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Neutrino
• Neutrinos mix, just like quarks? 

|𝝂l = ∑ Uli|𝝂i l=e,𝜇,𝜏  i=1,2,3 

• PMNS matrix like CKM matrix? 

• Unlike the quarks, neutrino mixing are large 
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Neutrino
• Neutrinos mix, just like quarks? 

|𝝂l = ∑ Uli|𝝂i l=e,𝜇,𝜏  i=1,2,3 

• PMNS matrix like CKM matrix? 

• Unlike the quarks, neutrino mixing are large 

• Open neutrino questions: 

Dirac or Majorana? • Absolute masses • Mass 
ordering • CP-violation • Random mixing 
parameters or patterns? • Just 3 neutrino types?
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Why hierarchy?
➡ Is the most electron-like state 

lightest? 

➡ i.e. Does the pattern of the 
masses match the charged 
leptons? 

➡ Are neutrinos Majorana particles ( 
𝝂 = 𝝂 )? 

➡ Observation of 0𝝂𝛽𝛽 would be 
proof they are 

➡ Impact of IH determination: lack 
of 0𝝂𝛽𝛽 implies Dirac nature

̶



Why CP-violation?
• Does e.g. P(𝝂𝜇→𝝂e) = P(𝝂𝜇→𝝂e)? 
• Insight into fundamental symmetries of the lepton sector 

• Why is the universe not equal parts matter and 
antimatter? 

• Sakharov conditions: Baryon number violation • Out of 
thermal equilibrium • C and CP violation 

• CPV in the Standard Model, eg for K and B mesons, but 
too small 

• “Leptogenesis”: generate asymmetry in neutrinos, 
transfer to baryons 

• Require neutrino appearance experiment to discover

̶ ̶



Mixing patterns
• Only a small fraction of 𝝂e in |𝝂3                     

(the famous Sin22𝜃13) 
• The remainder is split about 50/50 𝝂𝜇/𝝂𝜏 (Sin2𝜃23) 
• Accident? Or a sign of underlying structure? 

• Is 𝜃23 exactly 45°? 
• If not, it is 
➡ < 45° |𝝂3 more 𝝂𝜏, like in quarks 
➡ > 45° |𝝂3 more 𝝂𝜇, unlike quarks
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Fermilab accelerator complex
• Neutrinos produced at Main Injector (NuMI) 
➡ Linac 750 keV 
➡ Booster 400 MeV 
➡ Recycler 8 GeV 
➡ NuMI 120 GeV 
➡ to Carbon target

Line to High Energy Neutrino Experiments



The NuMI beam

• 120 GeV protons from MI to Carbon target 
• Produce mainly pions and kaons 
• Focused by two magnetic horns 
• Allow us to select charge sign for (anti)neutrinos 
• Neutrinos produced every 1.3 sec in a spill with 6 

doubled bunches 10 𝜇s time window 
• NuMI designed to provide for NOvA 700kW beam, 

producing 6 ×1020 POT/year



NuMI off-axis beam
• NOvA detectors are sited 14 

mrad off the NuMI beam axis 

• With the medium-energy 
NuMI tune, yields a narrow 2-
GeV spectrum at the NOvA 
detectors 

➡ Reduces NC and 𝝂e CC 
backgrounds in the oscillation 
analyses while maintaining 
high 𝝂𝜇 flux at 2 GeV
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Beam status
• Data from Feb 6, 2014 – May 2, 2016
• Achieved the 700kW design goal
• Have now about 9e20 POT neutrinos
• Switched to antineutrino mode from Feb 20th, 2017



Event topologies

• Very good granularity 
• X0 = 38 cm (6 cell depths, 10 cell widths)
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FD Beam Peak 
• Trigger structure: 550 μs window, NuMI neutrinos arrive for 10 
μs starting at 218 μs
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Far Detector 550 μs Readout Window

14

Beam Direction

Cell hits colored by 
charge deposition
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Far Detector 10 μs NuMI Beam Window
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charge deposition
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Far Detector Neutrino Interaction
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Numu disappearance















































Nue appearance
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Data Driven Background Corrections

• νe CC selection in the ND picks 
out FD backgrounds
- beam νe CC
- νμ CC
- NC
• ~10% excess of data over MC in 

the ND
• Extrapolate data/MC differences 

to adjust FD prediction
• Each component oscillates 

differently
• Must decompose the data into 

constituent components
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Looking ahead



Projected NOvA physics reach 
50/50 run plan for normal hierarchy 

lower octant
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systematic uncertainty improvements
2016 analysis techniques with projected

µν+eνNOvA joint 
Max. mixing
Hierarchy
Octant
CPV

NOvA Simulation

Assumes uncertainties are reduced to 

• 2% signal / 5% background for 

electron neutrinos

• 2% muon energy scale, 3% hadronic 

energy, ~0% NC backgrounds for 
muon neutrinos
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Competition
This opportunity is not unique to Fermilab. There are several 
projects hoping to capitalize on this opportunity.

Both JUNO and ORCA have 
construction underway. 
Nearly identical schedules for 
mass hierarchy reach: 
• 2σ in 2021 
• 3σ in 2022 

A Super-K + T2K combination 
gives roughly 2σ 

Other competition from, global 
fits, and cosmology fits.
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Competition

T2K has proposed an extended run to get 3σ sigma evidence for CPV  
(arXiv:1607.08004v1 [hep-ex] 27 Jul 2016)

Until 2020 NOvA running flat-
out and T2K have same CPV 
reach. 

T2K beam power ramps from 
current 420 kW to 770 kW by 
2020 (surpassing NuMI power) 
and then to 1.1+ MW by 2023. 
Assumes 5 months / year 
beam allocation for T2K 

This plus analysis 
improvements drives the CPV 
reach of T2K to 3 sigma in 
2024.

T2K sensitivity to CPV
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