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You can' t  escape: they are everywhere
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solar neutrinos atmospheric neutrinos supernova neutrinos astrophysical neutrinos

reactor neutrinos accelerator neutrinoshuman neutrinos geo neutrinos
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Pauli was desperate but Fermi was cool…
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• Nature rejected Fermi's paper: the theory was too remote 
from reality 

• The general lack of interest in his theory caused him to 
switch to experimental physics → first nuclear reactor
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• 1914 - Chadwick observes a continuous 
spectrum in the β decay 

• 1931 - Pauli suggests new particle escapes 
detection and takes the missing energy  

• 1934 - Fermi provides first theoretical 
interpretation of the weak interaction



Alberto Remoto 5

⌫̄e + p ! n+ e+

First observation: electron (anti)-neutrino
• Fermi’s theory: neutrinos are expected to be 

produced in beta decay: 

• Nuclear Bomb: ~1040 neutrinos \ s x cm2 

• Nuclear Reactor: ~5×1013 neutrinos \ s x cm2 

• 1942 - Ganchang propose to use inverse beta 
decay to experimentally detect neutrinos:
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interact with a nucleus through the weak
force and will induce the transformation
of a proton into a neutron. This inverse
of the usual beta-decay process results 
in a nucleus with one less unit of 
positive charge. That charge is picked 
up by the antineutrino, which transforms
into a positron:

nw + N (n, p) → e+ + N (n+1, p–1)  ,

where n equals the number of neutrons
and p equals the number of protons. 
If the nucleus happens to be that of 
hydrogen (a single proton), then the 
interaction produces a neutron and a
positron:

nw + p → n + e+ . 

Reines and Cowan chose this latter
reaction, the inverse beta decay on 
protons, to detect the free neutrino. The
nuclear fission bomb would be their
source of an intense flux of neutrinos
(Figure 1). But they also needed to 
design a very large detector containing
a sufficient number of target protons
that would stop a few neutrinos. As
Reines observed (unpublished notes),

“Our crude knowledge of the expected
energy spectrum of neutrinos from a fis-
sion bomb suggested that the inverse
beta decay reaction would occur several
times in a several-ton detector located
about 50 meters from the tower-based
explosion of a 20-kiloton bomb. 
(Anyone untutored in the effects of 
nuclear explosions would be deterred
by the challenge of conducting an 
experiment so close to the bomb, but
we knew otherwise from experience
and pressed on). The detector we
dreamed up was a giant liquid 
scintillation device, which we dubbed
‘El Monstro.’ This was a daring extrap-
olation of experience with the newly
born scintillation technique. The biggest
detector until Cowan and I came along
was only a liter or so in volume.”

Their initial scheme was to use the
newly discovered, liquid, organic scin-
tillators as both the target for the neutri-
nos (these liquids had a high proportion

of hydrogen) and the medium to detect
the positron from inverse beta decay.

In 1950, several groups discovered
that transparent organic liquids emit
flashes of visible light when a charged
particle or a gamma ray passes through
them. These liquids had first been 
purified and then added to certain
compounds. The light flashes are very
weak but useful because their intensity
is proportional to the energy of the
charged particles or gammas. In a 
liquid scintillation counter, the light is
collected by highly sensitive photo-
multiplier tubes located on the bound-
ary of the detector. These phototubes
convert light into electrical signals 
in proportion to the light intensity. 

Figure 2 outlines the processes that
would convert the energy of a positron
from inverse beta decay into a measurable
signal. The first small liquid-scintillation
counters had already been developed, and
one of those initial developers, F. B.
(Kiko) Harrison, was at Los Alamos.

Wright Langham, leader of the Health 
Division’s research group, had recruited
Harrison to help design such counters for
measuring radiation in biological samples.
Harrison was one of the designers of the
prompt-coincidence technique (see the
section “The First Large Detector” on
page 14) to distinguish spurious noise in
the photomultiplier tubes from the signals
generated by light flashes.

Once the idea for a new detector had
been shaped, Reines and Cowan devel-
oped an audacious design for their 
experiments (shown in Figure 1). 
As Cowan (1964) vividly described it, 

“We would dig a shaft near ‘ground
zero’ about 10 feet in diameter and
about 150 feet deep. We would put a
tank, 10 feet in diameter and 75 feet
long on end at the bottom of the shaft.
We would then suspend our detector
from the top of the tank, along with its
recording apparatus, and back-fill the
shaft above the tank.

“As the time for the explosion 
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hick before it would have a good
hance of stopping a neutrino. The pos-
ibility of detecting the neutrino
eemed nil. But two things changed
hat prospect: first, the advent of very
ntense sources of neutrinos—fission

bombs and fission reactors—and, sec-
ond, the intense drive of a young man
rom New Jersey to make his mark in
he world of fundamental physics.

Fred Reines and Los Alamos

Fred Reines had become interested
n mathematics and physics while
tudying at the Stevens Institute of

Technology, and during graduate stud-
es at New York University, he wrote 
 Ph.D. thesis elaborating on Bohr’s
iquid-drop model of nuclear fission. In

1944, he joined the Manhattan Project
t Los Alamos and became a member

of the Theoretical Division. 
During the late forties and early

fifties, after the first atomic bomb had
been built at Los Alamos, the Labora-
ory’s mission was intensely focused on

building a reliable stockpile of fission
weapons and developing the thermonu-
lear bomb. Reines was in charge of
everal projects related to testing 

nuclear weapons in the Pacific. In ret-
ospect, Reines explains (unpublished

notes for a talk given at Los Alamos):
“Bomb testing was an exercise in

hinking big, in the ‘can do’ spirit. In
he George Shot, for example, the sig-

nal cables running from the shot tower
o the instrumentation bunker had to 

be shielded from the enormous gamma-
ay flux from the explosion; otherwise,
hat flux would generate a huge current
urge in those cables that would 

destroy all our electronics. The only
hing available for shielding on the
cale we needed was the island itself.

So we dug up one side of the island
nd put it on top of the other.

“That can do spirit permeated our
hinking. Whenever we thought about

new projects, the idea was to set the
most interesting (and fundamental) goal
without initial concern as to feasibility

or practical uses. We could count on
the latest technology being available 
to us at Los Alamos as a result of the
instrumentation needs of the weapons
program, and that fact fed our confi-
dence. To his credit, Norris Bradbury,
the Director who took over after 
Oppenheimer, lent enormous support 
to surrounding the nuclear weapons 
effort at Los Alamos with a broad 
scientific and technological base.” 

The bomb-test steering and liaison
group, in which Fred Reines partici-
pated, was interested in fundamental
questions. New physics experiments
that could be mounted as part of 
nuclear weapons tests were the topic 
of numerous free-ranging discussions
in the group. It seemed appropriate that
the unusually intense flux of thermal
radiation, neutrons, and gamma rays
produced by the bomb be used to study
new phenomena. 

The scientists in this group were
even aware of the incredibly intense
flux of antineutrinos produced when the
fissioning, or splitting, of atomic nuclei
during the neutron chain reaction gives
rise to a host of unstable nuclei. The
weak interactions then become impor-
tant in changing the identity of those
nuclei as they follow their decay paths
to lower and lower energy states. Each
fission event gives rise to an average of
six beta-decay processes, each of which
produces an antineutrino. Thus, those
beta decays result in a short but intense
burst of antineutrinos.

In 1951, Reines thought about 
using that intense burst in an experi-
ment designed to detect the neutrino.
He had returned from the very success-
ful Greenhouse tests in Eniwetok Atoll,
in the Pacific, and became captivated
by the “impossible challenge” to detect
the elusive free neutrino using neutri-
nos from the bomb. After having 
been involved for seven years in the
weapons program, Reines asked J. Car-
son Mark, leader of the Theoretical 
Division, for some time to think about
more fundamental questions.

The bomb was not only an intense
neutrino source but also so short-lived

that the number of background events
mimicking neutrino-induced events
would be minimized. That summer,
Reines mentioned his plan to Enrico
Fermi and even described the need for
what was then considered to be a very
large scale detector. Reines estimated
that a sensitive mass of about one ton
would be needed to stop a few neutri-
nos. At the time, Reines did not know
how to build such a large detector, and
evidently, neither did Fermi. However,
both Fermi and Hans Bethe thought
that the bomb was the most promising
neutrino source. 

A few months later, Reines was able
to interest one of his Los Alamos col-
leagues to participate in his quest. As
Reines observed (unpublished notes),
“It was my singular good fortune to be
joined by Clyde L. Cowan, Jr., whom I
had met in connection with Operation
Greenhouse and who became my very
stimulating and capable collaborator.” 

Cowan had studied chemical engi-
neering as an undergraduate and, 
during World War II, was awarded 
the Bronze Star for his work on radar
at the British Branch of the Radiation
Laboratory of the Massachusetts 
Institute of Technology. His Ph.D. 
thesis at George Washington University
was on the absorption of gamma radia-
tion. In 1949, he joined Los Alamos
Scientific Laboratory. Like Reines, 
he became heavily involved in the
weapons testing program in the Pacific.
In late 1951, Reines and Cowan 
began “Project Poltergeist,” the first 
experiment in neutrino physics. 

The Signal of the Poltergeist

What happens when neutrinos enter
matter? Most of the time, they pass
straight through without scattering, 
but Fermi’s theory of the weak force 
predicts that the neutrino can induce 
an inversion of beta decay (see the box
“Fermi’s Theory of Beta Decay and
Neutrino Processes” on page 8). In par-
ticular, the antineutrino (the antiparticle
of the neutrino) will occasionally 
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Figure 1. Detecting Neutrinos from a Nuclear Explosion 
Antineutrinos from the fireball of a nuclear device would impinge on a liquid scintilla-
tion detector suspended in the hole dug below ground at a distance of about 
40 meters from the 30-meter-high tower. In the original scheme of Reines and Cowan,
the antineutrinos would induce inverse beta decay, and the detector would record 
the positrons produced in that process. This figure was redrawn courtesy of Smithsonian 

Institution.
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• Cowan & Reines @ Los Alamos National Lab 

• 1st idea: let’s use a nuclear bomb…
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First observation: electron (anti)-neutrino
• Fermi’s theory: neutrinos are expected to be 

produced in beta decay: 

• Nuclear Bomb: ~1040 neutrinos \ s x cm2 

• Nuclear Reactor: ~5×1013 neutrinos \ s x cm2 

• 1942 - Ganchang propose to use inverse beta 
decay to experimentally detect neutrinos:
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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. 

A

B

First observation: electron (anti)-neutrino

[The Reines-Cowan Experiments]

• Fermi’s theory: neutrinos are expected to be 
produced in beta decay: 

• Nuclear Bomb: ~1040 neutrinos \ s x cm2 

• Nuclear Reactor: ~5×1013 neutrinos \ s x cm2 

• 1942 - Ganchang propose to use inverse beta 
decay to experimentally detect neutrinos:

• 2nd idea: let’s use a nuclear reactor (1956) 

• Water target doped with Cd + Liquid scintillator 

• Positron annihilation + delayed neutron capture on Cd

http://library.lanl.gov/cgi-bin/getfile?00326606.pdf
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collect scintillation light and produce
electronic signals. 
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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 
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mination was an overriding concern. 
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kept at a temperature not lower than 
60 degrees Fahrenheit, the outside 
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several layers of fiberglass insulating
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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 
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built especially to count the radioactive
contents of people. Since counting 
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minutes, it was a great advance over
he standard practice of using multiple
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and other nuclear and natural sources
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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
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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. 

A

B

First observation: electron (anti)-neutrino

[The Reines-Cowan Experiments]

• Fermi’s theory: neutrinos are expected to be 
produced in beta decay: 

• Nuclear Bomb: ~1040 neutrinos \ s x cm2 

• Nuclear Reactor: ~5×1013 neutrinos \ s x cm2 

• 1942 - Ganchang propose to use inverse beta 
decay to experimentally detect neutrinos:

• 2nd idea: let’s use a nuclear reactor (1956) 

• Water target doped with Cd + Liquid scintillator 

• Positron annihilation + delayed neutron capture on Cd

1995

http://library.lanl.gov/cgi-bin/getfile?00326606.pdf
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First observation of muon & tau neutrinos

6

Accelerator experiments

1. Proton beam hits a target producing hadrons (mainly π, few K)

2. Hadrons of  a charge are focused by a system of  magnetic horns

3. π enter a decay tunnel of  ~100 m  where they decay: π → μ+νμ
4. π, K, μ are stopped with a beam dump while νμ pass it

Decay volume

ν
Target

Magnetic Horn B

P

π+, K+,..

μ

π

19

νμ

We have produced a pure (>99%) beam of  νμ 

• 1962 - L.M. Lederman, M. Schwartz and 
J. Steinberger first νμ detection 

• First human-made neutrino beam  

• νμ detection through charged current 
interaction producing μ track 

• 2000 - ντ discovery by DONUT (ντ beam 
from charmed mesons decay)

[How to make a neutrino beam]

700 MeV/c μ from νμ CC int. 

τ from ντ CC int. in photographic emulsion

http://www.apple.com


Alberto Remoto

First observation of muon & tau neutrinos

6

Accelerator experiments

1. Proton beam hits a target producing hadrons (mainly π, few K)

2. Hadrons of  a charge are focused by a system of  magnetic horns

3. π enter a decay tunnel of  ~100 m  where they decay: π → μ+νμ
4. π, K, μ are stopped with a beam dump while νμ pass it

Decay volume

ν
Target
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19

νμ

We have produced a pure (>99%) beam of  νμ 

• 1962 - L.M. Lederman, M. Schwartz and 
J. Steinberger first νμ detection 

• First human-made neutrino beam  

• νμ detection through charged current 
interaction producing μ track 

• 2000 - ντ discovery by DONUT (ντ beam 
from charmed mesons decay)

[How to make a neutrino beam]

700 MeV/c μ from νμ CC int. 

τ from ντ CC int. in photographic emulsion

1988

http://www.apple.com
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First neutrinos from SN explosion

7

• The 23rd February 1986 a burst of neutrinos is observed 
at 3 separate detector 

• 2 - 3 h before visible light from SN1987A reached Earth 

• Observations consistent with theoretical supernova 
models (99% of the energy radiated away by neutrinos) 

• Marked the beginning of neutrino astronomy

Experiment Neutrino 
events

Kamiokande II 11

IMB 8

Baksan 5

Arrival time of νe like 
event ins Kamiokande II
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• The 23rd February 1986 a burst of neutrinos is observed 
at 3 separate detector 

• 2 - 3 h before visible light from SN1987A reached Earth 

• Observations consistent with theoretical supernova 
models (99% of the energy radiated away by neutrinos) 

• Marked the beginning of neutrino astronomy

Experiment Neutrino 
events

Kamiokande II 11

IMB 8

Baksan 5

Arrival time of νe like 
event ins Kamiokande II
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Neutrinos in the standard model

8

• The SM has been built assuming neutrino is 
massless with left chirality only 

• The electroweak sector interacts with the 
symmetry group U(1) × SU(2)L

• Neutral current sector:

• Charge current sector:

νμ CC event

νμ NC event

LEW =
X
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How many neutrinos are there?

9

N⌫ =
�inv

�l

✓
�l

�⌫

◆

SM

• LEP provided the most precise measurement of 
the number of light neutrino flavours  

• Study the invisible Z width: the more light neutrino 
families the shorter the Z half-life

SM prediction

LEP measurements

Γinv = (ΓTot)SM - Γl

• Combination of the 4 LEP experiments gives Nν = 2.984 ± 0.008 

• Cosmological observations (WMAP, Planck) provide additional constraint
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So far so good, but…

10

W±
l±

νl

Produced in CC interaction

νl

W±

l±

n p

νl

Z0

e-

νl

e-

• Three families of mass-less neutrinos 

• We know how they interact 

• We know how to detect them 

• Fit well in the Standard Model

Detected in CC/NC interaction
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Solar/Atmospheric anomalies
• The Sun is a fusion reactor which emits νe 

in great quantity 

• 1968 - R. Davies first detection of solar 
neutrinos (νe + 38Cl → 37Ar + e-) 

• 2/3 of expected νe are missing

11

• The ratio is observed to be ~1 

• 1/2 of expected νμ are missing

⇡+ !µ+ + ⌫µ

#
e+ + ⌫e + ⌫̄µ

• The ratio of muon and electron neutrino 
produced in atmosphere ~ 2
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Neutrino oscillation (and other exotic explanations)

12

Neutrino decay, Flavour changing neutral current and Neutrino oscillations

(1) Masses & flavours eigenstates not the same:

Mixing between flavour & mass states is possible

✓
⌫↵
⌫�

◆
=

✓
cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
⌫1
⌫2

◆

Anatael Cabrera (CNRS-IN2P3 & APC)

“a να (weak) is viewed in its 
(several) mass components νi’s”

ν ν ν
Tuesday, 30 November 2010

(2) Non-degenerate mass spectrum: Δm2  ≠ 0 

Quantum interference during neutrino propagation

P⌫↵!⌫� = sin2 2✓ sin2
�
�m2L/E

�
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Super Kamiokande

13

• 50 kT water Cherenkov detector ~40m tall 
~40m diameter viewed by > 11000 PMTs 

• Sensitive to CC int. of atmospheric νe and νμ  

• Observe atmospheric νμ and νe from different 
zenith angles → different propagation length 

• 1998 - Confirm atmospheric νμ oscillate (to 
ντ ?), L/E signature of neutrino oscillation!
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Super Kamiokande

13

• 50 kT water Cherenkov detector ~40m tall 
~40m diameter viewed by > 11000 PMTs 

• Sensitive to CC int. of atmospheric νe and νμ  

• Observe atmospheric νμ and νe from different 
zenith angles → different propagation length 

• 1998 - Confirm atmospheric νμ oscillate (to 
ντ ?), L/E signature of neutrino oscillation!

2015
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SNO

14

• 1 kT heavy water tank (~12 m diameter) viewed 
by 9’600 PMT 

• Sensitive to CC, NC and Elastic Scattering 

• Solar νe  energies < 10 MeV: CC for νμ and ντ are 
forbidden (E < Mμ/τ) 

• CC (νe  only) : ~1/3 of expected flux 

• NC (all flavour) : Expected flux 

• 2001 - Confirm solar neutrinos emitted as νe 
reach the Earth as mixture of νe, νμ and ντ
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SNO
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• 1 kT heavy water tank (~12 m diameter) viewed 
by 9’600 PMT 

• Sensitive to CC, NC and Elastic Scattering 

• Solar νe  energies < 10 MeV: CC for νμ and ντ are 
forbidden (E < Mμ/τ) 

• CC (νe  only) : ~1/3 of expected flux 

• NC (all flavour) : Expected flux 

• 2001 - Confirm solar neutrinos emitted as νe 
reach the Earth as mixture of νe, νμ and ντ2015
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KamLAND, MINOS, and others…
KamLAND:  

• Confirmation of solar neutrino L/E 
oscillation with reactor neutrino 

• Precise measurement of θ12 and Δm12 

MINOS: 

• Confirmation of atmospheric neutrino 
oscillation with accelerator neutrino 

• Precise measurement of θ23 and Δm32 

OPERA: 

• Direct detection of νμ → ντ oscillation  

Borexino: 

• Precise solar neutrino physics…

15
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Hunting θ13, the last missing angle…till 2011

16

The most difficult angle to measure: quite small value w.r.t. other oscillation parameters



Alberto Remoto

Hunting θ13, the last missing angle…till 2011

16

The most difficult angle to measure: quite small value w.r.t. other oscillation parameters

• anti-νe disappearance 

• E < 10 MeV, L ~1 km 

• P(νe → νe): θ13 and Δm231 only 

• Precise and accurate 
measurement of θ13 

• Not sensitive to δCP and 
sign(Δm223)

• νe appearance from a νμ beam 

• E ~ 1 Gev, L ~ 300 km 

• P(νμ → νe): complicate 
dependency of θ13 

• Sensitivity on θ13 limited by 
knowledge of other parameters 

• Degeneracy with δCP and 
sign(Δm223)
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Hunting θ13, the last missing angle…till 2011

• 2011 - first indication of non zero θ13 from T2K [PRL 107, 041801 (2011)] 

• 2012 - first indication of non zero θ13 from Double Chooz [PRL 108, 131801, (2012)] 

• 2012 - measurement of θ13 from Daya Bay [PRL 108, 171803] and RENO [PRL 108, 191802 ] 

• 2013 - Observation of νe appearance from T2K [PRL 112, 061802 (2014)]

16

The most difficult angle to measure: quite small value w.r.t. other oscillation parameters

• anti-νe disappearance 

• E < 10 MeV, L ~1 km 

• P(νe → νe): θ13 and Δm231 only 

• Precise and accurate 
measurement of θ13 

• Not sensitive to δCP and 
sign(Δm223)

• νe appearance from a νμ beam 

• E ~ 1 Gev, L ~ 300 km 

• P(νμ → νe): complicate 
dependency of θ13 

• Sensitivity on θ13 limited by 
knowledge of other parameters 

• Degeneracy with δCP and 
sign(Δm223)

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.041801
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.131801
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.171803
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.191802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.061802


Alberto Remoto

θ13 @ reactor (DayaBay and others)

17

Anatael Cabrera (CNRS-IN2P3 & APC)

Outer μ-Veto (OV)
Plastic-Scintillator : strips (→tracking)

ν-Target (NT)
Liquid-Scintillator + Gd (0.1%)

γ-Catcher (GC)
Liquid-Scintillator

Light Buffer
Oil (negligible scintillation)

Inner μ-Veto (IV)
Liquid-Scintillator 

Inert γ-Shield
15cm of steel (around all detector)

a generic θ13-LAND… 14

Anatael Cabrera (CNRS-IN2P3 & APC)

reactor-θ13 experiment: configuration… 12

• Daya Bay, Double Chooz & RENO 

• Similar detector design 

• Different baselines, reactor powers and 
detector mass

• Inverse-β decay with delayed n capture 
on Gadolinium 

• Near detector to constrain un-oscillated 
reactor νe flux 

• Far detector to measure oscillated νe flux



Alberto Remoto

θ13 @ reactor (Daya Bay and others)

18

• The latest published analysis has taken a 
method which predicts the far expectation 
based on the near observation, considering 
the oscillation effects 

- The weighting factor wi,j considers the oscillation 
effects at different near detectors; the covariance 
matrix V considers both statistical and systematic 
uncertainties and the oscillation effects at 
different points in the phase space the 
minimization is carried out. 

NuFACT’15, August 2015Wei Wang/
�

The Most Precise θ13 Measurement by Daya Bay

9
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⌫̄µ disappearance [10, 11]. Using only the relative rates
between the detectors and �m2

32

from Ref. [10] we found
sin
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= 0.085± 0.006, with �2/NDF = 1.37/3.
The reconstructed positron energy spectrum observed in the

far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee
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plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin
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2✓
13

and
|�m2

ee

| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓
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are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee

| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin
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and
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ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GW
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-ton-days exposure.
Improvements in calibration, background estimation, as well
as increased statistics allow this study to provide the most
precise estimates to date of the neutrino mass and mixing
parameters |�m2
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experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
sin
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2✓13 and |�m2

ee|. The error bars are statistical only. hE⌫i
was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.
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consistent with the fitted calibration data within a 68.3%
C.L. This �2-based approach to obtain the energy response
resulted in < 1% uncertainties of the absolute energy scale
above 2 MeV. The uncertainties of the positron response were
validated using the 53 MeV cutoff in the Michel electron
spectrum from muon decay at rest and the continuous �+�
spectra from natural bismuth and thallium decays. These
improvements added confidence in the characterization of
the absolute energy response of the detectors, although
they resulted in negligible changes to the measured mixing
parameters.

IBD candidates were selected using the same criteria
discussed in Ref. [1]. Noise introduced by PMT light emission
in the voltage divider, called flashing, was efficiently removed
using the techniques of Ref. [6]. We required 0.7 MeV
< E

p

< 12.0 MeV, 6.0 MeV < E
d

< 12.0 MeV, and 1
µs < �t < 200 µs, where E

d

is the delayed energy and
�t = t

d

� t
p

was the time difference between the prompt and
delayed signals. In order to suppress cosmogenic products,
candidates were rejected if their delayed signal occurred (i)
within a (�2 µs, 600 µs) time-window with respect to an IWS
or OWS trigger with a PMT multiplicity > 12, (ii) within
a (�2 µs, 1000 µs) time-window with respect to triggers in
the same AD with reconstructed energy > 20 MeV, or (iii)
within a (�2 µs, 1 s) time-window with respect to triggers in
the same AD with reconstructed energy > 2.5 GeV. To select
only definite signal pairs, we required the signal to have a
multiplicity of 2: no other > 0.7 MeV signal occurred within
a (t

p

� 200 µs, t
d

+ 200 µs) time-window.
Estimates for the five major sources of background

for the new data sample are improved with respect to
Ref. [9]. The background produced by the three Am-
C neutron sources inside the automated calibration units
contributed significantly to the total systematic uncertainty of
the correlated backgrounds in the 6-AD period. Because of
this, two of the three Am-C sources in each AD in EH3 were
removed during the 2012 summer installation period. As a
result, the average correlated Am-C background rate in the
far hall decreased by a factor of 4 in the 8-AD period. As
in previous publications [1, 9], this rate was determined by
monitoring the single neutron production rate from the Am-
C sources. Removal of these Am-C sources had negligible
consequences for our calibration.

Energetic, or fast, neutrons of cosmogenic origin produced
a correlated background for this study. Relaxing the prompt-
energy selection to (0.7-100) MeV revealed the fast-neutron
background spectrum above 12 MeV. Previously we deduced
the rate and spectrum of this background using a linear
extrapolation into the IBD prompt signal region. Here we used
a background-enhanced dataset to improve the estimate. We
found 6043 fast neutron candidates with prompt energy from
0.7 to 100 MeV in the 200 µs following cosmogenic signals
only detected by the OWS or RPC. The energy spectrum of
these veto-tagged signals was consistent with the spectrum
of IBD-like candidate signals above 12 MeV, and was used
to estimate the rate and energy spectrum for the fast neutron

background from 0.7 to 12 MeV. The systematic uncertainty
was estimated from the difference between this new analysis
and the extrapolation method previously employed, and was
determined to be half of the estimate reported in Ref. [6].

The methods used in Refs. [1, 6] to estimate the
backgrounds from the uncorrelated prompt-delayed pairs (i.e.
accidentals), the correlated �-n decays from cosmogenic 9Li
and 8He, and the 13C(↵,n)16O reaction, were extended to the
current 6+8 AD data sample. The decrease in the single-
neutron rate from the Am-C sources reduced the average rate
of accidentals in the far hall by a factor of 2.7. As a result,
the total backgrounds amount to about 3% (2%) of the IBD
candidate sample in the far (near) hall(s). The systematic
uncertainties in the 13C(↵,n)16O cross section and in the
transportation of the ↵ particles were reassessed through a
comparison of experimental results and simulation packages,
respectively [19]. The estimation of 9Li/8He now dominated
the background uncertainty in both the near and far halls.
The estimated signal and background rates, as well as the
efficiencies of the muon veto, ✏µ, and multiplicity selection,
✏m, are summarized in Table I.

A detailed treatment of the absolute and relative efficiencies
using the first six ADs was reported in Refs. [6, 14]. The
uncertainties of the absolute efficiencies are correlated among
the ADs and thus play a negligible role in the relative
measurement of ⌫e disappearance. The performance of
the two new ADs was found to be consistent with the
other detectors. Estimates of two prominent uncorrelated
uncertainties, the delayed-energy selection efficiency and the
fraction of neutrons captured on Gd, were confirmed for
all eight ADs using improved energy reconstruction and
increased statistics.

Oscillation was measured using the L/E-dependent disap-
pearance of ⌫e, as given by the survival probability
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first two neutrino mass eigenstates in eV2.

Recent precise measurements of the IBD positron energy
spectrum disagree with models of reactor ⌫e emission [3, 20–
22]. Here we present a technique for predicting the signal
in the far hall based on measurements obtained in the near
halls, with minimal dependence on models of the reactor
antineutrinos. In our previous measurements [9], model-
dependence was limited by allowing variation of the predicted
⌫e flux within model uncertainties, while the technique here
provides an explicit demonstration of the negligible model
dependence. A �2 was defined as
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to appear on Phys. Rev. Lett., arXiv:1505.03456

• Best measurement of θ13 by Daya Bay 

• θ13 from shape distortion in energy 
spectrum: P ~ sin2(L/E) 

• Reduce systematic uncertainty with 
Near detector measurement

• The latest published analysis has taken a 
method which predicts the far expectation 
based on the near observation, considering 
the oscillation effects 

- The weighting factor wi,j considers the oscillation 
effects at different near detectors; the covariance 
matrix V considers both statistical and systematic 
uncertainties and the oscillation effects at 
different points in the phase space the 
minimization is carried out. 
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⌫̄µ disappearance [10, 11]. Using only the relative rates
between the detectors and �m2
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from Ref. [10] we found
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= 0.085± 0.006, with �2/NDF = 1.37/3.
The reconstructed positron energy spectrum observed in the

far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee

|-sin2 2✓
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plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin
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and
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| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓
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are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee

| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.
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ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GW
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-ton-days exposure.
Improvements in calibration, background estimation, as well
as increased statistics allow this study to provide the most
precise estimates to date of the neutrino mass and mixing
parameters |�m2
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hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
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was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.

the Chinese Academy of Sciences, the CAS Center for
Excellence in Particle Physics, the National Natural Science
Foundation of China, the Guangdong provincial government,
the Shenzhen municipal government, the China General
Nuclear Power Group, Key Laboratory of Particle and
Radiation Imaging (Tsinghua University), the Ministry of
Education, Key Laboratory of Particle Physics and Particle
Irradiation (Shandong University), the Ministry of Education,
Shanghai Laboratory for Particle Physics and Cosmology,

6

⌫̄µ disappearance [10, 11]. Using only the relative rates
between the detectors and �m2

32

from Ref. [10] we found
sin

2

2✓
13

= 0.085± 0.006, with �2/NDF = 1.37/3.
The reconstructed positron energy spectrum observed in the

far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee

|-sin2 2✓
13

plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin

2

2✓
13

and
|�m2

ee

| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓

13

are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee

| is
dominated by uncertainty in the relative energy scale.

1 2 3 4 5 6 7 8

Ev
en

ts
/d

ay
 (b

kg
. s

ub
tra

ct
ed

)

2

4

6

8

10

12

14

16

18

Far site data
Weighted near site data (best fit)
Weighted near site data (no oscillation)

Reconstructed Positron Energy (MeV)
1 2 3 4 5 6 7 8

Fa
r /

 N
ea

r(w
ei

gh
te

d)

0.85

0.9

0.95
1

1.05
1.1
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energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
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show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
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consistent with the fitted calibration data within a 68.3%
C.L. This �2-based approach to obtain the energy response
resulted in < 1% uncertainties of the absolute energy scale
above 2 MeV. The uncertainties of the positron response were
validated using the 53 MeV cutoff in the Michel electron
spectrum from muon decay at rest and the continuous �+�
spectra from natural bismuth and thallium decays. These
improvements added confidence in the characterization of
the absolute energy response of the detectors, although
they resulted in negligible changes to the measured mixing
parameters.

IBD candidates were selected using the same criteria
discussed in Ref. [1]. Noise introduced by PMT light emission
in the voltage divider, called flashing, was efficiently removed
using the techniques of Ref. [6]. We required 0.7 MeV
< E

p

< 12.0 MeV, 6.0 MeV < E
d

< 12.0 MeV, and 1
µs < �t < 200 µs, where E

d

is the delayed energy and
�t = t

d

� t
p

was the time difference between the prompt and
delayed signals. In order to suppress cosmogenic products,
candidates were rejected if their delayed signal occurred (i)
within a (�2 µs, 600 µs) time-window with respect to an IWS
or OWS trigger with a PMT multiplicity > 12, (ii) within
a (�2 µs, 1000 µs) time-window with respect to triggers in
the same AD with reconstructed energy > 20 MeV, or (iii)
within a (�2 µs, 1 s) time-window with respect to triggers in
the same AD with reconstructed energy > 2.5 GeV. To select
only definite signal pairs, we required the signal to have a
multiplicity of 2: no other > 0.7 MeV signal occurred within
a (t

p

� 200 µs, t
d

+ 200 µs) time-window.
Estimates for the five major sources of background

for the new data sample are improved with respect to
Ref. [9]. The background produced by the three Am-
C neutron sources inside the automated calibration units
contributed significantly to the total systematic uncertainty of
the correlated backgrounds in the 6-AD period. Because of
this, two of the three Am-C sources in each AD in EH3 were
removed during the 2012 summer installation period. As a
result, the average correlated Am-C background rate in the
far hall decreased by a factor of 4 in the 8-AD period. As
in previous publications [1, 9], this rate was determined by
monitoring the single neutron production rate from the Am-
C sources. Removal of these Am-C sources had negligible
consequences for our calibration.

Energetic, or fast, neutrons of cosmogenic origin produced
a correlated background for this study. Relaxing the prompt-
energy selection to (0.7-100) MeV revealed the fast-neutron
background spectrum above 12 MeV. Previously we deduced
the rate and spectrum of this background using a linear
extrapolation into the IBD prompt signal region. Here we used
a background-enhanced dataset to improve the estimate. We
found 6043 fast neutron candidates with prompt energy from
0.7 to 100 MeV in the 200 µs following cosmogenic signals
only detected by the OWS or RPC. The energy spectrum of
these veto-tagged signals was consistent with the spectrum
of IBD-like candidate signals above 12 MeV, and was used
to estimate the rate and energy spectrum for the fast neutron

background from 0.7 to 12 MeV. The systematic uncertainty
was estimated from the difference between this new analysis
and the extrapolation method previously employed, and was
determined to be half of the estimate reported in Ref. [6].

The methods used in Refs. [1, 6] to estimate the
backgrounds from the uncorrelated prompt-delayed pairs (i.e.
accidentals), the correlated �-n decays from cosmogenic 9Li
and 8He, and the 13C(↵,n)16O reaction, were extended to the
current 6+8 AD data sample. The decrease in the single-
neutron rate from the Am-C sources reduced the average rate
of accidentals in the far hall by a factor of 2.7. As a result,
the total backgrounds amount to about 3% (2%) of the IBD
candidate sample in the far (near) hall(s). The systematic
uncertainties in the 13C(↵,n)16O cross section and in the
transportation of the ↵ particles were reassessed through a
comparison of experimental results and simulation packages,
respectively [19]. The estimation of 9Li/8He now dominated
the background uncertainty in both the near and far halls.
The estimated signal and background rates, as well as the
efficiencies of the muon veto, ✏µ, and multiplicity selection,
✏m, are summarized in Table I.

A detailed treatment of the absolute and relative efficiencies
using the first six ADs was reported in Refs. [6, 14]. The
uncertainties of the absolute efficiencies are correlated among
the ADs and thus play a negligible role in the relative
measurement of ⌫e disappearance. The performance of
the two new ADs was found to be consistent with the
other detectors. Estimates of two prominent uncorrelated
uncertainties, the delayed-energy selection efficiency and the
fraction of neutrons captured on Gd, were confirmed for
all eight ADs using improved energy reconstruction and
increased statistics.

Oscillation was measured using the L/E-dependent disap-
pearance of ⌫e, as given by the survival probability
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Here E is the energy in MeV of the ⌫e, L is the distance in
meters from its production point, ✓
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is the solar mixing angle,
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is the mass-squared difference of the
first two neutrino mass eigenstates in eV2.

Recent precise measurements of the IBD positron energy
spectrum disagree with models of reactor ⌫e emission [3, 20–
22]. Here we present a technique for predicting the signal
in the far hall based on measurements obtained in the near
halls, with minimal dependence on models of the reactor
antineutrinos. In our previous measurements [9], model-
dependence was limited by allowing variation of the predicted
⌫e flux within model uncertainties, while the technique here
provides an explicit demonstration of the negligible model
dependence. A �2 was defined as
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method which predicts the far expectation 
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- The weighting factor wi,j considers the oscillation 
effects at different near detectors; the covariance 
matrix V considers both statistical and systematic 
uncertainties and the oscillation effects at 
different points in the phase space the 
minimization is carried out. 
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from Ref. [10] we found
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far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2
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plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin
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and
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are due to the relative
detector efficiency, reactor power, relative energy scale and
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.
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systematic uncertainties for sin2 2✓

13

are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee

| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin

2

2✓
13

and
|�m2

ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GW

th

-ton-days exposure.
Improvements in calibration, background estimation, as well
as increased statistics allow this study to provide the most
precise estimates to date of the neutrino mass and mixing
parameters |�m2

ee| and sin

2

2✓
13

.
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antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
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consistent with the fitted calibration data within a 68.3%
C.L. This �2-based approach to obtain the energy response
resulted in < 1% uncertainties of the absolute energy scale
above 2 MeV. The uncertainties of the positron response were
validated using the 53 MeV cutoff in the Michel electron
spectrum from muon decay at rest and the continuous �+�
spectra from natural bismuth and thallium decays. These
improvements added confidence in the characterization of
the absolute energy response of the detectors, although
they resulted in negligible changes to the measured mixing
parameters.

IBD candidates were selected using the same criteria
discussed in Ref. [1]. Noise introduced by PMT light emission
in the voltage divider, called flashing, was efficiently removed
using the techniques of Ref. [6]. We required 0.7 MeV
< E

p

< 12.0 MeV, 6.0 MeV < E
d

< 12.0 MeV, and 1
µs < �t < 200 µs, where E

d

is the delayed energy and
�t = t

d

� t
p

was the time difference between the prompt and
delayed signals. In order to suppress cosmogenic products,
candidates were rejected if their delayed signal occurred (i)
within a (�2 µs, 600 µs) time-window with respect to an IWS
or OWS trigger with a PMT multiplicity > 12, (ii) within
a (�2 µs, 1000 µs) time-window with respect to triggers in
the same AD with reconstructed energy > 20 MeV, or (iii)
within a (�2 µs, 1 s) time-window with respect to triggers in
the same AD with reconstructed energy > 2.5 GeV. To select
only definite signal pairs, we required the signal to have a
multiplicity of 2: no other > 0.7 MeV signal occurred within
a (t

p

� 200 µs, t
d

+ 200 µs) time-window.
Estimates for the five major sources of background

for the new data sample are improved with respect to
Ref. [9]. The background produced by the three Am-
C neutron sources inside the automated calibration units
contributed significantly to the total systematic uncertainty of
the correlated backgrounds in the 6-AD period. Because of
this, two of the three Am-C sources in each AD in EH3 were
removed during the 2012 summer installation period. As a
result, the average correlated Am-C background rate in the
far hall decreased by a factor of 4 in the 8-AD period. As
in previous publications [1, 9], this rate was determined by
monitoring the single neutron production rate from the Am-
C sources. Removal of these Am-C sources had negligible
consequences for our calibration.

Energetic, or fast, neutrons of cosmogenic origin produced
a correlated background for this study. Relaxing the prompt-
energy selection to (0.7-100) MeV revealed the fast-neutron
background spectrum above 12 MeV. Previously we deduced
the rate and spectrum of this background using a linear
extrapolation into the IBD prompt signal region. Here we used
a background-enhanced dataset to improve the estimate. We
found 6043 fast neutron candidates with prompt energy from
0.7 to 100 MeV in the 200 µs following cosmogenic signals
only detected by the OWS or RPC. The energy spectrum of
these veto-tagged signals was consistent with the spectrum
of IBD-like candidate signals above 12 MeV, and was used
to estimate the rate and energy spectrum for the fast neutron

background from 0.7 to 12 MeV. The systematic uncertainty
was estimated from the difference between this new analysis
and the extrapolation method previously employed, and was
determined to be half of the estimate reported in Ref. [6].

The methods used in Refs. [1, 6] to estimate the
backgrounds from the uncorrelated prompt-delayed pairs (i.e.
accidentals), the correlated �-n decays from cosmogenic 9Li
and 8He, and the 13C(↵,n)16O reaction, were extended to the
current 6+8 AD data sample. The decrease in the single-
neutron rate from the Am-C sources reduced the average rate
of accidentals in the far hall by a factor of 2.7. As a result,
the total backgrounds amount to about 3% (2%) of the IBD
candidate sample in the far (near) hall(s). The systematic
uncertainties in the 13C(↵,n)16O cross section and in the
transportation of the ↵ particles were reassessed through a
comparison of experimental results and simulation packages,
respectively [19]. The estimation of 9Li/8He now dominated
the background uncertainty in both the near and far halls.
The estimated signal and background rates, as well as the
efficiencies of the muon veto, ✏µ, and multiplicity selection,
✏m, are summarized in Table I.

A detailed treatment of the absolute and relative efficiencies
using the first six ADs was reported in Refs. [6, 14]. The
uncertainties of the absolute efficiencies are correlated among
the ADs and thus play a negligible role in the relative
measurement of ⌫e disappearance. The performance of
the two new ADs was found to be consistent with the
other detectors. Estimates of two prominent uncorrelated
uncertainties, the delayed-energy selection efficiency and the
fraction of neutrons captured on Gd, were confirmed for
all eight ADs using improved energy reconstruction and
increased statistics.

Oscillation was measured using the L/E-dependent disap-
pearance of ⌫e, as given by the survival probability

P = 1� cos

4 ✓
13

sin

2

2✓
12

sin

2

1.267�m2

21

L

E

� sin

2

2✓
13

sin

2

1.267�m2

eeL

E
. (1)

Here E is the energy in MeV of the ⌫e, L is the distance in
meters from its production point, ✓

12

is the solar mixing angle,
and �m2

21

= m2

2

�m2

1

is the mass-squared difference of the
first two neutrino mass eigenstates in eV2.

Recent precise measurements of the IBD positron energy
spectrum disagree with models of reactor ⌫e emission [3, 20–
22]. Here we present a technique for predicting the signal
in the far hall based on measurements obtained in the near
halls, with minimal dependence on models of the reactor
antineutrinos. In our previous measurements [9], model-
dependence was limited by allowing variation of the predicted
⌫e flux within model uncertainties, while the technique here
provides an explicit demonstration of the negligible model
dependence. A �2 was defined as

�2

=

X

i,j

(N f

j � wj ·Nn

j )(V
�1

)ij(N
f

i � wi ·Nn

i ), (2)

⇢
sin2 2✓13 = 0.084± 0.005
|�m2

ee| = (2.42± 0.11)⇥ 10�3eV 2

to appear on Phys. Rev. Lett., arXiv:1505.03456
[arXiv:1505.03456]
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θ13 @ T2K

• High intensity ~700 MeV νμ beam (off-axis) produced from a 30 GeV protons @ J-PARC 

• Neutrinos observed in different detectors: 

@ INGRID (on-axis near detector) : beam direction and intensity monitoring 

@ ND280 (off-axis near detector) : neutrino flux measurement before oscillation 

@ Super-Kamiokande (off-axis far detector):  neutrino flux measurement after oscillation 

+ NA61/SHINE (at CERN) to constrain flux systematics → See Matej’s talk

19

Super-Kamiokande

A parameter xSF is included to allow the cross-section
model to be linearly adjusted between the extremes of the
RFG (xSF ¼ 0) and SF (xSF ¼ 1) models. The nominal
value for xSF is taken to be zero, and the prior distribution
for xSF is assumed to be a standard Gaussian (mean zero
and standard deviation one) but truncated outside the range
[0, 1].

E. Summary of cross section systematic parameters

All the cross-section parameters, ~x, are summarized in
Table VII, including the errors prior to the analysis of near
detector data. They are categorized as follows:
(1) Common between ND280 and SK; constrained by

ND280 data. The parameters which are common
with SK and well measured by ND280 are MQE

A ,
MRES

A and some normalization parameters.
(2) Independent between ND280 and SK and, therefore,

unconstrained by ND280 data. The parameters pF,
EB and SF are target nuclei dependent and so are
independent between ND280 (12C) and SK (16O).

(3) Common between ND280 and SK, but for which
ND280 data have negligible sensitivity, so no con-
straint is taken from ND280 data. The remaining
parameters in Table VII are not expected to be
measured well by ND280 and, therefore, are treated
like independent parameters.

We define ~xn to be the set of cross-section systematic
parameters which are constrained by ND280 data (category
1) to distinguish them from the remaining parameters ~xs
(categories 2 and 3).

IV. NEAR DETECTORS

Precision neutrino oscillation measurements require
good understanding of the neutrino beam properties and
of neutrino interactions. The two previous sections describe
how we model these aspects for the T2K experiment and
how we use external data to reduce model uncertainty.
However, if only external data were used, the resulting
systematic uncertainty would limit the precision for oscil-
lation analyses.
In order to reduce systematic uncertainty below the

statistical uncertainty for the experiment, an underground
hall was constructed 280 m downstream of the production
target for near detectors to directly measure the neutrino
beam properties and neutrino interactions. The hall con-
tains the on-axis INGRID detector, a set of modules with
sufficient target mass and transverse extent to continuously
monitor the interaction rate, beam direction, and profile,
and the off-axis ND280 detector, a sophisticated set of
subdetectors that measure neutrino interaction products in
detail.
This section describes the INGRID and ND280 detectors

and the methods used to select high purity samples of
neutrino interactions. The observed neutrino interaction

rates and distributions are compared to the predictions
using the beam line and interaction models, with nominal
values for the systematic parameters. Section V describes
how ND280 data are used to improve the systematic
parameter estimates and compares the adjusted model
predictions with the ND280 measurements.

A. INGRID

1. INGRID detector

The main purpose of INGRID is to monitor the neutrino
beam rate, profile, and center. In order to sufficiently cover
the neutrino beam profile, INGRID is designed to sample
the beam in a transverse section of 10 m × 10 m, with 14
identical modules arranged in two identical groups along
the horizontal and vertical axes, as shown in Fig. 3. Each of
the modules consists of nine iron target plates and eleven
tracking scintillator planes, each made of two layers of
scintillator bars (X and Y layers). They are surrounded by
veto scintillator planes to reject charged particles coming
from outside of the modules. Scintillation light from each
bar is collected and transported to a photodetector with a
wavelength shifting fiber (WLS fiber) inserted in a hole
through the center of the bar. The light is read out by a
multipixel photon counter (MPPC) [81] attached to one end
of the WLS fiber. A more detailed description can be found
in Ref. [82].

2. Event selection

Neutrino interactions within the INGRID modules are
selected by first reconstructing tracks using the X and Y
layers independently with an algorithm based on a cellular

1.5m  

~10m  

~10m

X 

Y  
Beam center  

Z  

FIG. 3 (color online). Overview of the INGRID viewed from
beam upstream. Two separate modules are placed at off-axis
positions off the main cross to monitor the asymmetry of
the beam.

K. ABE et al. PHYSICAL REVIEW D 91, 072010 (2015)

072010-10

ND280

INGRID

Measuring neutrino oscillations

Since the discovery of neutrino oscillation in 1998 we know that a neutrino

is produced in a flavor eigenstate ↵ which is a superposition of mass

eigenstates j :

|⌫(0) >= |⌫↵ >= P
U↵j |⌫j >

with U↵j the mixing matrix known as the PMNS matrix:

0

@
⌫e
⌫µ
⌫⌧

1

A=

0

@
1 0

00 cos ✓23 sin ✓23
0 � sin ✓23 cos ✓23

1

A
0

@ cos ✓13 0 sin ✓13e�i�0
1

0
� sin ✓13e i� 0 cos ✓13

1

A
0

@ cos ✓12 sin ✓12 0� sin ✓12 cos ✓12 00
0 1

1

A
0

@
⌫1
⌫2
⌫3

1

A

The mass states appear in the

oscillation probabilities only in the

form of differencesm2
2 � m2

1 = �m2
21

|m2
3 � m2

2 | = |�m2
32 |

The sign of �m2
32 is currently

unknown.=) Two possible mass hierarchies

Normalm2
3

�m2
32

m2
2

�m2
21

m2
1

Inverted

m2
3

m2
2

�m2
21

m2
1

�m2
32

⌫e

⌫µ

⌫⌧

|�m2
32 |

�m2
21

9 June 2015 | Anthony Hillairet | T2K oscillation results

| Slide 2 / 24

2.5º



Alberto Remoto 20

Neutrino oscillation @ T2K

• Compare oscillated flux @ SK w.r.t 
unoscillated flux at ND280 

• ND280 — SK extrapolation: main source of 
systematics → See Francesco’s talk 

νe appearance mode: θ13 (and δCP): 

• 28 evt. obs. (4.9 ± 0.6 exp. if no oscillation) 

•  7.3σ significance to non-zero θ13 

νμ disappearance mode: θ23 and Δm223: 

• 120 evt. obs. (446 ± 23 exp. if no oscillation) 

• world leading measurement of the mixing 
angle θ23 

Recently start running in anti-νμ mode [NuFact2015]
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https://indico.fnal.gov/getFile.py/access?contribId=236&sessionId=20&resId=0&materialId=slides&confId=8903
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Oscillation: a comprehensive summary
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FIG. 3: As in Fig. 2, but adding SK atmospheric data in a global 3ν analysis of all data.

7

TABLE I: Results of the global 3ν oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3σ ranges for the 3ν
mass-mixing parameters. See also Fig. 3 for a graphical representation of the results. We remind that ∆m2 is defined herein as
m2

3− (m2
1 +m2

2)/2, with +∆m2 for NH and −∆m2 for IH. The CP violating phase is taken in the (cyclic) interval δ/π ∈ [0, 2].
The overall χ2 difference between IH and NH is insignificant (∆χ2

I−N = −0.3).

Parameter Best fit 1σ range 2σ range 3σ range

δm2/10−5 eV2 (NH or IH) 7.54 7.32 – 7.80 7.15 – 8.00 6.99 – 8.18

sin2 θ12/10
−1 (NH or IH) 3.08 2.91 – 3.25 2.75 – 3.42 2.59 – 3.59

∆m2/10−3 eV2 (NH) 2.43 2.37 – 2.49 2.30 – 2.55 2.23 – 2.61

∆m2/10−3 eV2 (IH) 2.38 2.32 – 2.44 2.25 – 2.50 2.19 – 2.56

sin2 θ13/10−2 (NH) 2.34 2.15 – 2.54 1.95 – 2.74 1.76 – 2.95

sin2 θ13/10
−2 (IH) 2.40 2.18 – 2.59 1.98 – 2.79 1.78 – 2.98

sin2 θ23/10
−1 (NH) 4.37 4.14 – 4.70 3.93 – 5.52 3.74 – 6.26

sin2 θ23/10−1 (IH) 4.55 4.24 – 5.94 4.00 – 6.20 3.80 – 6.41

δ/π (NH) 1.39 1.12 – 1.77 0.00 – 0.16 ⊕ 0.86 – 2.00 —

δ/π (IH) 1.31 0.98 – 1.60 0.00 – 0.02 ⊕ 0.70 – 2.00 —

IV. COVARIANCES OF OSCILLATION PARAMETERS

In this Section we show the allowed regions for selected couples of oscillation parameters, and discuss some interesting
correlations.
Figure 4 shows the global fit results in the plane charted by (sin2 θ23, ∆m2), in terms of regions allowed at 1, 2

and 3σ (∆χ2 = 1, 4 and 9). Best fits are marked by dots, and it is understood that all the other parameters are
marginalized away. From left to right, the panels refer to increasingly rich datasets, as previously discussed: LBL
accelerator + solar + KamLAND data (left), plus SBL reactor data (middle), plus SK atmospheric data (right). The
upper (lower) panels refer to normal (inverted) hierarchy. This figure shows the instability of the θ23 octant discussed
above, in a graphical format which is perhaps more familiar to most readers. It is worth noticing the increasing
(sin2 θ23, ∆m2) covariance for increasingly nonmaximal θ23 (both in first and in the second octant), which contributes
to the overall ∆m2 uncertainty. In this context, the measurement of ∆m2 at SBL reactor experiments (although
not yet competitive with accelerator and atmospheric experiments [15]) may become relevant in the future: being
θ23-independent, it will help to break the current correlation with θ23 and to improve the overall ∆m2 accuracy in
the global fit.
Figure 5 shows the allowed regions in the plane charted by (sin2 θ23, sin

2 θ13). Let us consider first the left panels,
where a slight negative correlation between these two parameters emerges from LBL appearance data, as discussed in
[4]. The contours extend towards relatively large values of θ13, especially in IH, in order to accommodate the relatively
strong T2K appearance signal [17]. However, solar + KL data provide independent (although weaker) constraints on
θ13 and, in particular, prefer sin2 θ13 ∼ 0.02 in our analysis. This value, being on the “low side” of the allowed regions
of θ13, leads (via anticorrelation) to a best-fit value of θ23 on the “high side” (i.e., in the second-octant) for both NH
and IH. However, when current SBL reactor data are included in the middle panels, a slightly higher value of θ13 is
preferred (sin2 θ13 ≃ 0.023) with very small uncertainties: this value is high enough to flip the θ23 best fit from the
second to the first octant in NH, but not in IH.
It is useful to compare the left and middle panels of Fig. 5 with the analogous ones of Fig. 1 from our previous

analysis [4]: the local minima in the two θ23 octants are now closer and more degenerate. This fact is mainly due to
the persisting preference of T2K disappearance data for nearly maximal mixing [19], which is gradually diluting the
MINOS preference for nonmaximal mixing [23]. Moreover, accelerator data are becoming increasingly competitive
with atmospheric data in constraining θ23 [19]. Therefore, although we still find (as in previous works [2, 4]) that
atmospheric data alone prefer θ23 < π/4, the overall combination with current non-atmospheric data (right panels
of Fig. 5) makes this indication less significant than in previous fits (compare, e.g., with Fig. 1 in [4]), especially in
IH where non-atmospheric data now prefer the opposite case θ23 > π/4. The fragility of the θ23 octant fit (with
and without atmospheric neutrinos) was also noted in the recent analysis [6]. In conclusion, the overall indication
for θ23 < π/4 in both NH and IH (right panels of Fig. 5) is currently weaker than in our previous analysis [4]; in
particular, its significance reaches only ∼ 1.6σ ( 90% C.L.) in NH, while it is < 1σ in IH. Further accelerator neutrino
data will become increasingly important in assessing the status of θ23 in the near future.

[PRD 89, 093018 (2014)]

θ12 , θ23, θ13  

Δm213,  Δm223 

Sign of Δm223 

θ23 octant 

δCP

http://arxiv.org/abs/1312.2878
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Mass hierarchy? 

CP Violation? 

Sterile neutrinos? 

Neutrino masses? 

Dirac/Majorana?
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The problem of the mass hierarchy
• Frequency of the oscillation probability 

depends on |Δm2| at first order 

• Sub-leading effects depend on the MH, 
but hard to highlight 

• Matter effect enhances ν/anti-ν oscillation 
depending on the MH 

• Different strategies but beyond 2020

24

Anatael Cabrera (CNRS-IN2P3 & APC)

energy resolution of JUNO detector…8

•the 3% requirement arises from ratio δm2/Δm2 

•i.e. the solar to atmospheric mass-squared difference 

•need energy resolution ~ 3% @ 1MeV 

•stochastic term (a/√E)→ a ≤ 3% 

•non-stochastic term under investigation (next)

Figure 1: The MH discrimination ability for the proposed reactor neutrino experiment
as functions of the baseline (left panel) and the detector energy resolution (right panel)
with the method of the least squares function in Eq. (10).

Cores YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6
Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9
Baseline(km) 52.75 52.84 52.42 52.51 52.12 52.21

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ
Power (GW) 4.6 4.6 4.6 4.6 17.4 17.4
Baseline(km) 52.76 52.63 52.32 52.20 215 265

Table 1: Summary of the power and baseline distribution for the Yangjiang (YJ) and
Taishan (TS) reactor complexes, as well as the remote reactors of Daya Bay (DYB) and
Huizhou (HZ).

uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy between
1.8 MeV and 8.0 MeV.

We can fit both the normal MH and inverted MH with the least squares method
and take the difference of the minima as a measurement of the MH sensitivity. The
discriminator of the neutrino MH can be defined as

∆χ2
MH = |χ2

min(N)− χ2
min(I)|, (11)

where the minimization process is implemented for all the relevant oscillation parameters.
Note that two local minima for each MH [χ2

min(N) and χ2
min(I)] can be located at different

positions of |∆m2
ee|. This particular discriminator is used to obtain the optimal baseline

and to explore the impact of the energy resolution, which are shown in the left and right
panels of Figure 1. Ideally a sensitivity of ∆χ2

MH ≃ 16 can be obtained at the baseline
around 50 km and with a detector energy resolution of 3%.

The baselines to two reactor complexes should be equal. The impact of unequal
baselines is shown in the left panel of Figure 2, by keeping the baseline of one reactor
unchanged and varying that of another. A rapid oscillatory behavior is observed and
demonstrates the importance of baseline differences for the reactor cores. To evaluate
the impact from the spacial distribution of individual cores, we take the actual power

5

Y.F. Li et al, PRD88(2013)013008

1.3 Nucleon decays 19
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> 0
(NH) and sin2 2✓

13

= 0.09. The spectral information provides an unambiguous determination of the oscillations
parameters and allows in principle to distinguish the two CP-conserving scenarios.

and distinguishable.

1.3 Nucleon decays

Grand Unification (GU) of the strong, weak and electromagnetic interactions into a single unified

gauge [32, 33] is an extremely appealing possibility which has been vigorously pursued, theoretically

and experimentally, for many years. The question is of fundamental importance and it has received a

great deal of attention in the past decades with large water Cerenkov detectors at the forefront, but

even relatively smaller fine grained calorimeters, as for instance Soudan-2 [34, 35], made significant

contributions.

Experimental hints in favor of Grand Unified Theories (GUT) are the apparent merging of the

three coupling constants at a large energy scale (⇠ 1016 GeV) when low energy measurements are

extrapolated [36], or the observation that the quantized electric charges cancel such that protons

and electrons compensate each other in atoms with such an enormous accuracy [37] that a specific

internal symmetry of nature must exist. On the other hand, the most direct signature of GU would

be the experimental detection of proton or bound-neutron decays, representing the direct observation

of baryon number violation [38]. The experimental search for decays of protons or bound-neutrons is
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FIG. 5: Same as Figure 4 for inverted hierarchy �m2
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< 0 (IH).

therefore another most important and research frontier problem of Particle Physics. In the simplest

GUTs, nucleon decay proceeds via an exchange of a massive boson X between two quarks in a proton

or in a bound neutron. In this reaction, one quark transforms into a lepton and another into an anti-

quark which binds with a spectator quark creating a meson. According to the experimental results

from Super-Kamiokande [39, 40] constraining the partial decay to ⌧/B(p ! e+⇡0) > 5.4 ⇥ 1033 years

(90%C.L.), the minimal SU(5) [33], predicting a proton lifetime proportional to ↵�2M4
X where ↵ is

the unified coupling constant and MX the mass of the gauge boson X, seems definitely ruled out.

In addition, in this model it does not seem possible to achieve the unification of gauge couplings in

agreement with the experimental values of the gauge couplings at the Z0 pole [36].

Supersymmetry, motivated by the so-called “hierarchy problem”, postulates that for every SM

particle, there is a corresponding “superpartner” with spin di↵ering by 1/2 unit from the SM particle

[41]. In this case, the unification scale turns out higher, and pushes up the proton lifetime in the

p ! e+⇡0 channel up to 1036±1 years, compatible with experimental results. At the same time,

alternative decay channels open up via dimension-five operator interactions with the exchange of heavy

supersymmetric particles. In these models, transitions from one quark family in the initial state to

the same family in the final state are suppressed. Since the only second or third generation quark

which is kinematically allowed is the strange quark, an anti-strange quark typically appears in the
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Alberto Remoto

CP violation in the lepton sector

• Big-bang: symmetry between matter 
and antimatter 

• Matter is dominant in the universe 
right now → asymmetry 

• CP violation in baryon sector is not 
enough  

• CP violation in the lepton sector + 
leptogenesis → might explain current 
asymmetry 

• Planned DUNE/HyperK experiments 
aim to measure δCP with long baseline

25

see Davide’s talks
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Like the solar and the atmospheric anomalies…

26

see Thomas’ & Luis’ talks

• Reactor anti-νe disappearance at very-short 
baseline  

• LSND & MiniBooNE: νe appearance at high Δm2 

• Additional  neutrinos may explain the anomalies  

• LEP data constrain number of active neutrino: the 
additional neutrinos  must be sterile



Alberto Remoto

The problem of the mass

27

• The smallness of ν masses is also an issue, Higgs 
coupling is "unnatural" 

• See-saw mechanism as possible explanation but 
requires Majorana neutrinos

• Oscillations provide information about neutrino 
mass splittings  

• Direct measurement of neutrino mass from precise 
measurement of 3H β-decay gives mν ≤ 1 eV 

• Indirect limit from cosmological observation (Plank 
2015) Σm ≤ 0.2 eV

LD = mD(⌫L⌫̄R + ⌫̄L⌫R)

mD =
vp
2
Y⌫

Y⌫ ' 10�12

(Ye ⇠ 0.3⇥ 10�5)

⌫R = C⌫̄TL = (⌫L)
C

m =
m2

D

mR Arbitrary big

Higgs-coupled
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Neutrino-less double beta decay

28

2νββ decay: 

0νββ decay: 

• process forbidden in the SM 

(A,Z) ! (A,Z + 2) + 2e�
(A,Z) ! (A,Z + 2) + 2e� + 2⌫̄e

(T 0⌫
1/2)

�1 = G0⌫(Q�� , Z)|M0⌫ |2⌘2

• Light Majorana neutrino exchange 

• Right-handed current (V+A), SUSY, Majoron(s), etc.

• The neutrino is the only massive fermion to be neutral  

• Could be its own antiparticle: Majorana particle  

• The only practical way to test Majorana/Dirac nature:

see Steven’s talks
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• Neutrino physics full unexpected surprises 

• First and only sign of physics beyond SM 

• The only particle worth 4 nobel prizes 

• Many open questions still waiting for answers


