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‣ As you just heard, there are several key questions regarding neutrinos now 
that we know they have mass:
• mass ordering?
• absolute mass?
• Dirac or Majorana?
• do they violate CP?
• are there sterile neutrinos?
• couplings to other BSM?

‣ Three experimental approaches allow for clear answers to these questions:  
neutrino oscillation measurements, direct mass measurements and 
searches for neutrinoless double-beta decay.

‣ There is some overlap between these different approaches too!

Motivations
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Note: I have spent most of my career working on long-baseline 
oscillations.  Today’s lecture will focus more on oscillations…
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Note: I also have way too many slides… I’ll have to skip through 
many of them but I leave them here for posterity.



• Indirect Measurements
• 0νββ
• cosmology

• Direct Measurements
• Time-of-flight
• Beta-decay
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Majorana vs. Dirac!
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Neutrinoless Double Beta Decay

heavy dependence on 
nuclear models…QCD!
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IF 0νββ is discovered, this would be revolutionary:
• neutrino is Majorana; if neutrinos violate CP, then this simplifies the path to baryon 

asymmetry via leptogenesis.
• masses of neutrinos can be determined: RATE of decay is proportional to mν2

Neutrinoless Double Beta Decay

Piquemal	  -‐	  Neutrino	  2012

heavy dependence on 
nuclear models…QCD!
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• In general, there are two types of 0νββ experiments:
• Tracking
• Calorimeter

• These experiments are INCREDIBLY difficult!

Neutrinoless Double Beta Decay
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Neutrinoless Double Beta Decay - Where We’re At

Figure 1: Measured (solid) and projected (hatched) effective Majorana neutrino mass sensitivity limits
of EXO-200 and KamLAND-ZEN (KLZ) as function of the lightest neutrino mass eigenstate m

min

.
The sensitivity of next generation 136Xe 0⌫�� decay experiments is shown as cross-hatched band. The
allowed parameter space from oscillation experiments is shown as red and blue band for normal and
inverted mass hierarchy, respectively.

The EXO and KamLAND-Zen collaborations are currently developing concepts of next generation
experiments in parallel to the operation and data taking with the current detectors. Current and
future developments will be presented in the following sections.

2 Current Results

The current half-life limits of EXO-200 and KamLAND-ZEN were used to extract the effective Ma-
jorana neutrino mass-limit region using nuclear matrix elements from [3, 4], which is shown as solid
bands in Figure 1 as a function of the lightest neutrino mass eigenstate. Projected sensitivities of
EXO-200 final and KamLAND-Zen 800 are shown as hatched bands.

2.1 EXO-200
EXO-200 is a liquid xenon time-projection chamber (TPC) located at the Waste Isolation Plant Project
(WIPP) in New Mexico, USA. The detector consists of two almost identical TPC halves with a shared,
optically transparent, cathode [7], which creates two drift regions with a drift field of ⇠ 400V/m. The
detector is filled with 175 kg of liquid xenon enriched to ⇠ 81% in the isotope 136Xe. A sectioned view
of an engineering rendering of EXO-200 is shown on the right side in Figure 2. Radioactive decays and
cosmic radiation deposit energy in the detector volume, ionizing the xenon and creating scintillation
light and free electrons, which are drifted towards the anode wire planes. Both, scintillation light and
electric charge are read by large-area avalanche photo diodes (APDs) and two wire planes, called u

and v wires, respectively. Scintillation-light and charge measurement are used to fully reconstruct the
energy of each event, its location within the detector volume, and its multiplicity, i.e., the number
of locations at which energy was deposited in each event. Beta events deposit energy predominantly
in on location (single-site events), while �s scatter depositing energy at multiple locations (multi-site
events). Figure 2 shows the single-site energy spectrum of EXO-200 which is dominated by 2⌫��
events. The multi-site spectrum (not shown) mainly consists of � events, which are used to constrain
the background models of the single-site fit. Alpha events mainly emit scintillation light and are easily
identified and discriminated. The event location allows to optimize the sensitivity of a physics search
by adjusting the fiducial volume and taking advantage of the self shielding of xenon.

2

T. Brunner and L. Winslow, arXiv: 1704.01528v1Pedretti, Neutrino 2012
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T. Brunner and L. Winslow, arXiv: 1704.01528v1Pedretti, Neutrino 2012

• If the mass ordering is inverted and the next generation of 0νββ experiments don’t see a 
signal, then neutrinos are likely Dirac.
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• If the mass ordering is inverted and the next generation of 0νββ experiments don’t see a 
signal, then neutrinos are likely Dirac.

• If the mass ordering in normal and the next generation of 0νββ experiments don’t see a 
signal, then we need much more massive (>100x) detectors.
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T. Brunner and L. Winslow, arXiv: 1704.01528v1Pedretti, Neutrino 2012

• If the mass ordering is inverted and the next generation of 0νββ experiments don’t see a 
signal, then neutrinos are likely Dirac.

• If the mass ordering in normal and the next generation of 0νββ experiments don’t see a 
signal, then we need much more massive (>100x) detectors.

• Widths of bands arises from uncertainties in Majorana and Dirac phases, oscillation 
parameters and nuclear matrix elements.
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Mass Measurement Using Beta Decay
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The KArlsruhe TRItium Neutrino (KATRIN) Experiment
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Neutrino Oscillations
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• Oscillation probabilities depend on terms like sin(1.27Δm2ij L/E)
• With 3 flavors of neutrinos, there are two independent mass-squared 

differences:
• Δm221 ≡ Δm2sol ∼ 7.6 x 10-5 eV2

• Δm232 ≈ Δm231 ≡ Δm2atm ∼ 2.5 x 10-3 eV2

• Δm2sol terms have characteristic L/E ~ 15000 km/GeV
• Δm2atm terms have characteristic L/E ~ 500 km/GeV.
• The mixing matrix may be factorized into components that are convenient for 

experimentalists:

• δ is a CP violating phase.

Neutrino Oscillations

17
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Neutrino Oscillations - The Current State

18

Normal Ordering Inverted Ordering

Parameter Value Uncertainty
sin2θ12 0.31 5%
sin2θ13 2.2 x 10-2 5%
sin2θ23 1 9%
δCP ? ?
Δm221 7.6 x 10-5 eV2 2%

|Δm232| 2.5 x 10-3 eV2 2%

• We’ve made great progress 
over the last 20 years!

• But we still don’t know:
• if θ23 is maximal
• the sign of Δm232; aka the 

mass hierarchy or mass 
ordering

• is δCP non-zero?
• is U unitary?  



How Are Neutrinos Seen?
‣ Probability of a GeV neutrino interaction 

is ~10-38 cm-2

‣ Since neutrinos don’t like to interact with 
matter, we need HUGE detectors!

‣ Typical size is tens to thousands of tons
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50 kton



How Are Neutrinos Seen?
‣ We don’t actually see the 

neutrinos, only the particles 
they produce when they 
interact with nuclei.

‣ Two types of neutrino 
interactions:
• Charged-current (CC, W-

boson exchange).  Final 
state includes a lepton (e, 
μ or τ) + hadron.

• Neutral-current (NC, Z-
boson exchange).  Final 
state includes a neutrino + 
hardron.  Not seen until 
1973!

20Jonathan M. Paley Fermilab Neutrino Division

12 foot bubble chamber, Argonne National Lab. Nov. 13, 1970
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Animation by M. Messier
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Neutrino Detection - Fundamentals
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‣ νe CC off electron
‣ Not used by many 

experiments since cross-
section is much smaller than 
CC interactions with nuclei



Neutrino Detection - Fundamentals
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A
A+1

‣ νl NC off nucleus
‣ hadrons (only) in final state
‣ neutrinos carries off energy



Neutrino Detection - Fundamentals
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hadrons

‣ νl CC off nucleus
‣ charged lepton (+ hadrons) in 

final state
‣ energy and flavor of neutrino 

are observable



Neutrino Detection
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‣ Signal: appearance of photons or charged particles inside a detector.
‣ Require no incoming charged particle within vicinity of interaction vertex 

(often pushes experiments to go deep underground)
‣ Interactions in detector are often very “rare”, O(0.1-few)/day
‣ Signal energies can vary across many orders of magnitudes
‣ Particle identification tells us the type of neutrino
‣ Energy of incoming neutrino can be measured for CC events only.
‣ NOTE: many commonalities between neutrino, proton-decay, dark matter 

and neutrino-less double beta decay search experiments! 
‣ A VERY wide variety of detectors are used to detect neutrinos
‣ As in any experiment, the type of detector used depends on energy 

thresholds, energy resolution, signal identification (efficiency) and 
background rejection (purity) needed.



Neutrino Detectors - Some Examples
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Neutrino Detectors - Some Examples
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Energy thresholds: 
muon: 120 MeV 
proton: 1.06 GeV
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Liquid Scintillator



Neutrino Detectors - Some Examples

24Jonathan M. Paley Fermilab Neutrino Division

Liquid ScintillatorBorexino
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Liquid ScintillatorBorexino

Daya Bay



Neutrino Detectors - Some Examples
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Liquid ScintillatorBorexino

Daya Bay

Energy threshold: 
all particles: few MeV
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Neutrino Detectors - Some Examples
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Long μ track + 
shower at vertex

νμ CC event

3.5 m



Neutrino Detectors - Some Examples
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Long μ track + 
shower at vertex

νμ CC event

3.5 m

Effective energy threshold: 
all particles: 10’s - 100’s MeV
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Neutrino Detectors - Some Examples

26Jonathan M. Paley Fermilab Neutrino Division

ArgoNeut
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ArgoNeut
MicroBoone  
(taking and  
analyzing data now)



Neutrino Detectors - Some Examples
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ArgoNeut
MicroBoone  
(taking and  
analyzing data now)

Effective energy threshold: 
all particles: ~10 MeV
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Neutrino Cross Sections
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Neutrino Cross Sections
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Neutrino Cross Sections

Cross section uncertainties in the few  
GeV range are ~10%. 

Measurements of final state hadron  
multiplicities and double-differential 
cross sections are severely lacking!



How Are Neutrinos Produced?
‣ The universe if full of neutrinos!  About 10 x 

1012 ν’s pass through your body each second!
‣ Nature provides many sources of neutrinos:

• The Big Bang (411/cm3 everywhere in the 
universe)

• Supernovae (99% of the energy in carried 
off by neutrinos!)

• The sun (neutrinos regulate solar fusion)
• Cosmic ray interactions with the upper 

atmosphere.
• Bananas! (~1 million neutrinos/day!)

‣ Man also creates neutrinos:
• Nuclear reactors
• Particle accelerators
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How Are Neutrinos Produced?
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Neutrino Production via Reactors
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Neutrino Production via Reactors
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‣ The Beta spectra of the dominant fission isotopes are fit to the observed 
(measured) Beta spectrum.

‣ The fitted spectra are used to calculate the final antineutrino spectrum.
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Neutrino Production via Reactors
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‣ The Beta spectra of the dominant fission isotopes are fit to the observed 
(measured) Beta spectrum.

‣ The fitted spectra are used to calculate the final antineutrino spectrum.
‣ However, ab-initio approaches using measured fission yields differs by up to 10%.
‣ Currently reactor antineutrino flux prediction uncertainties are ~5%.



Neutrino Production via Accelerators
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PRL,	  9(1):36-‐44,	  Jul	  1962

Be	  target
AGS	  (proton	  accelerator)

neutrino	  beam



Neutrino Production via Accelerators
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‣ First accelerator-based neutrino beam: Brookhaven, 1962
‣ 15 GeV proton beam struck Be target producing secondary hadrons (mostly π’s)
‣ π’s decay to neutrinos
‣ neutrinos interact in detector to produce electrons or muons
‣ detector: spark chamber

PRL,	  9(1):36-‐44,	  Jul	  1962

Be	  target
AGS	  (proton	  accelerator)

neutrino	  beam



Neutrino Production via Accelerators

34Jonathan M. Paley Fermilab Neutrino Division

Discovery of the Muon Neutrino!
PRL, 9(1):36-44, Jul 1962

Leon Lederman Melvin Schwartz Jack Steinberger
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‣ First accelerator-based neutrino beam: Brookhaven, 1962
‣ 15 GeV proton beam struck Be target producing secondary hadrons (mostly π’s)
‣ π’s decay to neutrinos
‣ neutrinos interact in detector to produce electrons or muons
‣ detector: spark chamber

Discovery of the Muon Neutrino!
PRL, 9(1):36-44, Jul 1962

Leon Lederman Melvin Schwartz Jack Steinberger



• High-energy protons strike a light-Z target, 
producing mesons that decay and produce 
neutrinos.

• Magnetic focusing horns increase flux by ~6x, 
allow for sign-selection.

• However, for these 0.5-10 GeV neutrino beams:
• absolute flux is only known to 8-10%.
• absolute neutrino-nucleon cross sections 

around 1 GeV are known to 10-20%.
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Target 
Horns 

Decay Pipe 
Absorber 

Muon Monitors 

Rock 

μ+

π+

10 m 30 m 
675 m 

5 m 
12 m 

18 m 

figure courtesy 

Ž. Pavlović 

Hadron 

Monitor 

νμ

Neutrino Production via Accelerators



Hadron Production Measurements for Neutrino Fluxes
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HARP: p+Be @ 8.9 GeV/c 
for MiniBOONE
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Hadron Production Measurements for Neutrino Fluxes
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HARP: p+Be @ 8.9 GeV/c 
for MiniBOONE
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Hadron Production Measurements for Neutrino Fluxes
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HARP: p+Be @ 8.9 GeV/c 
for MiniBOONE
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Flux uncertainties reduced to ~8-10%. 

Good enough for now, but need to do 
better in future!
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• A [large] “far detector” measures the 
oscillated energy spectrum.

• What is measured is a product of flux, 
cross section, detection efficiency and 
oscillation probability.

• All are functions of neutrino energy.

Precision Oscillation Measurements with Neutrinos

N
FD

(E⌫j ) = �
FD

(E⌫j )⇥ �(E⌫j , AFD
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FD

⇥ P
osc

(i ! j)

• Efficiency can depend on final state topology (differential ν-A cross sections).

Far Detector
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Precision Oscillation Measurements with Neutrinos

Far Detector
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• A [large] “far detector” measures the 
oscillated energy spectrum.

• What is measured is a product of flux, 
cross section, detection efficiency and 
oscillation probability.

• All are functions of neutrino energy.
• Efficiency can depend on final state topology (differential ν-A cross sections).

• Impact of uncertainties in flux and cross section are largely mitigated by having two-
detector experiments, eg, a [small] “near detector” located close to the measures the 
energy spectrum prior to oscillations.

Near Detector
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Precision Oscillation Measurements with Neutrinos

Far Detector
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• A [large] “far detector” measures the 
oscillated energy spectrum.

• What is measured is a product of flux, 
cross section, detection efficiency and 
oscillation probability.

• All are functions of neutrino energy.
• Efficiency can depend on final state topology (differential ν-A cross sections).

• Impact of uncertainties in flux and cross section are largely mitigated by having two-
detector experiments, eg, a [small] “near detector” located close to the measures the 
energy spectrum prior to oscillations.

Near Detector

Want to keep these all as similar as possible to 
minimize systematic uncertainties!



• 3-flavor oscillations, defined by the Δm2 terms 
of the oscillation probability

• “solar” mass splitting
• Δm221 ≡ Δm2☼ ∼ 8 x 10-5 eV2

• L/E ~ 15000 km/GeV
• “atmospheric” mass splitting

• Δm232 ≈ Δm231 ≡ Δm2atm ∼ 2 x 10-3 eV2

• L/E ~ 500 km/GeV
• Nothing to do with the distance between 

source and detector!

What Do We Mean By Long-Baseline?
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Long-Baseline
ν Oscillations

Short-
Baseline
ν Oscillations

0νββ, 
Absolute
ν Mass
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νμ Oscillations in Long-baseline Experiments

42

• Long-baseline νµ → νe experiments have 
the potential to simultaneously measure 
θ13, δCP, sign(Δm312), sign(θ23-45°): 
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M. Freund, Phys. Rev. D64 (2001) 053003
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the potential to simultaneously measure 
θ13, δCP, sign(Δm312), sign(θ23-45°): 

P (⌫µ ! ⌫e) ' sin2 ✓23 sin
2 2✓13

sin2((A� 1)�)

(A� 1)2
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↵ cos � cos ✓13 sin 2✓12 sin 2✓13 sin 2✓23 cos� sin(A�)
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� = �m2
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p
2GFneE⌫/�m2
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↵ = �m2
12/�m2

31

O(↵2)

A� ' L/(2000 km)Note: want to maximize 
M. Freund, Phys. Rev. D64 (2001) 053003
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‣ Long-baseline νµ → νe experiments have 
the potential to simultaneously measure 
θ13, δCP, sign(Δm312), sign(θ23-45°): 

‣ Separate measurement of νμ → νμ gives 
access to sin2(2θ23) and Δm232:

P (⌫µ ! ⌫e) ' sin2 ✓23 sin
2 2✓13
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M. Freund, Phys. Rev. D64 (2001) 053003
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The Solar Neutrino Problem
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‣ We expect to see only νe coming from the 
sun.

‣ Precise solar models allow us to predict the 
energy spectra of neutrinos from the sun.

‣ A deficit (~1/2) of νes has been observed 
since the 1960’s.



�↵ + e� ! �↵ + e�
�e +

2H ! p+ p+ e�

�↵ + 2H ! n+ p+ �↵

RE =
RCC

RES
6= 1 RN =

RCC

RNC
6= 1

⌫e ! ⌫µ,�

The Sudbury Neutrino Oscillation (SNO) Detector
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‣ 1 kton of D2O (2H2O)
‣ Sensitive to:

‣ CC:
‣ ES: 
‣ NC: 

or

means:



The Sudbury Neutrino Oscillation Detector
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The Sudbury Neutrino Oscillation Detector
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arXiv:1109.0763

McDonald	  -‐	  Neutrino	  2012



The KamLAND Experiment
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‣ 1 kton of liquid scintillator
‣ Antineutrinos came from 20 nuclear 

reactors in Japan and South Korea; flux 
weighted average baseline in ~180 km.

‣ Tests solar neutrino oscillations on Earth.



�m2
21 = 7.59± 0.21� 10�5eV2

tan2 �12 = 0.47+0.06
�0.05

KamLAND Results
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Oscillation for L = 180 km

(combined with solar 
data from SNO)

arXiv:0801.4589

arXiv:0801.4589



The Atmospheric Neutrino Anomaly

‣ We	  expect	  to	  see	  
~2x	  as	  many	  
muon	  neutrinos	  
as	  electron	  
neutrinos	  coming	  
from	  cosmic	  rays.
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The Super-Kamiokande Detector (Japan)

‣ Located	  in	  the	  Japanese	  Alps	  in	  a	  zinc	  mine.	  

‣ Covered	  by	  1000m	  of	  rock.	  

‣ 50	  kton	  water	  Cherenkov	  detector	  (39	  m	  
diameter,	  42	  m	  tall)	  

‣ Over	  11,000	  50	  cm	  photomulZplier	  tubes	  
(PMTs)	  detect	  faint	  light	  signals	  from	  
neutrino	  interacZons	  with	  pure	  water	  
inside	  the	  tank.	  

‣ Began	  operaZon	  in	  1996.

51Jonathan M. Paley Fermilab Neutrino Division



The Super-Kamiokande Detector (Japan)

‣ Neutrino	  energy	  is	  determined	  by	  the	  
amount	  of	  light	  captured	  by	  the	  PMTs.	  

‣ Super-‐K	  is	  sensiZve	  to	  a	  very	  wide	  range	  
neutrino	  energies:	  4.5	  MeV	  -‐	  1	  TeV!	  

‣ Electron	  and	  muon	  neutrino	  interacZons	  
idenZfied	  (separated)	  by	  the	  shape	  
(“fuzziness”)	  of	  the	  Ckov	  ring.
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Atmospheric Neutrino Oscillations in Super-K

53

9Super-K Atmospheric n Analysis Samples 
Fully Contained (FC)

Par,ally Contained (PC)

 In total 19 analysis samples: mul�-GeV e-like samples are 

divided into n-like and n-like subsamples  

 Dominated by n
µ
->n

t
 oscilla�ons

 Interested in subdominant contribu�ons to this picture
� Ie three-:avor e>ects, Sterile Neutrinos, LIV, etc. 

Upward-going Muons (Up-µ) 

R. Wendell, Neutrino 2014

• Number of 
detected muon 
neutrino events 
strongly disagrees 
with the predicted 
number.

• Explained by νμ → 
ντ oscillations!
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Atmospheric Neutrino Oscillations in Super-K
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SK$only$parameter$determina=on�

•  SK$only$(θ13$fixed):$Δχ2$=$χ2NH5χ2IH=$54.3$(53.1$expected)$
•  Under$IH$hypothesis,$the$probability$to$obtain$Δχ2$of$54.3$or$less$is$

0.031$(sin2θ23=0.6)$and$0.007$(sin2θ23=0.4).$Under$NH$hypothesis,$the$
probability$is$0.45$(sin2θ23=0.6).$

preliminary$

Fit$(517$dof)� χ2� sin2θ13� δCP� sin2θ23� |Δm2
32|eV2�

SK$(IH)$ 576.08� 0.0219$(fix)� 4.189� 0.575� 2.5x1053�

SK$(NH)� 571.74� 0.0219$(fix)� 4.189� 0.587� 2.5x1053�

11$

|Δm2
32|$

|Δm2
13|�

δCP�sin2θ23�

Inverted 
Normal 

eV2�

Moriyama, Neutrino 2016Δχ2 = -4.3 (-3.1 expected)
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Atmospheric Neutrino Oscillations in Super-K

•  SK+T2K$(θ13$fixed):$Δχ2$=$χ2NH5χ2IH$=$55.2$$
$$$$$$$$$$$$$$$$$$$$$$$$$$$(53.8$exp.$for$SK$best,$53.1$for$combined$best)$
•  Under$IH$hypothesis,$the$probability$to$obtain$Δχ2$of$55.2$or$less$is$

0.024$(sin2θ23=0.6)$and$0.001$(sin2θ23=0.4).$NH:$0.43$(sin2θ23=0.6)$

SK+T2K$νµ,$νe$parameter$determina=on�

Fit$(585$dof)� χ2� sin2θ13� δCP� sin2θ23� |Δm2
32|eV2�

SK+T2K$(IH)$ 644.82� 0.0219$(fix)� 4.538� 0.55� 2.5x1053�

SK+T2K$(NH)� 639.61� 0.0219$(fix)� 4.887� 0.55� 2.4x1053�

preliminary$
Not a joint analysis, fit external data using publicly available T2K info.�

13$

|Δm2
32|$

|Δm2
13|�

δCP�sin2θ23�

eV2�

55

Moriyama, Neutrino 2016Δχ2 = -5.2 (-3.1 expected)

Super-K + T2K [external data, not a joint fit]
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The IceCube/DeepCore Experiment
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• Located at the South Pole.
• Covered by 1450m of ice.
• 5160 optical sensors evenly distributed throughout 600 ktons of 

ice.

• 480 densely-packed optical sensors in the center for improved 
sensitivity at lower energies

D. Jason Koskinen - IceCube/DeepCore/PINGU - Neutrino 2016 3

νμ + N      μ + X 
“Track”

νX + X      νX + X 
“Cascade”

Track topology 
(e.g. induced by  
muon neutrino) 

Good pointing 
IceCube: lower bound on 
energy for through-going 
events 
DeepCore: well 
contained and provide 
good energy via muon 
track length

Cascade topology 
(e.g. induced by electron 
neutrino) 

Good energy resolution 
IceCube: some pointing 
DeepCore: poor 
pointing, more difficult to 
ID and reconstruct
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Recent IceCube Oscillation Results

57

• Updated 2014 results with 
improved detector 
simulation, flux prediction, 
background rejection and 
systematics.

• Consistent with previous 
result and maximal 
mixing.

• Inclusion of non-golden 
events and 3 years 
additional data should 
reduce uncertainties of 
parameters by ~2x.

D. Jason Koskinen - IceCube/DeepCore/PINGU - Neutrino 2016

• 2014 νµ disappearance* event selection and data used for the new 
DeepCore Steriles and Non-Standard Interactions analyses

νµ Disappearance

13

• Improved simulation, 
systematics, and MC/Data 
agreement result in a revised 
contour 

• Consistent with original result 

• Changes established before 
unblinding both NSI and 
DeepCore Sterile analyses 

• Improved: detector noise, flux 
normalization, tighter cut for atm.. 
muon bkg rejection, flux 
prediction, MC charge calibration, 
etc.

IceCube Preliminary

*arXiv:1410.7227

Koskinen, Neutrino 2016
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The MINOS Experiment
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NuMI ν beam
735 km

• Near Detector
• 0.98 kT
• 1.04 km from target• Far Detector

• 5.4 kT
• 735 km from target

Both detectors are magnetized Fe 
tracking calorimeters.
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Identifying Events in MINOS

59

Long μ track + 
shower at vertex

νμ CC event

Short, diffuse event.

NC event

Short event with
EM shower profile.

νe CC event

3.5 m 1.8 m 2.3 m

Eμ determined from curvature and/or range,
Eshower determined from MC tuned to external data.
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MINOS Results

60

Oscillations

Data is very well-described by three-flavour neutrino oscillations
!  Twice as much MINOS+ data still to come
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‣ Includes	  all	  data	  collected	  since	  2005.	  
‣ The	  far	  detector	  has	  now	  been	  shut	  off	  aeer	  a	  decade	  of	  excellent	  
performance.

Evans, Neutrino 2016
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MINOS Results
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23θ2sin
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Reactor Experiments

235U:238U:239Pu:241Pu	  =	  0.570	  :	  0.078	  :	  0.0295	  :	  0.057

6	  anZneutrinos	  per	  fission,	  ~200	  MeV	  per	  fission	  
~2	  x	  1020	  	  νe/GWth/sec

detecZon	  method:	  inverse	  beta	  decay	  
νe	  +	  p	  →	  e+	  +	  n
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‣ Measure	  P(νe	  →	  νe)	  using	  reactors	  as	  the	  anZ-‐neutrino	  source

Reactor Experiments

235U:238U:239Pu:241Pu	  =	  0.570	  :	  0.078	  :	  0.0295	  :	  0.057

6	  anZneutrinos	  per	  fission,	  ~200	  MeV	  per	  fission	  
~2	  x	  1020	  	  νe/GWth/sec

detecZon	  method:	  inverse	  beta	  decay	  
νe	  +	  p	  →	  e+	  +	  n
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Reactor Experiments

‣ “Long-‐baseline”	  reactor	  
experiments	  (eg,	  KamLAND)	  
are	  sensiZve	  only	  to	  the	  solar	  
mass	  splilng.	  

• “Short-‐baseline”	  reactor	  
experiments	  (eg,	  Double	  
Chooz,	  Daya	  Bay)	  are	  
sensiZve	  only	  to	  the	  
atmospheric	  mass	  splilng	  
and	  θ13!



2012: The Year of the Reactor Experiments!
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‣ In	  2012,	  three	  reactor	  neutrino	  
experiments	  reported	  measurements	  of	  
θ13.

Ishitsuka - Neutrino 2012

Soo-Bong Kim - Neutrino 2012

Dwyer - Neutrino 2012

Daya Bay

Double 
Chooz

RENO



2012: The Year of the Reactor Experiments!
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Ishitsuka - Neutrino 2012



2012: The Year of the Reactor Experiments!
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Ishitsuka - Neutrino 2012

Ishitsuka - Neutrino 2012



Four Years of Measurements of θ13
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‣ 11%	  (2012)	  ➝	  4%	  (2016),	  close	  to	  
their	  3%	  goal.	  

‣ Spectral	  analysis	  also	  provides	  
measurement	  of	  Δm231	  (~	  Δm2ee),	  
consistent	  with	  MINOS	  results	  (and	  
comparable	  precision)

40

the observed ⌫
e

survival probability as a function of effective
baseline Le↵ divided by the average antineutrino energy hE

⌫

i.
Almost one full oscillation cycle was sampled, given the range
of L/E

⌫

values which were measured. The data from all
three experimental halls were consistent with the three-flavor
oscillation hypothesis.

 [km/MeV]〉νE〈 / effL
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) eν 
→ eν
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1
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FIG. 40. Measured reactor ⌫e spectral distortion, displayed as
the oscillation survival probability versus L

e↵

/E⌫ . The effective
propagation distance L

e↵

was estimated for each hall based on
the distribution of reactors contributing to the signal (see Eq. 56).
The average true ⌫e energy hE⌫i was determined for each bin in
the observed prompt positron spectrum based on the model of the
detector response. The ⌫e survival probability was given by the
observed signal in each bin divided by the prediction assuming no
oscillation. The measurement sampled ⌫e survival over almost one
full cycle, demonstrating distinct evidence in support of neutrino
flavor oscillation.

The confidence regions for �m2
ee versus sin

2
2✓13 are

shown in Figure 41. The confidence regions were obtained
using the change of the �2 value relative to that of the best
fit, ��2

= �2 � �2
min, as a function of sin

2
2✓13 and��

�m2
ee

��. All other model parameters were profiled during
the determination of the value of ��2. The confidence
regions are defined as ��2 less than 2.30 (68.27% C.L.), 6.18
(95.45% C.L.), and 11.83 (99.73% C.L.). The 1-D distribution
of ��2 are also provided for each individual parameter, where
the alternate parameter has been profiled. A table of ��2

values as a function of sin2 2✓13 and
��
�m2

ee

�� is provided as
Supplemental Material [39].

The precision of this measurement of ✓13 was limited by
statistics, although systematic uncertainty from differences
of the ⌫

e

efficiency between detectors and predicted reactor
flux also contributed significantly. For

��
�m2

ee

��, statistical
and systematic uncertainties were approximately equal in
size. The largest systematic uncertainty arose from potential
variation in the energy calibration of the far versus near
detectors, which was well characterized using multiple
redundant low-energy radioactive sources. Systematic
uncertainty from ⌫

e

interactions in the IAV also contributed.
Figure 42 compares the estimate of sin

2
2✓13 with those

values obtained by other experiments, while Figure 43
provides a similar comparison for measurements of �m2

32.
The measurements relied on a variety of ⌫ observations:

• the disappearance of MeV-energy reactor ⌫
e
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FIG. 41. Confidence regions of sin2 2✓
13

and
���m2

ee

�� from a
combined analysis of the prompt positron spectra and rates. The
1�, 2�, and 3� 2-D confidence regions are estimated using ��2

values of 2.30 (red), 6.18 (green), and 11.83 (blue) relative to the
best fit. The upper panel provides the 1-D ��2 for sin2 2✓

13

obtained by profiling
���m2

ee

�� (blue line), and the dashed lines mark
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⇠km distances,

• the disappearance of ⌫
µ

produced by particle ac-
celerators with mean energies of ⇠600 MeV [67],
⇠3 GeV [68], and ⇠2 GeV [69] which had propagated
distances of ⇠295 km, ⇠735 km, and ⇠810 km
respectively,

• the appearance of ⌫e in those same neutrino beams, and

• the disappearance of ⌫
µ

produced by particle interac-
tions in the upper atmosphere [70, 71], with energies
>1 GeV and baselines up to the diameter of the Earth.

The consistency of the values of �m2
32 measured via these

various techniques firmly establishes the three-flavor model
of neutrino mass and mixing.

VI. SUMMARY

From Dec. 4, 2011 to Jul. 28, 2015, the Daya Bay
experiment measured the rate and energy spectrum of electron
antineutrinos emitted by the six 2.9 GWth reactors of the
Daya Bay and Ling Ao nuclear power facilities. Combining
217 days of data collected using six antineutrino detectors
with 1013 days of data using eight detectors, a total of
2.5 ⇥ 10

6 ⌫
e

inverse beta decay interactions were observed.
The unprecedented statistics of this sample allowed the most
precise measurement of ⌫

e

disappearance to date. A relative
comparison of the rates and positron energy spectra of the
detectors located far (⇠1500-1950 m) relative to those near
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baseline Le↵ divided by the average antineutrino energy hE
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i.
Almost one full oscillation cycle was sampled, given the range
of L/E

⌫

values which were measured. The data from all
three experimental halls were consistent with the three-flavor
oscillation hypothesis.
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FIG. 40. Measured reactor ⌫e spectral distortion, displayed as
the oscillation survival probability versus L
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/E⌫ . The effective
propagation distance L
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was estimated for each hall based on
the distribution of reactors contributing to the signal (see Eq. 56).
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⇠3 GeV [68], and ⇠2 GeV [69] which had propagated
distances of ⇠295 km, ⇠735 km, and ⇠810 km
respectively,

• the appearance of ⌫e in those same neutrino beams, and

• the disappearance of ⌫
µ

produced by particle interac-
tions in the upper atmosphere [70, 71], with energies
>1 GeV and baselines up to the diameter of the Earth.

The consistency of the values of �m2
32 measured via these

various techniques firmly establishes the three-flavor model
of neutrino mass and mixing.

VI. SUMMARY

From Dec. 4, 2011 to Jul. 28, 2015, the Daya Bay
experiment measured the rate and energy spectrum of electron
antineutrinos emitted by the six 2.9 GWth reactors of the
Daya Bay and Ling Ao nuclear power facilities. Combining
217 days of data collected using six antineutrino detectors
with 1013 days of data using eight detectors, a total of
2.5 ⇥ 10

6 ⌫
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inverse beta decay interactions were observed.
The unprecedented statistics of this sample allowed the most
precise measurement of ⌫
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Experiment Value

Daya Bay

0.02 0.04 0.06 0.08 0.1 0.12 0.14

sin2 2✓13

0.0841±0.0033

RENO 0.082±0.010

D-CHOOZ 0.111±0.018

T2K 0.100+0.041
�0.017

MINOS
NH 0.051+0.038

�0.030

IH 0.093+0.054
�0.049

FIG. 42. Comparison of measurements of sin2 2✓
13

: this
measurement (blue point); RENO [72] and Double-CHOOZ [73]
(red points); T2K [74] and MINOS [75] (green points). The T2K
and MINOS values were deduced from 2 sin2 ✓

23

sin2 2✓
13

, and are
presented for the two cases of the normal (upper) and inverted (lower)
mass hierarchy. The MINOS measurement assumed sin2 ✓

23

= 0.5,
�
CP

= 0, while the T2K measurement marginalized over these
unknown parameters.

Experiment Value (10�3 eV2)

Daya Bay

2.3 2.4 2.5 2.6 2.7 2.8

|�m2
32| (10�3eV2)

2.45±0.08

T2K 2.545+0.081
�0.084

MINOS 2.42±0.09

NO⌫A 2.67±0.12

Super-K 2.50+0.13
�0.20

IceCube 2.50+0.18
�0.24

RENO 2.57+0.24
�0.26

FIG. 43. Comparison of measurements of �m2

32

: this measurement
(blue point); RENO [72] (red point); T2K [74], MINOS [76],
and NO⌫A [77] (green points); Super-Kamiokande [78] and
IceCube [79] (cyan points). All values are given for the case of the
normal mass hierarchy; the comparison for the inverted ordering was
qualitatively similar.

the reactors (⇠350-600 m) gave sin

2
2✓13 = 0.0841 ±

0.0027(stat.)±0.0019(syst.) and the effective neutrino mass-
squared difference of

��
�m2

ee

��
= (2.50 ± 0.06(stat.) ±

0.06(syst.)) ⇥ 10

�3
eV

2. This is equivalent to �m2
32 =

(2.45± 0.06(stat.)± 0.06(syst.))⇥ 10

�3
eV

2 assuming the
normal mass hierarchy, or �m2

32 = (�2.56 ± 0.06(stat.) ±
0.06(syst.))⇥ 10

�3
eV

2 assuming the inverse hierarchy. The
consistency with �m2

32 measured using ⇠GeV accelerator
and atmospheric ⌫

µ

disappearance strongly supports the three-
flavor model of neutrino oscillation.
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Appendix A: Prediction of the ⌫e Signal

A method to calculate the expected rate and reconstructed
positron energy spectrum from ⌫

e

inverse beta decay
interactions in the Daya Bay detectors is summarized in this
appendix. The total number of signals in the reconstructed
energy interval {Ek

rec, E
k+1
rec } of the prompt energy spectrum

for detector i is given by

N exp
ik

= N IBD
ik

+Nbkg
ik

, (A1)

where N IBD
ik

are from ⌫
e

inverse beta decay positrons
and Nbkg

ik

are the contributions from backgrounds. The
background spectra are displayed in Fig. 38, while their rates
are summarized in Table VI. The IBD signal is given by

N IBD
ik

=

Z
E

k+1
rec

E

k
rec

dErec

Z

tDAQ

dt
d2N

i

dErecdt
"
i

(t), (A2)

where d2N
i

(Erec, t)/dErecdt is the expected signal number
density as a function of time and reconstructed energy. The
integral includes the efficiency of detector i, "

i

(t), which
accounts for the slight variations in detector livetime and veto
efficiency versus time. Eq. A2 was designed for use in the
combined analysis of the spectrum and rate, but was also
applied to the rate-only analysis by using only a single energy
interval per detector.

Given the true IBD positron energy, including the energy
from annihilation,

Etrue = E
e

+m
e

, (A3)
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The NOνA Experiment

‣ If neutrinos violate CP, they could have driven leptogenesis in 
the early universe, which could explain the matter-antimatter 
asymmetry in the universe.

‣ These are fundamental parameters, needed for both 
theoretical calculations as well as for optimizing future 
experiments.

‣ Do the relative masses of the neutrinos follow a “normal” 
hierarchy (m3>m2>m1) or an “inverted” hierarchy 
(m2>m1>m3)?

67

Existing NuMI 
Beam from FNAL
Upgrade from 330 kW to 
700 kW in progress

Nearly identical 330 ton 
detector located at FNAL, 
14 mrad off-axis & 1 km 
from source will measure 
ν spectrum before 
oscillations occur.

‣ Primary Goals:
‣ Observe νμ → νe  and measure the 

mixing angle θ13 .
‣ Resolution of the neutrino mass 

hierarchy 
‣ Search for CP violation in the 

neutrino sector
‣ Improved measurements of 

sin2(2θ23) to within a few percent.
‣ Determine the octant of θ23

Ash River, MN

14 kton, 810 km, 
14.6 mrad off-axis
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Distinguishing Neutrino Events in NOνA

68

νµ  CC

νe  CC

NC π 0

ν 

µ 

p+ 

e 

γ → e+e−

Small shower from 2nd γ 

Simulated	  Events

Long, straight track

Shorter, wider, 
EM-like shower

Gap at vertex
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5

FIG. 2: Total number of selected ⌫e candidate events expected
at the FD. The blue represents Normal Hierarchy (NH) and
the orange Inverted Hierarchy (IH). The bands correspond to
the range sin2

✓23 = 0.40 (lower edge) to 0.62 (upper edge),
with the solid line marking maximal mixing. The x-axis gives
the value of the CP phase, while all other parameters are held
fixed at the best fit values found by NOvA’s latest analysis of
⌫µ disappearance [30].
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FIG. 3: Reconstructed energy of selected FD events in three
bins of the CVN classifier variable. Black points show the
data, the red line shows the predicted spectrum at the best fit
point in Normal Hierarchy (NH), with the blue area showing
the total expected background.

considered include neutrino flux, modeling of neutrino in-
teractions and detector response. The overall e↵ect of the
uncertainties summed in quadrature on the total event
count is 5.0% (10.5%) on the signal (background). The
statistical uncertainties of 20.1% (34.9%) on the signal
(background) therefore dominate.

After the event selection criteria and analysis proce-
dures were finalized, inspection of the FD data revealed
33 ⌫e candidates, of which 8.2 ± 0.8 (syst.) events are
predicted to be background [42]. Figure 3 shows a com-
parison of the event distribution with the expectations at
the best fit point as a function of the classifier variable
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FIG. 4: Regions of �CP vs. sin2
✓23 parameter space consis-

tent with the observed spectrum of ⌫e candidates and the ⌫µ

disappearance data [30]. The top panel corresponds to normal
mass hierarchy (�m

2
32 > 0) and the bottom panel to inverted

hierarchy (�m

2
32 < 0). The color intensity indicates the con-

fidence level at which particular parameter combinations are
allowed.

and reconstructed neutrino energy.
To extract oscillation parameters, the ⌫e CC energy

spectrum in bins of event classifier is fit simultaneously
with the FD ⌫µ CC energy spectrum [30]. The NOvA ⌫µ
disappearance result constrains sin2 ✓23 around degener-
ate best fit points of 0.404 and 0.624. The likelihood be-
tween the observed spectra and the Poisson expectation
in each bin is computed as a function of the oscillation pa-
rameters |�m2

32|, ✓23, ✓13, �CP , and the mass hierarchy.
Each source of systematic uncertainty is incorporated
into the fit as a nuisance parameter, which varies the pre-
dicted FD spectrum according to the shifts determined
from systematically shifted samples. Where systematic
uncertainties are common between the two data sets, the
nuisance parameters associated with the e↵ect are corre-
lated appropriately. Gaussian penalty terms are applied
to represent the estimates of the 1� ranges of these pa-
rameters, and the knowledge of sin2 2✓13 = 0.085± 0.005
from reactor experiments [38].
Figure 4 shows the regions of (sin2 ✓23, �CP ) space al-

lowed at various confidence levels. The likelihood surface
is profiled over the parameters |�m2

32| and ✓13 while the
solar parameters �m2

21 and ✓12 are held fixed. The sig-
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considered include neutrino flux, modeling of neutrino in-
teractions and detector response. The overall e↵ect of the
uncertainties summed in quadrature on the total event
count is 5.0% (10.5%) on the signal (background). The
statistical uncertainties of 20.1% (34.9%) on the signal
(background) therefore dominate.

After the event selection criteria and analysis proce-
dures were finalized, inspection of the FD data revealed
33 ⌫e candidates, of which 8.2 ± 0.8 (syst.) events are
predicted to be background [42]. Figure 3 shows a com-
parison of the event distribution with the expectations at
the best fit point as a function of the classifier variable
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and reconstructed neutrino energy.
To extract oscillation parameters, the ⌫e CC energy

spectrum in bins of event classifier is fit simultaneously
with the FD ⌫µ CC energy spectrum [30]. The NOvA ⌫µ
disappearance result constrains sin2 ✓23 around degener-
ate best fit points of 0.404 and 0.624. The likelihood be-
tween the observed spectra and the Poisson expectation
in each bin is computed as a function of the oscillation pa-
rameters |�m2

32|, ✓23, ✓13, �CP , and the mass hierarchy.
Each source of systematic uncertainty is incorporated
into the fit as a nuisance parameter, which varies the pre-
dicted FD spectrum according to the shifts determined
from systematically shifted samples. Where systematic
uncertainties are common between the two data sets, the
nuisance parameters associated with the e↵ect are corre-
lated appropriately. Gaussian penalty terms are applied
to represent the estimates of the 1� ranges of these pa-
rameters, and the knowledge of sin2 2✓13 = 0.085± 0.005
from reactor experiments [38].
Figure 4 shows the regions of (sin2 ✓23, �CP ) space al-

lowed at various confidence levels. The likelihood surface
is profiled over the parameters |�m2

32| and ✓13 while the
solar parameters �m2

21 and ✓12 are held fixed. The sig-
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Recent Results from NOνA

‣ Observed	  33	  events,	  with	  an	  expected	  
background	  of	  8.2	  ±	  0.8	  events.	  

‣ Right:	  Δm2	  and	  θ23	  are	  constrained	  from	  
NOvA	  disappearance	  fits.	  

‣ Best	  fit:	  Normal	  Hiearchy,	  δCP=1.5π,	  
sin2(θ23)	  =	  0.40.	  

‣ 93%	  CL	  exclusion	  of	  IH
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The Tokai to Kamioka (T2K) Experiment

• Beam is directed 2.5º off-axis w.r.t. Super-K far 
detector: narrow spectrum peaked at 600 MeV.

• High resolution near detector but with different 
nuclear targets.

• Fairly insensitive to matter effects due to shorter 
baseline.

• Has collected ~equal amounts of neutrino and anti-
neutrino beam data.

P R O D U C I N G  T H E  B E A M

NUFACT Workshop Mark Hartz, U. of Toronto/York U.

Beamline Magnets

Superconducting Magnets

Normal Conducting Magnets

 Located in the arc section of the beamline

 28 magnets each producing both dipole 
(2.59 T) and quadrapole (18.6 T/m) fields

 Operational current of 4.36 kA, T
max

<5 K

 2 hour recovery from normal quench

 Located in the preparation and final focusing sections of the beamline

 Operate in the 1-10 kG range
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primary beamline

3.3. Muon Monitor

The neutrino beam intensity and direction can be monitored
on a bunch-by-bunch basis by measuring the distribution pro-
file of muons, because muons are mainly produced along with
neutrinos from the pion two-body decay. The neutrino beam
direction is determined to be the direction from the target to
the center of the muon profile. The muon monitor [18, 19] is
located just behind the beam dump. The muon monitor is de-
signed to measure the neutrino beam direction with a precision
better than 0.25 mrad, which corresponds to a 3 cm precision
of the muon profile center. It is also required to monitor the
stability of the neutrino beam intensity with a precision better
than 3%.

A detector made of nuclear emulsion was installed just down-
stream of the muon monitor to measure the absolute flux and
momentum distribution of muons.

3.3.1. Characteristics of the Muon Flux
Based on the beamline simulation package, described in Sec-

tion 3.5, the intensity of the muon flux at the muon monitor, for
3.3 × 1014 protons/spill and 320 kA horn current, is estimated
to be 1 × 107 charged particles/cm2/bunch with a Gaussian-like
profile around the beam center and approximately 1 m in width.
The flux is composed of around 87% muons, with delta-rays
making up the remainder.

3.3.2. Muon Monitor Detectors
The muon monitor consists of two types of detector arrays:

ionization chambers at 117.5 m from the target and silicon PIN
photodiodes at 118.7 m (Fig. 8). Each array holds 49 sensors
at 25 cm × 25 cm intervals and covers a 150 × 150 cm2 area.
The collected charge on each sensor is read out by a 65 MHz
FADC. The 2D muon profile is reconstructed in each array from
the distribution of the observed charge.

The arrays are fixed on a support enclosure for thermal insu-
lation. The temperature inside the enclosure is kept at around
34◦C (within ±0.7◦C variation) with a sheathed heater, as the
signal gain in the ionization chamber is dependent on the gas
temperature.

An absorbed dose at the muon monitor is estimated to be
about 100 kGy for a 100-day operation at 750 kW. Therefore,
every component in the muon pit is made of radiation-tolerant
and low-activation material such as polyimide, ceramic, or alu-
minum.

3.3.3. Ionization Chamber
There are seven ionization chambers, each of which contains

seven sensors in a 150×50×1956 mm3 aluminum gas tube. The
75 × 75 × 3 mm3 active volume of each sensor is made by two
parallel plate electrodes on alumina-ceramic plates. Between
the electrodes, 200 V is applied.

Two kinds of gas are used for the ionization chambers ac-
cording to the beam intensity: Ar with 2% N2 for low intensity,
and He with 1% N2 for high intensity. The gas is fed in at ap-
proximately 100 cm3/min. The gas temperature, pressure and
oxygen contamination are kept at around 34◦C with a 1.5◦C

Figure 8: Photograph of the muon monitor inside the support
enclosure. The silicon PIN photodiode array is on the right side
and the ionization chamber array is on the left side. The muon
beam enters from the left side.

gradient and ±0.2◦C variation, at 130 ± 0.2 kPa (absolute), and
below 2 ppm, respectively.

3.3.4. Silicon PIN Photodiode
Each silicon PIN photodiode (Hamamatsu® S3590-08) has

an active area of 10 × 10 mm2 and a depletion layer thickness
of 300 µm. To fully deplete the silicon layer, 80 V is applied.

The intrinsic resolution of the muon monitor is less than
0.1% for the intensity and less than 0.3 cm for the profile center.

3.3.5. Emulsion Tracker
The emulsion trackers are composed of two types of mod-

ules. The module for the flux measurement consists of eight
consecutive emulsion films [20]. It measures the muon flux
with a systematic uncertainty of 2%. The other module for the
momentum measurement is made of 25 emulsion films inter-
leaved by 1 mm lead plates, which can measure the momentum
of each particle by multiple Coulomb scattering with a preci-
sion of 28% at a muon energy of 2 GeV/c [21, 22]. These films
are analyzed by scanning microscopes [23, 24].

3.4. Beamline Online System
For the stable and safe operation of the beamline, the online

system collects information on the beamline equipment and the
beam measured by the beam monitors, and feeds it back to the
operators. It also provides Super-Kamiokande with the spill
information for event synchronization by means of GPS, which
is described in detail in Section 3.6.2.

3.4.1. DAQ System
The signals from each beam monitor are brought to one of

five front-end stations in different buildings beside the beam-
line. The SSEM, BLM, and horn current signals are digitized
by a 65 MHz FADC in the COPPER system [25]. The CT and
ESM signals are digitized by a 160 MHz VME FADC [26].
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horn/target assembly

horn

He decay volumeMuon monitors

Beam dump

• 30 GeV protons extracted from J-PARC MR to carbon target 

• secondary π+ focussed by three magnetic “horns” 

• primarily νµ beam from π+→ µ++ νµ 

• reverse polarity for antineutrino beam: π-→ µ-+ νµ 

• spectrum peaked at 600 MeV 2.5º “off axis” towards SK 

• expected oscillation “maximum” for L=295 km

3

production, from the interaction of primary beam protons in the T2K target, to the decay of hadrons
and muons that produce neutrinos. The simulation uses proton beam monitor measurements as
inputs. The modeling of hadronic interactions is re-weighted using thin target hadron production
data, including recent charged pion and kaon measurements from the NA61/SHINE experiment.
For the first T2K analyses the uncertainties on the flux prediction are evaluated to be below 15%
near the flux peak. The uncertainty on the ratio of the flux predictions at the far and near detectors
is less than 2% near the flux peak.

PACS numbers: 24.10.Lx,14.60.Lm

I. INTRODUCTION

Predicting the neutrino flux and energy spectrum is an
important component of analyses in accelerator neutrino
experiments [1–4]. However, it is di�cult to simulate
the flux precisely due to uncertainties in the underly-
ing physical processes, particularly hadron production
in proton-nucleus interactions. To reduce flux-related
uncertainties, neutrino oscillation experiments are some-
times conducted by comparing measurements between a
near detector site and a far detector site, allowing for
cancellation of correlated uncertainties. Therefore, it is
important to correctly predict the relationship between
the fluxes at the two detector sites, described below as
the far-to-near ratio.

T2K (Tokai-to-Kamioka) [5][6] is a long-baseline neu-
trino oscillation experiment that uses an intense muon
neutrino beam to measure the mixing angle ✓13 via the
⌫

e

appearance [7] and the mixing angle ✓23 and mass dif-
ference �m

2
32 via the ⌫

µ

disappearance [8]. The muon
neutrino beam is produced as the decay products of pi-
ons and kaons generated by the interaction of the 30 GeV
proton beam from Japan Proton Accelerator Research
Complex (J-PARC) with a graphite target. The prop-
erties of the generated neutrinos are measured at near
detectors placed 280 m from the target and at the far
detector, Super-Kamiokande (SK) [9], which is located
295 km away. The e↵ect of oscillation is expected to be
negligible at the near detectors and significant at SK.

The T2K experiment employs the o↵-axis method [10]
to generate a narrow-band neutrino beam and this is the
first time this technique has been used in a search for neu-
trino oscillations. The method utilizes the fact that the
energy of a neutrino emitted in the two-body pion (kaon)
decay, the dominant mode for the neutrino production,
at an angle relative to the parent meson direction is only
weakly dependent on the momentum of the parent. The
parent ⇡

+(�)’s are focused parallel to the proton beam
axis to produce the (anti-)neutrino beam. By position-
ing a detector at an angle relative to the focusing axis,
one will, therefore, see neutrinos with a narrow spread

⇤

also at J-PARC Center

†

also at Institute of Particle Physics, Canada

‡

also at JINR, Dubna, Russia

§

deceased

¶

also at BMCC/CUNY, New York, New York, U.S.A.

in energy. The peak energy of the neutrino beam can be
varied by changing the o↵-axis angle as illustrated in the
lower panel of Fig. 1. In the case of T2K, the o↵-axis
angle is set at 2.5� so that the neutrino beam at SK has
a peak energy at about 0.6 GeV, near the expected first
oscillation maximum (Fig. 1). This maximizes the e↵ect
of the neutrino oscillations at 295 km as well as reduces
background events. Since the energy spectrum changes
depending on the o↵-axis angle, the neutrino beam di-
rection has to be precisely monitored.
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FIG. 1: Muon neutrino survival probability at 295 km
and neutrino fluxes for di↵erent o↵-axis angles.

To determine the oscillation parameters, the expected
observables at the far detector are predicted based on
the flux prediction and the neutrino-nucleus interaction
model. To reduce the uncertainty of the prediction, they
are modified based on the near detector measurements.
For example, the absolute normalization uncertainty is
e�ciently canceled by normalizing with the event rate at
the near detector. Then, it is important to reduce the
uncertainty on the relation between the flux at the near
detector and that at the far detector.
The physics goals of T2K are to be sensitive to the val-

ues of sin2 2✓13 down to 0.006 and to measure the neu-

8

T 2 K :

• Intense muon (anti)neutrino beam from J-PARC to Super-K to study: 

• muon (anti) neutrino disappearance (νµ↛νµ ,  νµ↛νµ)  

• electron (anti)neutrino appearance (νµ→νe , νµ→νe) 

• rich program of  

• neutrino-nucleus interaction studies with near detectors 

• “exotic” physics: Lorentz violation, sterile neutrinos, heavy leptons, etc. 

• Will not be able to discuss these other interesting topics. 

TokaiKamioka

J-PARC
Super-Kamiokande 

“far” detector

295 km

ND280 
“near” detectors

~400 collaborators 
  59 institutions 
  11 nations

4
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Analysis frameworks 

• Frequentist with Δχ2  fit to 

• Erec/θlep for νe/νe 

• Erec for νµ/νµ  

• Bayesian with likelihood fit to 

• plep/θlep for νe/νe 

• Erec for νµ/νµ 

• Bayesian with Markov Chain MC 

• Erec for all samples 

• simultaneous fit with near 
detector

E V E N T S  AT  S U P E R - K A M I O K A N D E
O B S . EXP. (NH, sin2Θ23=0.528, NH)

δCP=-π/2 δCP=0 δCP=+π/2 δCP=π

νµ 1 2 5 1 2 7 . 9 1 2 7 . 6 1 2 7 . 8 1 2 8 . 1

νe 3 2 2 7 . 0 2 2 . 7 1 8 . 5 2 2 . 7

νµ 6 6 6 4 . 4 6 4 . 3 6 4 . 4 6 4 . 6

νe 4 6 . 0 6 . 9 7 . 7 6 . 8

νµ candidates

νe candidates

νe candidates
νµ candidates

Erec distributions assuming 2-body (“QE”) kinematics

20

T2K Run1-7b PRELIMINARY T2K Run1-7b PRELIMINARY

T2K Run1-7b PRELIMINARYT2K Run1-7b PRELIMINARY

P1.041 R. Shah

Tanaka, Neutrino 2016

Joint 3-flavor fit 
performed on all 
data sets.
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s i n 2θ 2 3  A N D  Δm 2 3 2

• Results continue to be consistent 
with maximal mixing/oscillation
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δ C P V S .  θ 1 3

• Left: δCP vs. θ13 (fixed Δχ2
, fixed hierarchy) 

• T2K-only 

• T2K with reactor sin
2
2θ13= 0.085±0.005 

• Below: δCP with Feldman-Cousins critical 
values and reactor θ13

δCP = [-3.02, -0.49] (NH),  [-1.87, -0.98] (IH)  @90% CL

T2K Run1-7b 
PRELIMINARYT2K Run1-7b 

PRELIMINARY

T2K Run1-7b 
PRELIMINARY

CPδ
-3 -2 -1 0 1 2 3

-2
ln

L

0

5

10

15

20

25

Normal Hierarchy
Inverted Hierarchy

T2K Run1-7b preliminary
note change in horizontal scale
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• Left: δCP vs. θ13 (fixed Δχ2
, fixed hierarchy) 

• T2K-only 

• T2K with reactor sin
2
2θ13= 0.085±0.005 

• Below: δCP with Feldman-Cousins critical 
values and reactor θ13

δCP = [-3.02, -0.49] (NH),  [-1.87, -0.98] (IH)  @90% CL
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T2K Run1-7b preliminary
note change in horizontal scale
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D ISCUSS ION
• Observe 

• more νe candidates than predicted 

• fewer νe candidates than predicted 

in the case of NH, δCP = -π/2 that induces 
the largest asymmetry

TRUE PARAMETERS
δCP=-π/2, NH δCP=0, NH

90% 0 . 1 8 7 0 . 1 0 2

2 σ 0 . 0 8 9 0 . 0 4 7

EXPECTED  (NH, sin2Θ23=0.528)

OBS . δCP=-π/2 δCP=0 δCP=+π/2 δCP=π

νe 32 2 7 . 0 2 2 . 7 1 8 . 5 2 2 . 7

νe 4 6 . 0 6 . 9 7 . 7 6 . 8

• Toy MC run to assess probability of outcome 
given a set of “true” parameters 

• Below: fraction where δCP =0 excluded at  90% 
or 2 σ CL for NH, δCP = -π/2, 0

observed vs. expected number of νe and νe candidates

23

δCP = -π/2, NH

using constraint of 
sin2 2θ13 = 0.085 ± 0.005



• Measurements	  involving	  νe	  appearance	  with	  
L/E	  ~	  1	  km/GeV	  (1	  m/MeV)	  

• LSND,	  MiniBooNE	  

• Implies	  existence	  of	  neutrinos	  that	  do	  not	  
interact	  via	  the	  weak	  force…	  aka	  sterile

What Do We Mean By Short-Baseline?

75

Long-Baseline
ν Oscillations

Short-Baseline
ν Oscillations

ν1

ν2

ν3

ν4

m
as

s

Jonathan M. Paley Fermilab Neutrino Division

0ν
Absolute
ν Mass



The LSND Anomaly
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‣ Single	  167	  ton	  liquid	  scinZllator	  detector	  (1000	  PMTs)	  

‣ Used	  stopped	  pion	  beam,	  Eν	  ~	  20-‐53	  MeV,	  L	  ~	  30	  m

Proton beam
from LANSCE
accelerator

Water
target

Copper
beamstop

Neutrinos

Steel

Detector

Cosmic-ray
veto shield

Shielding blocks

Water plug
(more shielding)



The LSND Anomaly
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4σ	  excess!

‣ Taking	  the	  LSND	  result	  at	  face	  value,	  the	  most	  straighvorward	  explanaZon	  is	  the	  
existence	  of	  another	  neutrino.	  

‣ Neutrino	  does	  not	  interact	  via	  the	  weak	  force:	  STERILE



And Along Comes MiniBooNE...

78Jonathan M. Paley Fermilab Neutrino Division

‣ Designed	  to	  check	  the	  LSND	  result	  
‣ Average	  energy	  of	  neutrinos	  ~10x	  larger	  

than	  LSND,	  so	  x10	  increase	  in	  cross-‐secZon	  
(more	  neutrino	  interacZons	  in	  detector)	  

‣ Use	  of	  horn	  increased	  neutrino	  flux,	  allows	  
one	  to	  measure	  rates	  for	  either	  neutrinos	  
or	  anZ-‐neutrinos	  

‣ However,	  different	  backgrounds	  than	  LSND,	  
eg:	  
‣ wrong-‐sign	  neutrinos	  
‣ intrinsic	  beam	  νe	  from	  K-‐decays

Polly	  -‐	  Neutrino	  2012
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‣ Average	  energy	  of	  neutrinos	  ~10x	  larger	  

than	  LSND,	  so	  x10	  increase	  in	  cross-‐secZon	  
(more	  neutrino	  interacZons	  in	  detector)	  

‣ Use	  of	  horn	  increased	  neutrino	  flux,	  allows	  
one	  to	  measure	  rates	  for	  either	  neutrinos	  
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‣ However,	  different	  backgrounds	  than	  LSND,	  
eg:	  
‣ wrong-‐sign	  neutrinos	  
‣ intrinsic	  beam	  νe	  from	  K-‐decays
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Polly	  -‐	  Neutrino	  2012



MiniBooNE Results
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‣ neutrino-‐mode:	  
‣ excess	  of	  νe	  from	  200-‐1250	  MeV	  
‣ however,	  excess	  is	  all	  at	  lower	  energies	  (<	  475	  MeV)	  where	  backgrounds	  are	  very	  large	  
‣ LSND	  result	  predicts	  that	  excess	  should	  be	  	  in	  the	  range	  of	  600-‐800	  MeV	  

‣ Similar	  results	  in	  latest	  measurement	  of	  anZ-‐neutrinos	  
‣ Not	  clear	  if	  the	  low-‐energy	  excesses	  are	  due	  to	  oscillaZons,	  some	  unrecognized	  

background,	  or	  something	  else.

Polly	  -‐	  Neutrino	  2012
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‣ excess	  of	  νe	  from	  200-‐1250	  MeV	  
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Polly	  -‐	  Neutrino	  2012



Looking to the 
Not-too-Distant Future...
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• Detectors will be HUGE:
• MEGATON-scale H2O Ckov detector (Japan, Europe)**
• 10-50 kton LAr TPC detector (USA, Europe, Japan, India, Japan)**
• 50 kton magnetized Fe calorimeter (India)
• 20 kton liquid scintillator detector (China, S. Korea)

• Primary goals:
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• Detectors will be HUGE:
• MEGATON-scale H2O Ckov detector (Japan, Europe)**
• 10-50 kton LAr TPC detector (USA, Europe, Japan, India, Japan)**
• 50 kton magnetized Fe calorimeter (India)
• 20 kton liquid scintillator detector (China, S. Korea)

• Primary goals:
• Precise determination of all neutrino oscillation parameters
• Determination of the mass-hierarchy (guaranteed)
• Determination of the CP-violating angle (could cover >90% of allowed 

values)**
• Secondary goals:

• Search for proton decay
• Measure neutrino spectra from galactic supernovae
• Geoneutrinos
• Much much more
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• 1 Megaton (~20x larger than SuperK!)
• 99000 20” PMTs
• 295 km baseline
• Could also improve proton-decay limits by ~10x
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The Deep Underground Neutrino Experiment (DUNE, USA)
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Lead, SD
1300 km, on-axis

New ν Beam from FNAL (LBNF)
1.2 MW initially, upgradable to 2.2 MW

10-40 kton LAr TPC
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Control of systematics 
for DUNE is critical!

DUNE Sensitivities
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Short-Baseline Neutrino Program
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• DUNE poses some challenges:
• At least 10 years for data collection to begin.
• LAr TPCs are new technology, the community is generally inexperienced.
• Simulations and reconstruction software need improvement.
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• DUNE poses some challenges:
• At least 10 years for data collection to begin.
• LAr TPCs are new technology, the community is generally inexperienced.
• Simulations and reconstruction software need improvement.

• To address these issues, a short-baseline neutrino oscillation program 
featuring three LAr TPC detectors is being developed at Fermilab.

• MicroBooNE is up and running, and ICARUS will be installed later this 
year!
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A Proposal for a Three Detector

Short-Baseline Neutrino Oscillation Program

in the Fermilab Booster Neutrino Beam
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SBN Physics Program I-44

FIG. 22: Sensitivity of the SBN Program to ⌫
µ

! ⌫
e

oscillation signals. All backgrounds and sys-
tematic uncertainties described in this proposal (except detector systematics, see text) are included.
The sensitivity shown corresponds to the event distributions on the right in Figure 21, which in-
cludes the topological cuts on cosmic backgrounds and an additional 95% rejection factor coming
from an external cosmic tagging system and internal light collection system to reject cosmic rays ar-
riving at the detector in time with the beam.

In Figure 23, we present the sensitivity in a di↵erent way that facilitates easier comparison
between di↵erent results. Rather than displaying fixed confidence level contours (90%, 3�, 5�)
in the (�m

2, sin2 2✓) plane, we plot the significance with which the experiment covers the 99%
C.L. allowed region of the LSND experiment as a function of �m

2. The curves are extracted
by asking what �

2 value the analysis produces at each point along the left edge of the 99%
C.L. LSND region. The gray bands correspond to �m

2 ranges where LSND reports no allowed
regions at 99% C.L.

Two versions of this plot are shown in Figure 23. The top presents the significance at which
the LSND region would be covered for the di↵erent possible combinations of SBN detectors:
LAr1-ND +MicroBooNE only (blue), LAr1-ND + ICARUS only (black), and all three detectors
in combination (red). This presentation makes clear the contributions of the MicroBooNE and
ICARUS-T600 detectors as far detectors in the oscillation search. The presence of the large
mass added by the ICARUS-T600 detector is imperative to achieving 5� coverage. In addition,

Short-Baseline Neutrino Program
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• Although we have learned much in 
the last 20 years, there is much we 
still do not know.

• Future 0νββ and direct mass 
measurements will reach sub-eV 
sensitivity in the mass, but we 
need truly massive detectors to 
determine the nature of the 
neutrino.

• Future oscillation experiments are 
well-positioned to determine many 
of the other “unknowns”. 

• Data and results will continue to 
flow for the next decade; the future 
is bright for neutrino physics!

• The discovery of neutrino oscillations has revolutionized the field of particle 
physics.
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Why Measure These Neutrino Oscillation Parameters?
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‣ These are fundamental parameters, needed for both theoretical calculations as well as 
for optimizing future experiments.
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Effective reach of next  
generation 0νββ experiments!
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(eg, see-saw mechanism) -  neutrinos provide a 
window to physics at the GUT scale!
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‣ These are fundamental parameters, needed for both theoretical calculations as well as 
for optimizing future experiments.

‣ If neutrinos violate CP, they could have driven leptogenesis in the early universe, which 
could explain the matter-antimatter asymmetry in the universe.

‣ Do the relative masses of the neutrinos follow a “normal” ordering (m3>m2>m1) or an 
“inverted” ordering (m2>m1>m3)?

‣ If θ23 is exactly maximal, why?  The pattern of 
mixing angles could provide insights into 
unification, new symmetries, etc.

‣ If neutrino oscillation experiments establish the 
inverted hierarchy and the next generation 0νBB 
experiments see nothing, then it is very likely 
that neutrinos are Dirac particles.

‣ Small neutrino masses suggest a heavy partner 
(eg, see-saw mechanism) -  neutrinos provide a 
window to physics at the GUT scale!

‣ Want to overconstrain (squeeze) the 3-flavor 
mixing model - maybe we’ll find some 
inconsistencies driven by new physics.
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Why Measure These Neutrino Oscillation Parameters?


