detector

•Limited passive material 
(highly active)

•High intensity beam

How to enhance the appearance measurement?

Maximise signal Reduce background Detailed 
reconstruction

•Off-axis: smaller NC and 
νµ background

• low Z: identify gaps and 
distinguish electrons from 
photons

•Optimise L/E

•High granularity
•Efficient signal collection: 

APDs

Example of optimisation: MINOS to NOvA
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Pros and cons
DUNE

•Long 1300 km baseline
- Excellent MH measurement
- Access to 2nd oscillation maximum 

with greater CP asymmetry
•Wide band beam

- See more effects of oscillation
- Good sensitivity to non-standard 

effects (e.g., test 3-flavour model)
•Exquisite detector imaging

- High efficiency and purity
- Lower statistics

HyperK
•Really huge detector

- High statistics
- Excellent early CP-violation 

sensitivity
- Limited information on hadronic 

recoil system
•Short baseline

- Much smaller matter effects
- Need to know mass hierarchy

•Narrow band beam
- Less background to reject
- Less energy information

Very complementary projects!



Observed neutral current spectra in the FD

• For the neutrino beam sample we predict 188 ± 13 (syst.) interactions (38 
bkg.) and observe 201. 

• For the antineutrino beam sample we predict 69 ± 8 (syst.) interactions (16 
bkg.) and observe 61. 

No significant suppression of Neutral current interactions observed for neutrinos or 
antineutrinos
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ND measurements

•Uniquely sensitive to QE, RES and DIS 
(almost equally across the three)

•Absolute cross section or yield 
measurements will be limited to ~10% 
due to flux uncertainties

•Ability to measure a huge number of 
FSI channels

"#CC	Interactions

• NOvA	has	access	to	all	
interction types with	a	
narrow-band	beam.

• ~5%	energy	resolution,	~2%	
angular

6/9/16 CETUP- Mathew	Muether 14

"e CC	Interactions

6/9/16 CETUP- Mathew	Muether 16

νµCC

νeCC

•νµCC inclusive and channels (0-π, 2p2h, 
Coh, π0, …)

•νeCC inclusive and channels (0-π, π0, …)
• NC inclusive and channels (π0, 2p2h, …)
•νµ on νe scattering (flux constraint)

And all of the above with 
antineutrinos



NuMI beam uncertainties
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NOvA Simulation

•The prediction of the NuMI beam at the NOvA detectors is made by constraining the hadron 
production model used in the beam simulation with external measurements on thin targets. We 
use the Package to Predict the FluX (PPFX) developed by MINERvA (Phys. Rev. D 94, 092005. 
2016)

•The beam optics uncertainties are also incorporated by propagating the errors in the alignment 
of the beam-line elements such us the horn and NuMI target geometries, magnetic fields, etc



Wrong sign contamination
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• 11% wrong-sign in the νμ ND sample background 
Consistent with data-based cross-check using neutron captures.

• 22% (32%) in the νe ND background in the high (low) PID bin
Consistent with data-based cross-checks using identified protons and event kinematics.

• ~10% systematic uncertainty from flux and cross section 
• Does not include uncertainties from detector effects.



Neutrons
• Anti-ν’s produce neutrons where 
ν’s produce protons

• Neutron energies are typically 
several hundred MeV
- Modelling these fast neutrons is 

a challenge
• We identified an enriched sample 

of neutron-like prongs which 
shows some discrepancies

• We introduced a systematic 
which covers them
- Scales the amount of deposited 

energy of some neutrons.
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ν̅μ

νμ

• We tune the cross-section model primarily to 
account for nuclear effects
• Backstory: Disagreements observed in cross-

sections as measured on single nucleon vs 
more complex nuclei

• Nuclear effects likely the reason, but incomplete 
models

• We tune using a combination of external 
theory and our own ND data
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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 

inelastic scattering (DIS) at high W.

• Add MEC interactions
– 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

• From external theory:
- València RPA model of nuclear charge 

screening applied to QE
- Same model applied to resonance
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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 

inelastic scattering (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

• From external theory:
- València RPA model of nuclear charge 

screening applied to QE
- Same model applied to resonance

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

scattering (DIS) at high W
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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 

inelastic scattering (DIS) at high W.

• Add MEC interactions
– 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

•From external theory:
- València RPA model of nuclear charge 

screening applied to QE
- Same model applied to resonance

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

scattering (DIS) at high W
- Add MEC interactions

➡Start from empirical MEC
➡Retune in (q0, |q|) to match ND data
➡Tune separately for neutrinos and 

antineutrinos
• MINERvA’s independent tuning matches ours to 

1 sigma, providing an additional handle for 
systematic uncertainty
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Final model performance



Bi-probabilities

To first order, one measures 
P(νµ->νe) and P(νµ->νe)
These depend on the MH 

and δCP

Measurements in neutrino 
and antineutrino mode 

provide a point with some 
uncertainty

Given overall dependence 
to sin2θ23, sensitivity to the 3 

observables
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Bi-probabilities II

If the scenario is not so clear, antineutrino data help breaking the degeneracies
More than a factor 2 difference in the rate of antineutrinos between solutions 



•Combining all the World data. 
Mass squared differences and 
mixing angles are well defined
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Full 550 µs readout (colours show charge)

Far Detector Event Display

Full 550 usec readout (colors show charge.) 13(

Top view

Side view

Far detector event display

Timing sync
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Far Detector Event Display

14(Zoomed on the 10 usec beam spill window.Zoomed on the 10 µs beam spill window

Top view

Side view

Timing sync
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Zoomed on the time slice

Colour denotes 
deposited 

νµ

Timing sync



Reconstructed neutrino energy (GeV)
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Q1

Extrapolation	with	Resolution	Bins

104

RPA	Shape	Systematic
Extrapolate	the	total	ND	spectrum

Predicted shift from the near detector

Actual shift at the far detector
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105

RPA	Shape	Systematic
Extrapolate	in	resolution	bins

Predicted shift from the near detector

Actual shift at the far detector

Extrapolation	with	Resolution	Bins

• By extrapolating each one separately, we are accounting for kinematic differences 
between data and simulation in the FD

- Quartile extrapolation is more robust against shape systematics

Extrapolation in quartiles



Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 20 

Simulation 
• Beam hadron production, propagation; neutrino flux: FLUKA/FLUGG 
• Cosmic ray flux: CRY 
• Neutrino interactions and FSI modeling: GENIE 
• Detector simulation: GEANT4 
• Readout electronics and DAQ: Custom simulation routines 

Highly detailed end-to-end simulation chain 

Simulation: Locations of neutrino interactions 
that produce activity in the Near Detector 

X 
(m

) 
(linear scale) 

viewed from above 

Highly detailed end to end simulation chain
•Beam hadron production, propagation, neutrino flux: FLUKA/FLUGG
•Cosmic ray flux: CRY (CORSIKA soon)
•Neutrino interactions and FSI modelling: GENIE
•Detector simulation: GEANT4
•Readout electronics and DAQ: custom simulation routines

Simulation in NOvA



Calibration

•Calibration achieved using cosmic rays
•Light levels drop by a factor of 8 

across a FD cell
•Stopping muons provide a standard 

candle
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Data



Energy Scale

•Near Detector
cosmic μ dE/dx  [~vertical]
beam μ dE/dx  [~horizontal]
Michel e- spectrum
π0 mass
hadronic shower E-per-hit

•Far Detector
cosmic μ dE/dx  [~vertical]
beam μ dE/dx  [~horizontal]
Michel e- spectrum

•All agree to 5%

Data 
MC 𝜋0 signal 
MC bkgd

Data 𝜇: 134.2 ± 2.9 MeV 
Data 𝜎:   50.9 ± 2.1 MeV  
  
MC 𝜇:   136.3 ± 0.6 MeV 
MC 𝜎:     47.0 ± 0.7 MeV

NC 𝜋0 

events



K. Matera, ICHEP 2016

ND to FD extrapolation is a three 
step process

17

1) Unfold ND reconstructed energy to true energy
2) Use Far/Near ratio to convert to FD true energy spectrum
3) Translate back to reconstructed energy

1 2 3

Extrapolation, Systematics and Results for the NOvA 
Disappearance Analysis (1464)         J. Lozier



DUNE event counts
DUNE Physics Landscape:   

Oscillations, Mass Ordering, CPV  

6 July 2016 DUNE: Status & Prospects  - J. Urheim, Neutrino 201616

•  Physics((MH,(θ23, θ13, δ)(extracted(from(combined(analysis(of(4(samples:(
CDR(es%mates,(assuming:((CDR(op%mized(beam,(56%(LBNF(up%me,(FastMC(detector(response(

Physics(inputs:((δ%=%0,%θ23 =%45o, others(from(NuFIT:((Gonzalez3Garcia,(Maltoni,(Schwetz,(JHEP(1411((2014)(

(

See#C.#Morris,#Poster#P3.014#
#######S.#Dennis,#Poster#P3.004#

ν mode / 150 kt-MW-yr νe appearance  νµ disappearance 
Signal events (NH / IH) 945 (521) 7929 

Wrong-sign signal (NH /IH) 13 (26) 511 
Beam νe background 204  – 

NC background 17 76 
Other background 22 29 

Anti-ν mode / 150 kt-MW-yr νe appearance  νµ disappearance 
Signal events (NH / IH) 168 (438) 2639 

Wrong-sign signal (NH /IH) 47 (28) 1525 
Beam νe background 105 –  

NC background 9 41 
Other background 13 18 


