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AN Why Accelerator Neutrinos

Create v, and v,, beams with enough energy to produce
elections, muons and taus (limited) in charged-current interactions

Can study least known mixing parameters by looking at:
V,, — V appearance
Am?, (Mass Hierarchy), sin(0,3) (octant), §.p
v, — Vv, disappearance

|Am§2|, sin%(20,3)
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v, — Vv appearance (OPERA observed)

|Am§2 , sin%(2053)

10 0 C13 0 s;ze™@er)\ /ey s 0
Test of unitarity by probing U, U=10 ¢y 53 0 1 0 _(5)12 céz (1)

Can look for sterile neutrinos:
V,, — V, appearance (at 4" Am?)
Sin?(0,4)sin?(2044)
v, — v, disappearance (at 4th Am?) in CC and/or NC interactions
sin?(0,,), sin?(034)
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AN Long-baseline experiments

Long-baseline experiments operating in 2016

T2K (Japan)
Currently running, data collection started in 2010

NOVA (USA)
Currently running, data collection started in 2014

MINOS/MINOS+ (USA)
Data collection stopped in middle of 2016
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AN T2K Experiment

295 km baseline
Beam Energy ~0.6 GeV
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FD Water Cherenkov Detector

ND on-axis and off-axis detectors
to reduce flux and cross-section
uncertainties

Recorded ~20% of planned data set
7.48e20 POT with v beam
7.47e20 POT with v beam

On-axis Detector
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AN\ NOVA Experiment

810 km baseline A NOVA cell

~
Beam Energy ~2 GeV Extruded PVC cells filled with [§
11M liters of scintillator
' ' ' instrumented with
cor i A-shifting fiber and APDs

v, CCevents/kt/ 1E21 POT/0.2 GeV
3
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Liquid scintillator detectors
Functionally identical FD & ND

ND detector reduces flux, cross-section
and selection uncertainties

Recorded ~20% of planned data set
6.05e20 POT with v beam
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735 km baseline

MINOS Beam Energy: ~3 GeV
MINOS+ Beam Energy: ~7 GeV

AN  MINOS
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CC Events / GeV
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Simulated v Beam
5.4 kton, 6 x 10°° POT

— MINOS+
— NOvA
MINOS

Preliminary

g

Tracking calorimeter detectors
Functionally identical FD & ND

ND detector reduces flux, cross-section
and selection uncertainties

10.6e20 POT with MINOS v beam
3.4e20 POT with MINOS Vv beam

~10e20 POT (~ 1/, analyzed) with MINOS+ v beam
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Measurements of 0., and |Am3, |

Muon Neutrino Disappearance



M Measurements of 0., and |Am%, |

Events/100MeV
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Am2, =[2.34,2.75]x1073

Reconstructed Energy [GeV]

sin?6,, = [0.42,0.61] (NH) at 90% CL
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“3eV2(NH) at 90% CL

sin?@,, = [0.32,0.70](NH) at 90% CL

Neutrino and antineutrino parameters are consistent

No evidence of CPT violation, NSI, etc
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M Measurements of 0., and |Am%, |

T2K fittov, — v,, and v,, — V,, disappearance
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sin*D,, or sin’0,,

Neutrino sample best fit prefers maximal disappearance
Anti-neutrino best fit prefers non-maximal value
Normal Hierarchy

sinZ@,; = 0.532%3-0%8

Am3, = 2.545%0581 x 107 3eV?

Joint Fit Results:
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Measurements of 0., and |Am%, |

NOvA fit to v, — v, disappearance
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NOVA excludes maximal mixing at 2.5¢6 (no Feldman Cousins correction)

Normal Hierarchy
sinZ 6,5 = 0.40%3:93 (0.63%2-03

Am3, = 2.671015 x 107 3el?
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M Measurements of 0., and |Am%, |

MINOS/MINOS+ beam and atmospheric fit to

3.0
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MINOS best fit value of sin?(6,,)
comparable to NOvVA but results
also consistent with max mixing
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Measurements of 0,, octant, mass hierarchy, and 6.

Electron Neutrino Appearance



M V., Appearance Measurements
T2K fit to v, — v, and v, — Vv, appearance

V.: 19.6 events (NH, 6., = /2) to 28.7 events (NH, 6., = —7/2)

Predictions:
V,: 7.7 events (NH, 6., =n/2) to 6.0 events (NH, 6., = —7/2)
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Reconstructed Momentum [MeV/c] Reconstructed Momentum [MeV/c]
Observed 32 events Observed 4 events

Excess of v, events above prediction favors NH and 6., = —n/2 (37/2)

Deficit of v, events below prediction favors NH and 6, = —nt/2 (37/2)
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M V., Appearance Measurements

T2K fit to v, — v, and v, — Vv, appearance
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Data excludes CP conservation at 90% CL

Data favors 6., near —n/2 (37/2) for both hierarchies

Ocp =
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[—3.13, —0.39](NH), [-2.09,—0.74] (IH) at 90% CL
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M V., Appearance Measurements

NOvA fit to v, — v, appearance
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Expected event yields depend on hierarchy, octant of 0,5, and 6,
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M v, Appearance Measurements

NOvA fit to v, — v, appearance

NOvA Preliminary

T T T T
085 < CVN < 1 T

11111

- 075 <= CWN < DET

| MH

- 4 FD Data

| — Bast Fit Pradiction
— Il Total Background

T | Cosmic Backgroumnd
- 5.05<10” POT aquiv

I

—T—T— T
067 < CVN < 085
20

15

Observe 33 events

10

Events / 0.5 GeV Bin

2 1

3 3 2
Reconstructed neutrino energy (GeV)

T 2 1

NOVA Preliminary
———————
sin“8,,=0.4-0.6

50

NOVAFD
6.05x10%° POT equiv.

Data prefers NH

40 Similar to T2K trend
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M v, Appearance Measurements

Combining NOvA v, — v, appearance and v, — v, disappearance

m an '2:1:

NOVA rejects 6., around /2
for lower octant IH at 30

T2K similarly rejects region at 3o
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Sterile Neutrino Search



A Sterile Neutrino Search

MINOS has searched for sterile mediated v, — v, disappearance in CC and NC events
Take into account potential oscillation in the ND and FD

Observed disappearance rate is consistent with 3-flavor model
Set limits on 0,,
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24

However LSND-style appearance in a 4-flavor model depends on:
sin’ 0, = sin’ 6., sin’ 26,, Need constraint on 6,,
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A Sterile Neutrino Search

Potential sterile mediated v, — v,
disappearance measured in reactor

mz, (eV?)

experiments are sensitive to 0,
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A Sterile Neutrino Search

NOVA has searched for sterile mediated v, — v, disappearance in NC events

Observe 95 NC-like events when they expect 83.71 + 9.15 (stat) + 8.28 (syst)

Observed disappearance rate is consistent with 3-flavor model
Set limits on 0, 0y,

NOvVA Preliminary
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AN Sterile Neutrino Search

NOVA is expected to have a future sensitivity that can probe LSND signal at 90% CL

NOVA Simulation
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AN Summary

Current long-baseline program is making interesting measurements
Indications that 0,; may be nonmaximal (mainly NOVA)
Indications that 6., may be around —rt/2 (37/2) (NOVA and T2K)
Indications that there might be a normal hierarchy (NOvA and T2K)
Long baseline experiments don’t see LSND-like 4-flavor mixing (mainly MINOS)

T2K and NOvVA only have less than 20% of their proposed data set
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AN Short-baseline experiments

10%E
Fermilab short-baseline neutrino program : S MiraBooht, 1izesst POT Tom
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AN How to make a beam

Collide proton on a target, magnetically focus secondary
particles into a beam, and let them decay into neutrinos

Target Focusing Horns
p* _,\_-_4 !i> . . Y,
. — - = v,
Decay Pipe

Magnet polarity determine if neutrino or antineutrino beam

Control beam energy by magnetic focusing and angle w.r.t. axis
Current experiments use around GeV-scale beams
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730 km baseline
Beam Energy ~17 GeV
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Can see v, — v, appearance
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AN Opera Experiment

Gran Sasso Hall C
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M Measurement of v, appearance

OPERA measurement of v,, — v, appearance

1st candidate (2010):7 — h 2n candidate (2012): T — 3h 37 candidate (2013): T — g

Phys. Lett. B 691 (2010) 138 2>y JHEP 11 (2013) 036 1o Phys. Rev. D 89 (2013) 051102

parent
daughter

vl oV

Phys. Rev. Lett. 115 (2015) 121802

500 pm

PTEP (2014) 101C01

OPERA sees 5 t candidate events
with a background of 0.25 + 0.05
50 discovery of v, appearance

Measurement of Am2, consistent with other experiments
2.0 X 103 eV/2< |Am3,| < 5.0 x 1073 eV/2 at 90% CL
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