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The	
  Neutrino

• The	
  “little	
  neutral	
  one”
– Massless,	
  neutral	
  particle	
  
– Proposed	
  in	
  the	
  1930’s	
  to	
  
save	
  energy	
  conservation	
  
in	
  β decay
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having 110 photomultiplier tubes to
collect scintillation light and produce
electronic signals. 

In this sandwich configuration, a
neutrino-induced event in, say, tank A
would create two pairs of proton
prompt-coincidence pulses from detec-
tors I and II flanking tank A. The first
pair of pulses would be from positron
annihilation and the second from 
neutron capture. The two pairs would
be separated by about 3 to 10 microsec-
onds. Finally, no signal would emanate
from detector III because the gamma
rays from positron annihilation and
neutron capture in tank A are too low
in energy to reach detector III. 

Thus, the spatial origin of the event
could be deduced with certainty, and
the signals would be distinguished from
false delayed-coincidence signals 
induced by stray neutrons, gamma rays,
and other stray particles from cosmic-
ray showers or from the reactor. These
spurious signals would most likely 
trigger detectors I, II, and III in a 
random combination. The all-important
electronics were designed primarily by
Kiko Harrison and Austin McGuire.

The box entitled “Delayed-
Coincidence Signals from Inverse Beta
Decay” (page 22) illustrates delayed-
coincidence signals from the detector’s
top triad (composed of target tank A
and scintillation detectors I and II).
Once the delayed-coincidence signals
have been recorded, the neutrino-
induced event is complete. The signals
from the positron and neutron circuits,
which have been stored on delay lines,
are presented to the oscilloscopes. 

Figure 5 shows a few samples of 
oscilloscope pictures—some are accept-
able signals of inverse beta decay while
others are not.

Austin McGuire was in charge of
the design and construction of the 
“tank farm” that would house and
transport the thousands of gallons of
liquid scintillator needed for the experi-
ment. Three steel tanks were placed on
a flat trailer bed. The interior surfaces
of the tanks were coated with epoxy to
preserve the purity of the liquids.

Today, the need for purity and cleanli-
ness is becoming legendary as 
researchers build an enormous tank for
the next generation of solar-neutrino
experiments (see the article “Exorcising
Ghosts” on page 136), but even in 
the 1950s, possible background conta-
mination was an overriding concern. 

Since the scintillator had to be 
kept at a temperature not lower than 
60 degrees Fahrenheit, the outside 
walls of the tanks were wrapped with 
several layers of fiberglass insulating
material, and long strips of electrical
heating elements were embedded in 
the exterior insulation.

During the previous winter, while
the equipment was being designed and
built, John Wheeler encouraged and
supported the team, and he helped

pave the way for the next neutrino
measurement to be done at the new,
very powerful fission reactor at the
Savannah River Plant in South 
Carolina. By November 1955, the 
Los Alamos group was ready and once
again packed up for the long trip to
the Savannah River Plant.

The only suitable place for the 
experiments was a small, open area in
the basement of the reactor building,
barely large enough to house the detec-
tor. There, 11 meters of concrete would
separate the detector from the reactor
core and serve as a shield from reactor-
produced neutrons, and 12 meters 
of overburden would help eliminate 
the troublesome background 
neutrons, charged particles, and 
gamma rays produced by cosmic rays. 

Schuch’s idea gave birth to the 
Los Alamos total-immersion, or
“whole-body,” counter (see box “The
Whole-Body Counter” on page 15),
which was similar in design to the 
detector for Project Poltergeist but was
built especially to count the radioactive
contents of people. Since counting 
with this new device took only a few
minutes, it was a great advance over
he standard practice of using multiple

Geiger counters or sodium iodide (NaI)
crystal spectrometers in an underground
aboratory. The Los Alamos whole-

body counter was used during the
1950s to determine the degree to which
adioactive fallout from nuclear tests

and other nuclear and natural sources
was taken up by the human body. 

The Hanford Experiment

In the very early spring of 1953, the
Project Poltergeist team packed up 
Herr Auge, the 300-liter neutrino detec-
or, as well as numerous electronics

and barrels of liquid scintillator, and set
out for the new plutonium-producing
eactor at the Hanford Engineering

Works in Hanford, Washington. It was
he country’s latest and largest fission
eactor and would therefore produce
he largest flux of antineutrinos. 

Various aspects of the setup at Hanford
are shown in the photo collage. 

The equipment for the liquid scintil-
ator occupied two trucks parked 

outside the reactor building. One was
used to house barrels of liquid; in a sec-
ond smaller truck, liquid scintillators
were mixed according to various recipes
before they would be pumped into the
detector. Herr Auge was placed inside
he reactor building, very near the face

of the reactor wall, and was surrounded
by the homemade boron-paraffin shield-
ng intermixed with nearly all the lead

shielding available at Hanford. This
shield was to stop reactor neutrons and
gamma rays from entering the detector
and producing unwanted background. In
all, 4 to 6 feet of paraffin alternated with
4 to 8 inches of lead.

The electronic gear for detecting the
telltale delayed-coincidence signal from
inverse beta decay was inside the reac-
tor building. Its essential elements were
two independent electronic gates: one
to accept pulses characteristic of the
positron signal and the other to accept
pulses characteristic of the neutron-
capture signal. The two circuits were
connected by a time-delay analyzer. 

If a pulse appeared in the output of
the neutron circuit within 9 microsec-
onds of a pulse in the output of the
positron circuit, the count was regis-
tered in the channel that recorded 
delayed coincidences. Allowing for 
detector efficiencies and electronic 
gate settings and taking into account
the neutrino flux from the reactor, the 
expected rate for delayed coincidences
from neutrino-induced events was 
0.1 to 0.3 count per minute.

For several months, the team
stacked and restacked the shielding and
used various recipes for the liquid 
scintillator (see Hanford Menu in 
“The Hanford Experiment” collage).
Then they would set the electronics 
and listen for the characteristic double
clicks that would accompany detection
of the inverse beta decay. Despite the
exhausting work, the results were not
definitive. The delayed-coincidence
background, present whether or not the
reactor was on, was about 5 counts per
minute, many times higher than the 
expected signal rate. 

The scientists guessed that the back-
ground was due to cosmic rays entering
the detector, but the addition of various
types of shielding left the background
rate unchanged. Subsequent work 
underground suggested that the 
Hanford background of delayed-
coincidence pulses was indeed due to
cosmic rays. Reines and Cowan (1953)
reported a small increase in the number
of delayed coincidences when the 
reactor was on versus when it was 
off. Furthermore, the increase was 
consistent with the number expected
from the estimated flux of reactor 
neutrinos. This was tantalizing but 
insufficient evidence that neutrino

events were being detected. The 
Hanford experience was poignantly
summarized by Cowan (1964). 

“The lesson of the work was clear:
It is easy to shield out the noise men
make, but impossible to shut out the
cosmos. Neutrons and gamma rays
from the reactor, which we had feared
most, were stopped in our thick walls
of paraffin, borax and lead, but the 
cosmic ray mesons penetrated gleefully,
generating backgrounds in our equip-
ment as they passed or stopped in it.
We did record neutrino-like signals but
the cosmic rays with their neutron sec-
ondaries generated in our shields were
10 times more abundant than were 
the neutrino signals. We felt we had the
neutrino by the coattails, but our 
evidence would not stand up in court.”

The Savannah River
Experiment

After the Hanford experience, the
Laboratory encouraged Reines and
Cowan to set up a formal group with
the sole purpose of tracking neutrinos.
Other than the scientists who had 
already been working on neutrinos,
Kiko Harrison, Austin McGuire, and
Herald Kruse (a graduate student at the
time) were included in this group. 

They spent the following year 
redesigning the experiment from top to
bottom: detector, electronics, scintilla-
tor liquids, the whole works. The detec-
tor was entirely reconfigured to better
differentiate between events induced by
cosmic rays and those initiated in the
detector by reactor neutrinos. Figure 4
shows the new design. 

Two large, flat plastic tanks (called
the “target tanks” and labeled A and B)
were filled with water. The protons in
the water provided the target for 
inverse beta decay; cadmium chloride
dissolved in the water provided the 
cadmium nuclei that would capture 
the neutrons. The target tanks were
sandwiched between three large scintil-
lation detectors labeled I, II, and III
(total capacity 4,200 liters), each 

Figure 4. The Savannah River Neutrino Detector—A New Design
The neutrino detector is illustrated here inside its lead shield. Each of two large, flat
plastic tanks (pictured in light blue and labeled A and B) was filled with 200 liters of
water. The protons in the water provided the target for inverse beta decay; cadmium
chloride dissolved in the water provided the cadmium nuclei that would capture the
neutrons. The target tanks were sandwiched between three scintillation detectors 
(I, II, and III). Each detector contained 1,400 liters of liquid scintillator that was viewed 
by 110 photomultiplier tubes. Without its shield, the assembled detector weighed 
about 10 tons. 
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The	
  Neutrino	
  in	
  the	
  Standard	
  Model

• The	
  standard	
  
model	
  includes	
  3	
  
flavors	
  of	
  massless,	
  
neutral	
  neutrinos.
– Only	
  weak	
  
interactions
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The	
  Solar	
  Neutrino	
  Problem
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The	
  Solution:	
  Neutrino	
  Oscillations
Discovered	
  in	
  1998	
  by	
  
Super-­‐‑Kamiokande
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Neutrino	
  1998
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Neutrinos

Super-­‐K



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

Alex  Himmel 8

νμ
μ

W
Source

e

W
Detector

νe



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

• Each	
  flavor	
  (e,	
  µ)	
  is	
  a	
  superposition	
  of	
  different	
  
masses	
  (1,	
  2)

Neutrino	
  Oscillations
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Neutrino	
  Oscillations
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Neutrino	
  Oscillations
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Neutrino	
  Oscillations
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Neutrino	
  Oscillations
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νμ = νe νµ=
ν1
ν2

ν1

ν2

✓
cos ✓ sin ✓

� sin ✓ cos ✓

◆ ✓
cos ✓ sin ✓

� sin ✓ cos ✓

◆

Phase	
  ∝	
  (m1)2L/E

Phase	
  ∝	
  (m2)2L/E

Neutrino	
  oscillations	
  
require	
  that	
  neutrinos	
  

have	
  mass!



Neutrino	
  Oscillations
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νμ = νe νµ=
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Neutrino	
  Oscillations
• With	
  only	
  2	
  neutrinos,	
  the	
  oscillation	
  formula	
  
is	
  simple:

P (⌫µ!⌫µ) = 1�sin2(2✓) sin2
✓
�m2L

4E

◆
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The	
  PMNS	
  Mixing	
  Matrix
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What	
  We	
  Know
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What	
  We	
  Don’t	
  Know
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Oscillation	
  Physics	
  at	
  NOvA
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Long	
  Baseline
νμ Disappearance:	
  θ23,	
  |Δm2

atm|

νμ→νe Appearance:	
  θ13,	
  δCP
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How	
  We	
  Measure	
  Oscillations:
Disappearance
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How	
  We	
  Measure	
  Oscillations:
Disappearance
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Near	
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Measurement

Significant	
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  produced
– Cross	
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NO𝜈A

FermilabFermilab

NO𝜈A	
  Far	
  Detector	
  (Ash	
  River,	
  MN)NO𝜈A	
  Far	
  Detector	
  (Ash	
  River,	
  MN)
MINOS	
  Far	
  Detector	
  (Soudan,	
  MN)MINOS	
  Far	
  Detector	
  (Soudan,	
  MN)

§ Determine the 𝜈 mass hierarchy
§ Determine the 𝜃23 octant
§ Constrain 𝛿CP

Using 𝜈𝜇→𝜈e , 𝜈͞𝜇→𝜈͞e…
A broad physics scope

§ Precision measurements of
sin22𝜃23 and Δm2   . 

(Exclude 𝜃23=𝜋/4?)
§ Over-constrain the atmos. sector

(four oscillation channels)

Using  𝜈𝜇→𝜈𝜇 , 𝜈͞𝜇→𝜈͞𝜇 …

32

§ Neutrino cross sections at
the NO𝜈A Near Detector

§ Sterile neutrinos
§ Supernova neutrinos
§ Other exotica

Also …

Ryan Patterson, Caltech



NO𝜈A detectors are sited
14 mrad off the NuMI
beam axis

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

→ Reduces NC and 𝜈e CC 
backgrounds in the 
oscillation analyses
while maintaining
high 𝜈𝜇 flux at 2 GeV.

NuMI off-axis beam

Ryan Patterson, Caltech Fermilab JETP, August 6, 201524

14	
  mrad
(NO𝜈A)

on	
  axis



NuMI neutrinos
(onward to MINOS and

NO𝜈A far detectors)

BNB neutrinos

Near detector hall

BNB target

NuMI target

proton beams
decay regions

neutrino beams
Fermilab
Neutrino Complex

NuMI =
Neutrinos from the
Main Injector

Long shutdown in 2012–2013
• Repurpose recycler for injection
• Add associated kickers and

instrumentation
• RF, power supply upgrades
• Overhaul of NuMI target station
→ Major upgrades toward

700 kW operation

Since March 2015:
Routine slip-stacking (2+6 batches)
into recycler, typically ~420 kW
→ Beam power record: 521 kW!
→ 85% uptime!

Ryan Patterson, Caltech



To	
  APD

4	
  cm	
  ⨯ 6	
  cm

1560	
  cm
A	
  NO𝜈A	
  cellNO𝜈A detectors

Fiber	
  pairs
from	
  32	
  cells

32-­‐pixel	
  APD

Far	
  detector:
14-­‐kton,	
  fine-­‐grained,
low-­‐Z,	
  highly-­‐active
tracking	
  calorimeter
→ 344,000	
  channels

Near	
  detector:
0.3-­‐kton	
  version	
  of
the	
  same
→ 20,000	
  channels

Extruded	
  PVC	
  cells	
  filled	
  with	
  
11M	
  liters	
  of	
  scintillator

instrumented	
  with
𝜆-­‐shifting	
  fiber	
  and	
  APDs

Extruded	
  PVC	
  cells	
  filled	
  with	
  
11M	
  liters	
  of	
  scintillator

instrumented	
  with
𝜆-­‐shifting	
  fiber	
  and	
  APDs

Ryan Patterson, Caltech Fermilab JETP, August 6, 201526



Ryan Patterson, Caltech Fermilab JETP, August 6, 201527



550 𝜇s exposure of the Far Detector

Ryan Patterson, Caltech Fermilab JETP, August 6, 201528



Time-zoom on 10 𝜇s interval during NuMI beam pulse

Ryan Patterson, Caltech Fermilab JETP, August 6, 201529



Close-up of neutrino interaction in the Far Detector

Ryan Patterson, Caltech Fermilab JETP, August 6, 201530



Near Detector: 10 𝜇s of readout during NuMI beam pulse
(color ⇒ time of hit)

Ryan Patterson, Caltech Fermilab JETP, August 6, 201531



Near Detector: 10 𝜇s of readout during NuMI beam pulse
(color ⇒ time of hit)

Ryan Patterson, Caltech Fermilab JETP, August 6, 201532

Time of all hits in Near Det during NuMI spills (~1 hr)

9.6 𝜇s
NuMI pulse
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Ryan Patterson, Caltech 35 Fermilab JETP, August 6, 2015
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Far Detector Data Far Detector Simulation
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§ Biggest effect that needs correction
is attenuation in the WLS fiber

Example FD cell

§ Stopping muons provide a standard
candle for setting absolute energy scale
(below)

Calibration



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

Multiple probes of
energy scale

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

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

Ryan Patterson, Caltech

NC	
  𝜋0

events

𝜈𝜇 CC
events

In Near Detector

In Far Detector

All agree within ±5%
36
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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
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Vertexing: Find lines of energy
depositions w/ Hough transform

CC events: 11 cm resolution

Reconstruction

Fermilab JETP, August 6, 2015

Clustering: Find clusters in
angular space around vertex.
Merge views via topology and
prong dE/dx

Tracking: Trace particle trajectories with Kalman filter tracker (below).
Also have a cosmic ray tracker: lightweight, very fast, and useful for large 
calibration samples and online monitoring tools.
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Cosmic  data

𝜈𝜇 CC  MC

Cut  value

Ryan Patterson, Caltech Fermilab JETP, August 6, 201542

Rejection factor from

Final cosmic bkgnd rate 
measured directly with 
beam-off FD data.

beam timing:
event topology:

105

107 (!)

Output of cosmic rejection
decision tree after all other cuts

Based on reconstructed track 
direction, position, and length; and 
energy and number of hits in event

𝜈𝜇 Cosmic rejection
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𝜈𝜇 CC selection
First, basic containment cuts
require a buffer of no cell activity
around the event.  Then…

Muon ID
4-variable k-nearest-neighbors
algorithm used to identify muons.
Inputs:

- track length
- dE/dx along track
- scattering along track
- track-only plane fraction

Keep events with 𝜇 ID > 0.75



Achieve 1 part in ~108 rejection 
of cosmic ray interactions.

Expected cosmic background:
0.06 events

(measured with beam-off data)

Cut events with large 
reconstructed pT/p
Rejects downward-directed
cosmic shower

The 𝜈e selectors themselves
provide a lot of cosmic rejection

𝜈e Cosmic rejection

Ryan Patterson, Caltech Fermilab JETP, August 6, 201544



𝜈e CC event identification
We have developed two independent 𝜈e CC selection algorithms
→	
  Very different designs

LID: Likelihood Identification
dE/dx likelihoods calculated for longitudinal
and transverse slices of leading shower
under multiple particle hypotheses
Likelihoods feed an artificial neutral network
along with kinematic and topological info:

e.g., energy near vertex, shower angle,
vertex-to-shower gap

Likelihoods calculated for each red and yellow region

45
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Color: p.d.f. for dE/dx in each plane (e– assumption)
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LEM: Library Event Matching
Spatial pattern of energy deposition
is compared directly to that of ~108

simulated events (“library”)
Key properties of the best-matched
library events (e.g., fraction that
are signal events) are input into a
decision tree to form discriminant

Left panels: candidate event, both views
Right panels: best-matched library event, both views
Middle panels: an intermediate step in calculating the match quality
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LEM: Library Event Matching
Spatial pattern of energy deposition
is compared directly to that of ~108

simulated events (“library”)
Key properties of the best-matched
library events (e.g., fraction that
are signal events) are input into a
decision tree to form discriminant

Left panels: candidate event, both views
Right panels: best-matched library event, both views
Middle panels: an intermediate step in calculating the match quality

LID and LEM sensitivities
Identical performance as measured
with signal efficiency, sig/bg ratio,
systematic uncertainties, and overall
sensitivity to 𝜈e appearance and oscillation parameters. 

Thus, prior to unblinding, decided to show both results and to use the more
traditional LID technique as the primary result where required.
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LID and LEM distributions
for ND data and simulation

all preselection cuts applied

Good agreement over full range

𝜈e CC event identification
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𝜈𝜇 disappearance

(simulated 𝜈𝜇 CC event)

• Identify contained 𝜈𝜇 CC events in each detector
• Measure their energies
• Extract oscillation information from differences between

the Far and Near energy spectra



Energy estimation

Reconstructed muon track:
length ⇒ E𝜇

Hadronic system:
Evisible ⇒ Ehad

Reconstructed 𝜈𝜇 energy is
the sum of these two:

E𝜈 = E𝜇 + Ehad

Energy resolution at
beam peak ~7%

cells
Σ

Ryan Patterson, Caltech Fermilab JETP, August 6, 201551
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Far Detector prediction
(1) Estimate the underlying true energy distribution of selected ND events
(2) Multiply by expected Far/Near event ratio and 𝜈𝜇→𝜈𝜇 oscillation probability

as a function of true energy
(3) Convert FD true energy distribution into predicted FD reco energy distribution

Systematic uncertainties assessed by varying all MC-based steps
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FD 𝜈𝜇 CC  candidates:  when  and  where

Note 1: Second timing window at +64 𝜇s required for some of the early data
Note 2: Colors show relative efficiency.  Not weighted by time variation in detector size. 56

relative  efficiency
relative  efficiency
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FD energy spectrum

33 events selected
in Far Detector

(0 – 5 GeV)

Clear observation of 𝜈𝜇disappearance

Spectrum is well matched by oscillation fit for Δm2 and 𝜃23
(syst. uncertainties included in fit via nuisance parameters)

𝜒2 /  Ndof =  12.6  / 16

32

In the absence of
oscillations, would
expect 201 events

(including 2.0 beam bkgnd
and 1.4 cosmic bkgnd)
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FD energy spectrum

33 events selected
in Far Detector

(0 – 5 GeV)

In the absence of
oscillations, would
expect 201 events

(including 2.0 beam bkgnd
and 1.4 cosmic bkgnd)

Spectrum is well matched by oscillation fit for Δm2 and 𝜃23
(syst. uncertainties included in fit via nuisance parameters)
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Clear observation of 𝜈𝜇disappearance



+2.37     
–2.40     
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Fit result

–0.15
+0.16

sin2(𝜃23)  =  0.51 ± 0.10Δm2    =32
–0.17
+0.14

×10-3 eV2
[NH]

[IH]

At right:
NO𝜈A allowed
regions in
(Δm2  , sin2𝜃23) 
parameter space

Below:
Extracted parameter
values and uncertainties

(1D profiles at 68% C.L.)

32

6.5% measurement uncertainty



NO𝜈A sensitivity 
already compelling
with only 7.6% of 
nominal exposure!

Ryan Patterson, Caltech Fermilab JETP, August 6, 201560

[2014]

[2014]

[2015]

Allowed regions are
consistent with
MINOS and T2K

(shown at right)

+2.37     
–2.40     

–0.15 sin2(𝜃23)  =  0.51 ± 0.10Δm2    =32
–0.17
+0.14

×10-3 eV2
[NH]

[IH]

+0.16

6.5% measurement uncertainty



𝜈e appearance

(simulated 𝜈e CC event)

• Identify contained 𝜈e CC candidates in each detector
• Use Near Det. candidates to	
  predict beam backgrounds

in the Far Detector
• Interpret any Far Det. excess over predicted backgrounds

as 𝜈e appearance
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FD predictions with systematic uncertainties indicated

Background
0.94 ± 0.09 events [ 49% 𝜈e CC,  37% NC ]

[ plus few-percent variations depending on osc. pars. ]

Signal [ NH,   𝛿 = 3𝜋/2,   𝜃23 = 𝜋/4 ]
5.62 ± 0.72 events

Signal [ IH,   𝛿 = 𝜋/2,   𝜃23 = 𝜋/4 ]
2.24 ± 0.29 events

2.74×1020

POT equiv.

LID selector

larger
𝜈e rate

smaller
𝜈e rate
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Far Detector selected events

LID: 6 𝜈e candidates

LEM: 11 𝜈e candidates

3.3𝜎 significance for 𝜈e appearance

5.5𝜎 significance for 𝜈e appearance

(All 6 LID events present in LEM set)

At right:
Calorimetric energy
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Result using LID selector

FD selection: 6 𝜈e candidates

For  (𝛿CP , sin22𝜃13)  allowed regions
• Feldman-Cousins procedure applied
• solar osc. parameters varied
• Δm2 varied by new NOvA measurement
• sin2𝜃23=0.5

32
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Result using LID selector
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Converted into significance
[ steps due to discrete nature

of counting expt. ]

For all sin2𝜃23 in [ 0.4, 0.6 ]

Other assumptions for
sin2𝜃23 shown in backup

IH for 𝛿 ∈	
  [ 0, 0.8𝜋 ] is
mildly disfavored (>1𝜎)

N
O
𝜈A  Prelim

inary

Applying global reactor constraint of sin22𝜃13 = 0.086 ± 0.005
• Again apply Feldman-Cousins procedure to interpret –2ΔlogL

Note: noticeable deviations from simple interpretation expected in this case
[e.g., Elevant and Schwetz, arxiv:1506.07685]



Summary
With 2.74×1020 POT-equiv. exposure…
• Unambiguous  𝜈𝜇 disappearance signature
• 6.5% measurement of atm. mass splitting, and

𝜃23 measurement consistent with maximal mixing

• 𝜈e appearance signal at 3.3𝜎 for primary 𝜈e selector, 5.5𝜎 for secondary selector.
• At max. mixing, disfavor IH for 𝛿 ∊ [ 0, 0.6𝜋 ] at 90% C.L. w/ primary selector.

With secondary selector, further preference for NH.

+2.37     
–2.40     

–0.15
+0.16

sin2(𝜃23)  =  0.51 ± 0.10

Δm2    =32
–0.17
+0.14 ×10-3 eV2

[NH]

[IH]

Above results obtained with 7.6% of baseline NO𝜈A exposure.
Much more to come!

𝜈 𝜇
→
𝜈 𝜇

𝜈 𝜇
→
𝜈 e
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Kinematic variables in
Near Det. after all cuts
→	
  Sample purity in ND = 98%

This ND 
distribution is 
used to create 
FD prediction
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Systematics
Most of our systematic
uncertainties have relatively
little influence on the result

Hadronic energy syst. is
one with a noticeable effect

(impact reduced by ND-to-FD
prediction procedure)

Tune hadronic energy in ND 
simulation to achieve better
agreement in E𝜈 and Ehad.
Take the full size of this 

tuning as a syst. uncertainty

(before  tuning)

- NC and 𝜈𝜏 CC background rate
(100% each)

- Multiple calibration and light-level systematics
(Hit energy, fiber attenuation, threshold effects)

- Oscillation parameter uncertainties
(current world knowledge)

Uncertainties assessed
- Hadronic energy

(21%, ~equiv. to 6% on E𝜈 )
- Neutrino flux

(NA49 + beam transport model)
- Absolute, relative normalization

(1%, 2%)
- Neutrino interactions

(GENIE / Intranuke model)
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FD predictions with systematic uncertainties indicated

Background
1.00 ± 0.11 events [ 46% 𝜈e CC,  40% NC ]

[ plus few-percent variations depending on osc. pars. ]

Signal [ NH,   𝛿 = 3𝜋/2,   𝜃23 = 𝜋/4 ]
5.91 ± 0.65 events

Signal [ IH,   𝛿 = 𝜋/2,   𝜃23 = 𝜋/4 ]
2.34 ± 0.26 events

2.74×1020

POT equiv.

LEM selector

Aside: Before unblinding, two sidebands checks –
(1) Near-PID (LID/LEM) sideband, and
(2) High-energy sideband

Results of both were well within expectations.

larger
𝜈e rate

smaller
𝜈e rate
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Far Detector selected events

LID: 6 𝜈e candidates

LEM: 11 𝜈e candidates

3.3𝜎 significance for 𝜈e appearance

5.5𝜎 significance for 𝜈e appearance

(All 6 LID events present in LEM set)

At right:
Reconstructed direction
of leading shower
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Result using LEM selector

FD selection: 11 𝜈e candidates

Below: With reactor constraint applied
(significance on next page)
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Result using LEM selector

LID, LEM Consistency
• Both prefer normal hierarchy
• Both prefer 𝛿 near 3𝜋/2
• Given expected correlations,

the observed event counts
yield a reasonable mutual
p-value of 10%.

Other assumptions for
sin2𝜃23 shown in backup

For all sin2𝜃23 in [ 0.4, 0.6 ]
IH is disfavored at >2.2𝜎
NH for 𝛿 ∈	
  [ 0, 𝜋 ] is

mildly disfavored (>1𝜎)

The specific point IH, 𝛿=𝜋/2
is disfavored at

1.6𝜎 [LID], 3.2𝜎 [LEM]
for all sin2𝜃23 in [ 0.4, 0.6 ]
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