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“at some point you wonder 
if I have anything at all . . . “
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• and yet . . . . . . 

• it is a fundamental constituent of the universe

• it is produced copiously and omnipresent
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C O N S E R VAT I O N  C R I S I S :

• β decay: nucleus decays into an e + 
another nucleus 

• energy spectrum of electron appears to 
be continuous (Hahn, Meitner) 

• N. Bohr: “no evidence either empirical 
or theoretical” exists for energy 
conservation in the nucleus. 

The Missing Energy and the
Neutrino Hypothesis

During the early decades of this 
entury, when radioactivity was first
eing explored and the structure of the
tomic nucleus unraveled, nuclear beta
ecay was observed to cause the trans-

mutation of one element into another.
n that process, a radioactive nucleus
mits an electron (or a beta ray) and 
ncreases its positive charge by one 
nit to become the nucleus of another
lement. A familiar example is the beta
ecay of tritium, the heaviest isotope 
f hydrogen. When it undergoes beta
ecay, tritium emits an electron and
urns into helium-3. 

The process of beta decay was 
udied intensely. In particular, 

cientists measured the energy of the
mitted electron. They knew that a 
efinite amount of nuclear energy was
eleased in each decay reaction and
hat, by the law of energy conservation,
he released energy had to be shared by 
he recoil nucleus and the electron. 

The requirements of energy conser-
ation, combined with those of momen-
um conservation, implied that the 
lectron should always carry away the
ame amount of energy (see the box
Beta Decay and the Missing Energy”
n the facing page). That expectation
eemed to be borne out in some experi-

ments, but in 1914, to the great conster-
ation of many, James Chadwick
howed definitively that the electrons
mitted in beta decay did not have one
nergy or even a discrete set of ener-
ies. Instead, they had a continuous
pectrum of energies. Whenever the
lectron energy was at the maximum
bserved, the total energy before and
fter the reaction was the same, that is,
nergy was conserved. But in all other
ases, some of the energy released in
he decay process appeared to be lost. 

In late 1930, Wolfgang Pauli 
ndeavored to save the time-honored
aw of energy conservation by propos-
ng what he himself considered a 
desperate remedy” (see the box “The

Desperate Remedy” on this page)—

4 December 1930
Gloriastr.

Zürich
Physical Institute of the
Federal Institute of Technology (ETH)
Zürich
Dear radioactive ladies and gentlemen,
As the bearer of these lines, to whom I ask you to listen

graciously, will explain more exactly, considering the
‘false’ statistics of N-14 and Li-6 nuclei, as well as the
continuous b-spectrum, I have hit upon a desperate remedy 
to save the “exchange theorem”* of statistics and the energy
theorem. Namely [there is] the possibility that there could
exist in the nuclei electrically neutral particles that I
wish to call neutrons,** which have spin 1/2 and obey the
exclusion principle, and additionally differ from light quan-
ta in that they do not travel with the velocity of light:
The mass of the neutron must be of the same order of magni-
tude as the electron mass and, in any case, not larger than
0.01 proton mass. The continuous b-spectrum would then become
understandable by the assumption that in b decay a neutron
is emitted together with the electron, in such a way that
the sum of the energies of neutron and electron is constant.

Now, the next question is what forces act upon the neu-
trons. The most likely model for the neutron seems to me to
be, on wave mechanical grounds (more details are known by
the bearer of these lines), that the neutron at rest is a
magnetic dipole of a certain moment m. Experiment probably
required that the ionizing effect of such a neutron should
not be larger than that of a g ray, and thus m should prob-
ably not be larger than e.10-13 cm.

But I don’t feel secure enough to publish anything 
about this idea, so I first turn confidently to you, dear 
radioactives, with a question as to the situation concerning
experimental proof of such a neutron, if it has something
like about 10 times the penetrating capacity of a g ray.

I admit that my remedy may appear to have a small a
priori probability because neutrons, if they exist, would
probably have long ago been seen. However, only those who
wager can win, and the seriousness of the situation of the
continuous b-spectrum can be made clear by the saying of my
honored predecessor in office, Mr. Debye, who told me a short
while ago in Brussels, “One does best not to think about
that at all, like the new taxes.” Thus one should earnestly
discuss every way of salvation.—So, dear radioactives, put 
it to test and set it right.—Unfortunately, I cannot 
personally appear in Tübingen, since I am indispensable here
on account of a ball taking place in Zürich in the night
from 6 to 7 of December.—With many greetings to you, also to
Mr. Back, your devoted servant,

W. Pauli

*In the 1957 lecture, Pauli explains, “This reads: exclusion
principle (Fermi statistics) and half-integer spin for an odd
number of particles; Bose statistics and integer spin for an
even number of particles.”

This letter, with the footnote above, was printed in the September 1978 issue of 
Physics Today.

**Pauli originally called the new particle the neutron (or the “neutral one”). Later, Fermi 
renamed it the neutrino (or the “little neutral one”). 
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The Reines-Cowan Experiments

Beta Decay and the Missing Energy

In all types of radioactive decay, a radioactive nucleus does not only emit alpha, beta, or gamma radiation, but it also converts
mass into energy as it goes from one state of definite energy (or equivalent rest mass M1) to a state of lower energy (or smaller
rest mass M2). To satisfy the law of energy conservation, the total energy before and after the reaction must remain constant, so
the mass difference must appear as its energy equivalent (kinetic energy plus rest mass energy) among the reaction products. 

Early observations of beta decay suggested that a nucleus 
decays from one state to a state with one additional unit of
positive charge by emitting a single electron (a beta ray). 
The amount of energy released is typically several million
electron volts (MeV), much greater than the rest mass energy
of the electron (0.51 MeV). Now, if a nucleus at rest decays
into two bodies—the final nucleus and the electron—the law 
of momentum conservation implies that the two must separate
with equal and opposite momentum (see top illustration).
Thus, conservation of energy and momentum implied that the
electron from a given beta-decay process would be emitted
with a constant energy.

Moreover, since a nucleus is thousands of times heavier than
an electron, its recoil velocity would be negligible compared with
that of the electron, and the constant electron energy would
carry off just about all the energy released by the decay.

The graph (center) shows the unexpected results obtained
from experiment. The electrons from beta decay were not
emitted with a constant energy. Instead, they were emitted
with a continuous spectrum of energies up to the expected
value. In most instances, some of the energy released in the
decay appeared to be lost. Scientists of the time wondered
whether to abandon the law of energy conservation when 
considering nuclear processes.

Three-Body Decay and the Neutrino Hypothesis. 
Pauli’s solution to the energy crisis was to propose that the
nucleus underwent beta decay and was transformed into three
bodies: the final nucleus, the electron, and a new type of 
particle that was electrically neutral, at least as light as the
electron, and very difficult to detect (see bottom illustration).
Thus, the constant energy expected for the electron alone was
really being shared between these two light particles, and the
electron was being emitted with the observed spectrum of 
energies without violating the energy conservation law. 

Pauli made his hypothesis in 1930, two years before Chadwick
discovered the neutron, and he originally called the new parti-
cle the neutral one (or neutron). Later, when Fermi proposed his famous theory of beta decay (see the box “Fermi’s Theory of
Beta Decay and Neutrino Processes” on the next page), he renamed it the neutrino, which in Italian means the “little neutral one.” 
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D E A R  R A D I O A C T I V E  L A D I E S  A N D  G E N T L E M E N :

• “a desperate remedy”:  

• a neutral, spin 1/2 particle exists within the nucleus 

• As it turns out, there are two particles (E. Fermi) 

• spin-statistics → “neutron” bound in nucleus 

• energy conservation→ “neutrino” emitted in β decay

n ! p+ e+ ⌫̄e

“Copenhagen spin crisis of 1930”
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PA U L I ’ S  P R O B L E M  C H I L D

• “Thus, dear radioactives, examine and judge . . . .” 

• The “neutron” is quickly found (Chadwick, 1932) 

• Initial estimate for neutrino interaction cross section (Bethe, Peierls):  

• σ ~ 10
-44

 cm
2 

• P = n σ L → L ~ 10
20

 cm = 10
15

 km ~ 100 light years 

• cf.: L(neutron), L(photon) ~ 10
2 

cm 

• “there is no practically possible way of observing the neutrino" 

• Pauli: “I have done a terrible thing.  

• I have postulated a particle that cannot be detected.”
6
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T H E  N U C L E A R  A G E

• Nuclear technology changes the picture: 

• ~10
13

 ν/cm/sec
2 

from Hanford and Savannah River reactor facilities 

• ~ton scale detectors with high neutron detection efficiency

Frederick Reines 205

suing.] The initial idea was to view a large pot of liquid scintillator with many
photomultiplier tubes located on its boundary. The neutrinos would then
produce positrons which would ionize causing light flashes which could be
sensed by the photomultipliers and converted to electrical pulses for display
and analysis.

The idea that such a sensitive detector could be operated in the close prox-
imity (within a hundred meters) of the most violent explosion produced by
man was somewhat bizarre, but we had worked with bombs and felt we could
design an appropriate system. In our bomb proposal a detector would be sus-
pended in a vertical vacuum tank in the near vicinity of a nuclear explosion
and allowed to fall freely for a few seconds until the shock wave had passed
(Fig. 1). It would then gather data until the fireball carrying the fission frag-
ment neutrino source ascended skyward. We anticipated a signal consisting
of a few counts assuming the predicted (~ 10-43 c m2/proton) cross section,
but background estimates suggested that our sensitivity could not be guar-
anteed for cross sections < l0-39 cm2/proton, four orders of magnitude short!
It is a tribute to the wisdom of Los Alamos Director, Norris Bradbury, that he
approved the attempt on the grounds that it would nevertheless be - 1000
times as sensitive as the then existing limits.

I recall a conversation with Bethe in which he asked how we proposed to
distinguish a neutrino event from other bomb associated signals. I described
how, in addition to the use of bulk shielding which would screen out gamma

NUCLEAR EXPLOSIVE

- F I R E B A L L

- - I

Figure 1. Sketch of the originally proposed experimental setup to detect the neutrino
using a nuclear bomb. This experiment was approved by the authorities at Los Alamos but
was superceded by the approach which used a fission reactor.

F. Reines, Nobel Lecture 1995

203

we wandered around the place, and started to discuss what to do that’s inter-
esting in physics. “Let’s do a real challenging problem,” I said. He said,
“Let’s work on positronium.” I said, “No, positronium is a very good thing
but Martin Deutsch has that sewed-up. So let’s not work on positronium.”
Then I said, “Clyde let’s work on the neutrino.” His immediate response was,
“GREAT IDEA.” He knew as little about the neutrino as I did but he was a
good experimentalist with a sense of derring do. So we shook hands and got
off to working on neutrinos.

Need for Direct Detection

Before continuing with this narrative it is perhaps appropriate to recall the
evidence for the existence of the neutrino at the time Clyde and I started on
our quest. The neutrino of Wolfgang Pauli[l] was postulated in order to
account for an apparent loss of energy-momentum in the process of nuclear
beta decay. In his famous 1930 letter to the Tübingen congress, he stated: “I
admit that my expedient may seem rather improbable from the first, becau-
se if neutrons1 existed they would have been discovered long since.
Nevertheless, nothing ventured nothing gained... We should therefore be
seriously discussing every path to salvation.”

All the evidence up to 1951 was obtained “at the scene of the crime” so to
speak since the neutrino once produced was not observed to interact further.
No less an authority than Niels Bohr pointed out in 1930[2] that no eviden-
ce “either empirical or theoretical” existed that supported the conservation
of energy in this case. He was, in fact, willing to entertain the possibility that
energy conservation must be abandoned in the nuclear realm.

However attractive the neutrino was as an explanation for beta decay, the
proof of its existence had to be derived from an observation at a location
other than that at which the decay process occurred - the neutrino had to be
observed in its free state to interact with matter at a remote point.

It must be recognized, however, that, independently of the observation of
a free neutrino interaction with matter, the theory was so attractive in its
explanation of beta decay that belief in the neutrino as a “real” entity was
general. Despite this widespread belief, the free neutrino’s apparent unde-
tectability led it to be described as “elusive, a poltergeist.”

So why did we want to detect the free neutrino? Because everybody said,
you couldn’t do it. Not very sensible, but we were attracted by the challenge.
After all, we had a bomb which constituted an excellent intense neutrino
source. So, maybe we had an edge on others. Well, once again being brash,
but nevertheless having a certain respect for certain authorities, I comment-
ed in this vein to Fermi, who agreed. A formal way to make some of these
comments is to say that, if you demonstrate the existence of the neutrino in
the free state, i.e. by an observation at a remote location, you extend the
range of applicability of these fundamental conservation laws to the nuclear
realm. On the other hand, if you didn’t see this particle in the predicted

‘When the neutron was discovered by Chadwick, Fermi renamed Pauli’s particle the “neutrino”.

“inverse β decay” 
double signature from e+ and n
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Fred Reines 
1 day ago near Los Alamos
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Wolfgang Pauli likes this

1 min ∙ Like
Hans Bethe: well, you shouldn’t believe everything you read in papers 
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E X T R E M E  S C I E N C E :
Intense sources: 

• Nuclear reactors O(10 GW) 

• Astrophysical sources: 

• supernovae, sun, etc. 

• Accelerator beams with continuous 
output with O(MW) power

Enormous detectors: 
• large volumes of water/ice 

• Antarctic ice (IceCube) 

• Mediterranean Sea (KM3NET) 

• Underground caverns 

• SNO, SK, IMB 

• Iron plates from WWII battleships 

• kiloton of liquid scintillator 9
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ν
(Indirect) Detection of Cosmic Neutrino Background!

Damping scale 
in model 
without 
neutrinos is 
too small

This is an example of a high energy neutrino interaction in the neon-
hydrogen mixture. Because of the short radiation length, electrons 
loose energy rapidly and photons convert to electron-positron pairs.

1

neutrinos shape CMB and  
large scale structure of the universe~99% of the energy of  

supernova in neutrinos

neutrinos produced in the 
solar fusion processes

PeV (=1015 eV) neutrinos Do neutrinos have a role in the  
primordial matter dominance of the universe?
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N E U T R I N O S  I N  T H E  S TA N D A R D  M O D E L

• Neutrinos are spin 1/2 “fermions” 

• cousins of the quarks 

• siblings of the charged leptons 

• They come in three species 

• νe, νµ, ντ 
• corresponding antiparticles 

(“antineutrinos”) 

• They are not assigned masses
e-
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νe

µ-

νµ
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W
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γ

H+ anti-particles
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• Neutrinos undergo weak interactions via the W, Z
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A  C L O S E R  L O O K :

e- µ-

νe νµ

τ-
ντ

e+ µ+

νµνe ντ

τ+

e-, µ-, τ-

W
νe, µ, τ

e+, µ+, τ+

W
νe, µ, τ

• Three species or “flavors” 
defined by its association to a 
charged lepton (e∓, μ∓, τ∓): 

• neutrinos are created 
along with its 
corresponding charged 
anti-lepton 

• neutrinos produce its 
corresponding charged 
lepton upon interacting 

• All flavours interact equally 
through the Z “neutral 
current”

neutrinos and  
leptons

anti-neutrinos and 
anti-leptons 

12



M AT T E R / A N T I M AT T E R  A S Y M M E T R Y

• Sakharov conditions 

• Baryon number (B) violation 

• C, CP violation 

•  Departure from Thermal Equilibrium

               1

MATTER ANTI-MATTER

MATTER

• Extremely small? 

• Extremely large? 

• Known sources of CPV (quark CKM) 
cannot produce this asymmetry 

• are neutrinos the answer?

�B

N�
⇠ O(10�10)

Challenge to Particle Physics

HOW DID THIS HAPPEN?
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W H AT  I S  N E U T R I N O  M A S S

• For a spin 1/2 particle, mass couples left- and right-handed states  

• Quarks/charged leptons have “Dirac” masses 

• particle/antiparticle are distinct chiral pairs  

• Neutrinos may have either/both “Dirac” and “Majorana” masses: 

• absence of electric charge or other conserved quantum numbers 

• “Majorana”: mass from left-chiral particle to right-chiral “antiparticle” 

• neutrinos may be their own antiparticles

14

⌫L

⌫̄R⌫̄L

⌫R

Dirac

Majorana



Q U E S T I O N S :
• Is the flavour (species) of a neutrino immutable? 

• Does it have mass? what “kind” of mass? 

• What is the relation of the neutrino to the antineutrino? 

• do neutrinos exhibit “CP violation”? 

• These questions are inextricably linked due to “mixing” 

• general QM concept when we have two observables  

• In this case: 

• mass/energy (i=1,2,3) 

• flavor (α = e, µ, τ)

|⌫↵i =
X

i

U⇤
↵i|⌫ii

Unitary matrix relates eigenstates of one observable  
with eigenstates of another15



S P I N  1 / 2  A N A L O G Y:

• [H,S] = 0: Eigenvalues of S are eigenvalues of H 

• eigenstates of S are stationary

e B

1

2
H|upi = E1|upi

|upi t�! e�iE1t|upi P (up

t�! down) = 0
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S P I N  1 / 2  A N A L O G Y:

• [H,S] = 0: Eigenvalues of S are eigenvalues of H 

• eigenstates of S are stationary

e B

1

2

• Eigenvectors of S are not energy eigenstates: [H, S] ≠ 0 

• eigenstates of S are no longer stationary 

• non-zero chance to observe different eigenvalue after time.

H|upi = E1|upi

|upi t�! e�iE1t|upi P (up

t�! down) = 0

e

φ

1 BB
2

|upi t�! cos

�

2

e�iE1t|1i � i sin
�

2

e�iE2t|2i

P (up

t�! down) = sin
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2

t
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T W O  N E U T R I N O S

• Angle (θ) describes “rotation” of flavor states relative to mass states 

• mass difference2 governs “wavelength” of oscillations in L/E 

• Directly probe the mass differences, flavor/mass mixing of neutrinos.

|⌫↵i =
X

i

U⇤
↵i|⌫ii

|⌫↵i
t�! cos ✓ e�iE1t|⌫1i+ sin ✓ e�iE2t|⌫2i

P (⌫↵
t�! ⌫�) = sin2 2✓ sin2

E1 � E2

2
t

P (⌫↵
t�! ⌫�) = sin2 2✓ sin2 1.27
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L(km)

energy difference

(special relativity)transformation


properties

unit

 conversion “time”
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◆
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✓
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P R E S S  R E L E A S E

 

BOX 50005, SE-104 05 STOCKHOLM, SWEDEN  
TEL +46 8 673 95 00, INFO@KVA.SE � HTTP://KVA.SE
BESÖK/VISIT: LILLA FRESCATIVÄGEN 4A, SE-114 18 STOCKHOLM, SWEDEN

The Nobel Prize in Physics 2015
The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in Physics for 2015 to 

The Nobel Prize in Physics 2015 recognises Takaaki 
Kajita in Japan and Arthur B. McDonald in Canada, 
for their key contributions to the experiments which 
demonstrated that neutrinos change identities. This 
metamorphosis requires that neutrinos have mass. 
The discovery has changed our understanding of the 
innermost workings of matter and can prove crucial 
to our view of the universe. 
Around the turn of the millennium, Takaaki Kajita presented 
the discovery that neutrinos from the atmosphere switch 
between two identities on their way to the Super-Kamiokande 
detector in Japan.

Meanwhile, the research group in Canada led by 
Arthur B. McDonald could demonstrate that the neutrinos 
from the Sun were not disappearing on their way to Earth. 
Instead they were captured with a different identity when 
arriving to the Sudbury Neutrino Observatory.

A neutrino puzzle that physicists had wrestled with for 
decades had been resolved. Compared to theoretical 
calculations of the number of neutrinos, up to two thirds 
of the neutrinos were missing in measurements performed 
on Earth. Now, the two experiments discovered that the 
neutrinos had changed identities.

The discovery led to the far-reaching conclusion that 
neutrinos, which for a long time were considered massless, 
must have some mass, however small.

For particle physics this was a historic discovery. Its Standard 
Model of the innermost workings of matter had been 
incredibly successful, having resisted all experimental chal-

lenges for more than twenty years. However, as it requires 
neutrinos to be massless, the new observations had clearly 
showed that the Standard Model cannot be the complete 
theory of the fundamental constituents of the universe. 

The discovery rewarded with this year’s Nobel Prize 
in Physics have yielded crucial insights into the all but 
hidden world of neutrinos. After photons, the particles 
of light, neutrinos are the most numerous in the entire 
cosmos. The Earth is constantly bombarded by them. 

Many neutrinos are created in reactions between cosmic 
radiation and the Earth’s atmosphere. Others are produced 
in nuclear reactions inside the Sun. Thousands of billions of 
neutrinos are streaming through our bodies each second. 
Hardly anything can stop them passing; neutrinos are 
nature’s most elusive elementary particles.

Now the experiments continue and intense activity is 
underway worldwide in order to capture neutrinos and 
examine their properties. New discoveries about their deepest 
secrets are expected to change our current understanding of 
the history, structure and future fate of the universe.

Takaaki Kajita, Japanese citizen. Born 1959 in Higashimatsuyama, Japan. 
Ph.D. 1986 from University of Tokyo, Japan. Director of Institute for Cosmic 
Ray Research and Professor at University of Tokyo, Kashiwa, Japan.

www.icrr.u-tokyo.ac.jp/about/greeting_eng.html

Arthur B. McDonald, Canadian citizen. Born 1943 in Sydney, Canada. 
Ph.D. 1969 from Californa Institute of Technology, Pasadena, CA, USA. 
Professor Emeritus at Queen’s University, Kingston, Canada.

www.queensu.ca/physics/arthur-mcdonald

Prize amount: 8 million Swedish krona, to be shared equally between the laureates. 
Further information: http://kva.se and http://nobelprize.org
Press contact: Hans Reuterskiöld, Press Officer, Phone +46 8 673 95 44, +46 70 673 96 50, hans.reuterskiold@kva.se
Experts: Olga Botner, member of the Nobel Committee for Physics, +46 18 471 38 76, +46 73 390 86 50, olga.botner@physics.uu.se 
Lars Bergström, Secretary of the Nobel Committee for Physics, +46 8 553 787 25, lbe@fysik.su.se

The Royal Swedish Academy of Sciences, founded in 1739, is an independent organisation whose overall objective is to promote the sciences and 
strengthen their influence in society. The Academy takes special responsibility for the natural sciences and mathematics, but endeavours to promote 
the exchange of ideas between various disciplines.

Metamorphosis in the particle world

6 October 2015

“for the discovery of neutrino oscillations, which shows that neutrinos have mass”
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Takaaki Kajita
Super-Kamiokande Collaboration 
University of Tokyo, Kashiwa, Japan

Arthur B. McDonald
Sudbury Neutrino Observatory Collaboration 
Queen’s University, Kingston, Canada
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E X A M P L E S :
• “wavelength” in L/E ~ 1/Δm2 

• “amplitude” ~ sin22θ 

• “Slow” (solar)
 

• Δm2
21~7.8x10-5 eV2 

• sin22θ12 ~ 0.846 ± 0.021 

• “Fast” (atmospheric)
 

• Δm2
31~2.4x10-3 eV2 

• sin22θ13 ~ 0.084±0.005 

• sin22θ23 ~1.0

6

use sin

2

2✓

12

= 0.857 ± 0.024 and �m

2

21

= (7.50 ±
0.20) ⇥ 10

�5

eV

2 from Ref. [31], our result was largely
independent of these values. Consistent results were obtained
when our previous methods [1, 9] were applied to this larger
dataset. Under the normal (inverted) hierarchy assumption,
|�m

2

ee

| yields �m

2

32

= (2.37± 0.11)⇥ 10

�3

eV

2 (�m

2

32

=

�(2.47± 0.11)⇥ 10

�3

eV

2). This result was consistent with
and of comparable precision to measurements obtained from
accelerator ⌫

µ

and ⌫̄

µ

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

2

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 |�m

2

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
|�m

2

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 |�m

2

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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FIG. 4. Regions in the |�m2
ee|-sin2

2✓13 plane allowed at the 68.3%,
95.5% and 99.7% confidence levels by the near-far comparison of
⌫e rate and energy spectra. The best estimates were sin

2
2✓13 =

0.084 ± 0.005 and |�m2
ee| = (2.42 ± 0.11) ⇥ 10

�3
eV

2 (black
point). The adjoining panels show the dependence of ��2 on
sin

2
2✓13 (top) and |�m2

ee| (right). The |�m2
ee| allowed region

(shaded band, 68.3% C.L.) was consistent with measurements of
|�m2

32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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) eν 
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0.95

1
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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

2
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.

|�m

2

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 |�m

2

ee

| and sin

2

2✓

13

.
Daya Bay is supported in part by the Ministry of Science

and Technology of China, the U.S. Department of Energy,

L~1.6 kmL~180 km
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T H E  “ M AT T E R  E F F E C T ”
• Neutrinos experience coherent forward scattering in material:

νe/µ/τ νe/µ/τ

e, n, p e, n, p

W
W

νe νe

νe

e

eνe

e

e

• V (matter potential) changes sign for neutrino ↔ antineutrino 

• Sign of Δm2 relative to V “matters” → sensitivity to mass ordering (“hierarchy”) 

• Neutrinos emerging from the Sun are in ~a mass eigenstate (V dominates H) 

• measure νe content of the mass eigenstate when we detect νe from the sun

V =
p
2GFNeZ

H = HV AC +HM =

�m2

4E

✓
� cos 2✓ sin 2✓

sin 2✓ cos 2✓

◆
+

✓
V 0

0 0

◆
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T H R E E ’ S  C O M PA N Y

• Three rotation angles (θ12, θ13, θ23) 

• One complex phase δCP 

• additional phases possible if neutrinos are 
“Majorana” (more on this later) 

• changes sign for antineutrino oscillations

|⌫↵i =
X

i

U⇤
↵i|⌫ii

0

@
⌫e
⌫µ
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1

A =

0

@
U⇤
e1 U⇤

e2 U⇤
e3

U⇤
µ1 U⇤

µ2 U⇤
µ3

U⇤
⌧1 U⇤

⌧2 U⇤
⌧3

1

A

0

@
⌫1
⌫2
⌫3

1

A

U =

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13e+i� 0 c13

1

A

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
1 0 0
0 ei↵1/2 0
0 0 ei↵2/2

1

A

“standard” parametrization
sij = sin θij 
cij = cos θij
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TokaiKamioka

Intense νμ/ νμ beam sent 295 km across Japan 
and detected with the Super-Kamiokande 
detector to study neutrino oscillations 

J-PARC

Super Kamiokande 
“far” detector

295 km

~500 collaborators from 
 58 institutions, 12 nations

ND280 
“near” detector
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νµ “ D I S A P P E A R A N C E ”

• “Survival” probability for initial νµ to be detected as νµ 

• the rest turns to νe, ντ 

• θ13 determined by reactor experiment 

•  No CP asymmetry 

• νµ disappearance and νµ disappearance should be 
the same. 

P (⌫µ ! ⌫µ) ⇠ 1� (cos

4
2✓13 sin

2
2✓23 + sin

2
2✓13 sin

2 ✓23) sin
2
�m2

31
L

4E

23



νµ→ νe oscillation

• Asymmetries from both  δCP and  matter effects 

• both switch sign in considering neutrino vs. antineutrino oscillations
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νµ→ νe oscillation

• Asymmetries from both  δCP and  matter effects 

• both switch sign in considering neutrino vs. antineutrino oscillations
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νµ→ νe oscillation

• Asymmetries from both  δCP and  matter effects 

• both switch sign in considering neutrino vs. antineutrino oscillations
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νµ→ νe oscillation

• Asymmetries from both  δCP and  matter effects 

• both switch sign in considering neutrino vs. antineutrino oscillations
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νµ→ νe oscillation

• Asymmetries from both  δCP and  matter effects 

• both switch sign in considering neutrino vs. antineutrino oscillations
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Q U I C K  S U M M A R Y

• “normal”  hierarchy:  

• enhance νµ→νe 

• suppresses νµ→νe

• CP violating parameter δ 

• δ =0,π: no CP violation: vacuum oscillation probabilities equal 

• δ ~-π/2: enhance νµ→νe, suppress νµ→νe 

• δ ~+π/2: suppress νµ→νe, enhance νµ→νe

• sin2θ23, sin22θ13 

• enhance both νµ→νe and νµ→νe

• “inverted”  hierarchy:  

• suppress νµ→νe 

• enhance νµ→νe



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

• Designed for 700 kW beam 
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Normal Conducting Magnets
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(2.59 T) and quadrapole (18.6 T/m) fields

 Operational current of 4.36 kA, T
max

<5 K

 2 hour recovery from normal quench

 Located in the preparation and final focusing sections of the beamline

 Operate in the 1-10 kG range
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primary beamline

3.3. Muon Monitor

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

9

horn/target assembly

horn

He decay volumeMuon monitors

Beam dump

• 30 GeV protons extracted from J-PARC MR a target 

• secondary π+ focussed by three EM “horns” 

• primarily νμ beam from π+→ μ++ νμ 

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

• spectrum peaked at 600 MeV “off axis” 

• expected oscillation “maximum” for L=295 km

3

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

PACS numbers: 24.10.Lx,14.60.Lm

I. INTRODUCTION

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

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

e

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

2
32 via the ⌫

µ

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

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

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

⇤

also at J-PARC Center

†

also at Institute of Particle Physics, Canada

‡

also at JINR, Dubna, Russia

§

deceased

¶

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

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

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

ues of sin2 2✓13 down to 0.006 and to measure the neu-
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N E U T R I N O  A N D  A N T I N E U T R I N O

• <1% impurity from νe/νe at energy peak; important for backgrounds 

• Magnetic focussing allows T2K to switch between a neutrino/anti-neutrino beam 

• We can study neutrino and antineutrino oscillations.

⇡� ! µ� + ⌫̄µ

neutrino beam antineutrino beam

⇡+ ! µ+ + ⌫µ
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S U P E R - K A M I O K A N D E

• 50 kiloton water Cherenkov detector 

• 40 m diameter x 40 m height 

• 11146 50 cm photomultiplier tubes
28



C H E R E N K O V  R A D I A T I O N

EM radiation emitted when a charged particle exceeds 
velocity of light in a dielectric medium 

• optical analog of “sonic boom” 

• blue-shifted optical light (1/λ2) 

• For water, n ~ 1.33  

• “threshold” for Č radiation is 0.75 c 

• Θ ~ 42° for v ~ c

Θ=cos-1(1/nβ)

findagrave.com29
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D E T E C T I O N  P R I N C I P L E :

µ e/γ multi ring

• Minimum-ionizing particles (e.g. μ) travel along 
a ~straight line, emitting a cone of Č light 

• e/γ: shower produces e+/e- producing Č light. 

• Identify single Č rings from

⌫µ + n ! µ� + p ⌫̄µ + p ! µ+ + n

⌫̄e + p ! e+ + n⌫e + n ! e� + p
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N E U T R I N O  M O D E  D ATA

• 28 νe candidates observed 

• 5.0 expected in absence of osc. effects 

• 120 νµ candidates observed 

• 446 expected in absence of osc. effects 

• Most precise determination of νμ disappearance 

•   

•  

“Oscillation”: 
sin2θ23=0.5 
sin2θ13 = 0.0243 
δCP = 0 
Norm. Hier. 

6.6x1020 POT 
sin2 ✓23 = 0.514+0.055

�0.056

�m2
32 = (2.51± 0.51)⇥ 10�3 eV2/c4

2013

Osc. No osc.
νµ 0 . 9 1 . 4
νµ 0 . 1 0 . 1
νe/νe 3 . 3 3 . 5
νµ→νe 1 6 . 6 0 . 0
νµ→νe 0 . 2 0 . 0
Total 2 1 . 1 5 . 0
expected number of νe candidates
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J O I N T  νµ+ νe A N A LY S I S

• With θ13 from reactor experiment, large νe appearance slightly prefers: 

• Normal Hierarchy, θ23 > π/4 

• δCP ~ -π/2, 

π / CPδ
-1 -0.5 0 0.5 1

/5
0

π
Po

st
er

io
r D

en
si

ty
 p

er
 

0

0.01

0.02

90% Credible Interval
68% Credible Interval
Marginal Posterior
1D Posterior Mode

)13�(2sin
0.02 0.04 0.06 0.08 0.1

⇥/
C

P
⇤

-1

-0.5

0

0.5

1

T2K Only 68% Credible Region

T2K Only 90% Credible Region

T2K Only Best Fit Line

T2K+Reactor 68% Credible Region

T2K+Reactor 90% Credible Region

T2K+Reactor Best Fit Point
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νµ C A N D I D AT E S

• 4.01x10
20

 POT in antineutrino mode 

• 34 νµ candidates observed 

• 103.6 events expected in 
absence of oscillations 

• Consistent parameters (θ23, Δm2
32) 

with neutrino mode obtained
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νe C A N D I D AT E S

• 3 νe candidates observed 

• 1.1 expected in the absence of νµ→νe 

• More data needed to establish  

• observation of νµ→νe 

• consistency with νµ→νe mode in PMNS model 

• First steps towards probing CPV in ν oscillations 
• Joint fit of all 4 modes in progress . .  . .

δCP

-π/2 0 +π/2

NC 0 . 4 0 . 4 0 . 4

Other 0 . 8 0 . 8 0 . 8
νµ→νe 0 . 6 0 . 5 0 . 4
νµ→νe 2 . 0 2 . 6 3 . 3
Total 3 . 7 4 . 3 4 . 9

Figure 158: ν̄e candidate event #3

164
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N O VA

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

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 39 

[2014] 

[2014] 

[2015] 

Allowed regions are 
consistent with 
MINOS and T2K 
  (shown at right) 
 

      +2.37       
       –2.40       

–0.15 
sin2(𝜃23)  =  0.51 ± 0.10 'm2    = 32 

–0.17 +0.14
 

×10-3 eV2  
[NH] 

[IH] 

+0.16
 

6.5% measurement uncertainty 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 37 

FD energy spectrum 

33 events selected 
in Far Detector 

(0 – 5 GeV) 

In the absence of 
oscillations, would 
expect 201 events 

  

(including 2.0 beam bkgnd 
and 1.4 cosmic bkgnd) 

Spectrum is well matched by oscillation fit for 'm2  and 𝜃23 
(syst. uncertainties included in fit via nuisance parameters) 

32 
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Clear observation of 𝜈𝜇 disappearance 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 36 

FD energy spectrum 

33 events selected 
in Far Detector 

(0 – 5 GeV) 

Clear observation of 𝜈𝜇 disappearance 

Spectrum is well matched by oscillation fit for 'm2  and 𝜃23 
(syst. uncertainties included in fit via nuisance parameters) 

𝜒2 / Ndof = 12.6 / 16 

32 

In the absence of 
oscillations, would 
expect 201 events 

  

(including 2.0 beam bkgnd 
and 1.4 cosmic bkgnd) 

NO𝜈A 

Fermilab 

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

� Determine the 𝜈 mass hierarchy 
� Determine the 𝜃23 octant 
� Constrain 𝛿CP 
 

Using  𝜈𝜇→𝜈e  ,  𝜈͞ 𝜇→𝜈͞ e … 
A broad physics scope 

� Precision measurements of 
sin22𝜃23 and 'm2   .  
    (Exclude 𝜃23=𝜋/4?) 

� Over-constrain the atmos. sector 
(four oscillation channels) 

Using  𝜈𝜇→𝜈𝜇  ,  𝜈͞ 𝜇→𝜈͞ 𝜇 … 

32 

� Neutrino cross sections at 
the NO𝜈A Near Detector 

� Sterile neutrinos 
� Supernova neutrinos 
� Other exotica 

Also … 

Ryan Patterson, Caltech 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 31 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 11 
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N O VA  νe E V E N T S :
• Background: 

• 0.9±0.1 events 

• Expected signal: 

• 5.6±0.7 events (NH, δCP= -π/2) 

• 2.2±0.3 events (IH,  δCP = +π/2)

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 55 

Far Detector selected events 

LID: 6 𝜈e candidates 

LEM: 11 𝜈e candidates 

3.3𝜎 significance for 𝜈e appearance 

5.5𝜎 significance for 𝜈e appearance 

(All 6 LID events present in LEM set) 

At right: 
   Calorimetric energy 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 52 

• 6 events observed 

• “prefer normal hierarchy” 

• “prefer δCP ~ -π/2”

36



N E U T R I N O  E C O N O M I C S
δ C P T O TA L

S I G N A L  
ν μ→ν e

S I G N A L  
ν μ→ν e

B E A M  
ν e

B E A M  
ν μ

N C

ν  M O D E
0 1 4 5 . 8 1 0 6 . 0 1 . 2

2 0 . 6 0 . 7 1 7 . 2
-π / 2 1 7 0 . 9 1 3 1 . 4 0 . 8

ν  M O D E
0 4 7 . 5 5 . 6 2 4 . 4

8 . 6 0 . 2 8 . 6
-π / 2 4 1 . 5 6 . 5 1 7 . 5

Neutrino source upgrades 
• 400 kW → 750 kW →1.3 MW

Detector upgrades 
• Super-Kamiokande →Hyper-Kamiokande 

• 50 kT → ~1 MT

N / �⌫ ⇥ V ⇥ ⇢⇥ ✏⇥ �⌫

37

• Expected event 
rate for 50% ν/
50% ν running at 
T2K ~2021



T H E  N E X T  G E N E R AT I O N
• x10-100 sensitivity in CPV 

searches at Hyper-Kamiokande 
and DUNE 

• Probe rate and spectral 
asymmetry induced by CP 
violation 

• Precision on δCP to ~7° 

• sin2θ23 to ~0.01 precision

PTEP 2015, 053C02 K. Abe et al.
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Fig. 13. Top: Reconstructed neutrino energy distribution for several values of δC P . sin2 2θ13 = 0.1 and normal
hierarchy is assumed. Bottom: Differences in the reconstructed neutrino energy distributions from the case
with δC P = 0◦. The error bars represent the statistical uncertainties of each bin.
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Fig. 14. Reconstructed neutrino energy distribution of νµ candidates for several values of δC P .

samples and for neutrino and anti-neutrino mode running. The parameters fi represent systematic
uncertainties. For anti-neutrino mode samples, an additional overall normalization parameter with
6% prior uncertainty is introduced to account for a possible uncertainty in the anti-neutrino interac-
tion, which is less known experimentally in this energy region. This additional uncertainty is expected
to decrease as we accumulate and analyze more anti-neutrino data in T2K, but we conservatively
assign the current estimate for this study. A normalization weight

(
1 + f ν

norm
)

is multiplied to N test
k

in the anti-neutrino mode samples.
The penalty term P in Eq. (14) constrains the systematic parameters fi with the normalized

covariance matrix C :

P =
∑

i, j

fi
(
C−1)

i, j f j . (16)
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significance as a function of the true value of sin2 θ23, for the normal hierarchy case. Vertical dashed lines
indicate 90% confidence intervals of sin2 θ23 from the T2K measurement in 2014 [38].
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Fig. 23. The 90% CL allowed regions in the sin2 θ23–$m2
32 plane. The true values are sin2 θ23 = 0.5 and

$m2
32 = 2.4 × 10−3 eV2 (red point). The effect of systematic uncertainties is included. The red (blue) line

corresponds to the result with Hyper-K alone (with a reactor constraint on sin2 2θ13). The dotted line is the
90% CL contour from the T2K experiment [38] with the best-fit values indicated by a black point.

As a nominal value, we use sin2 θ23 = 0.5, but the sensitivity to C P violation depends on the value
of θ23. Figure 22 shows the fraction of δC P for which sin δC P = 0 is excluded with more than 3 σ

and 5 σ significance as a function of the true value of sin2 θ23 with the current best knowledge of the
possible sin2 θ23 range from the T2K Collaboration [38].
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• Part of a very broad program: 

• proton decay 

• neutrino astrophysics 

• indirect dark matter 

• supernova bursts from as far as M31 

• relic supernovae neutrinos 

• +  . . . 38



Q U E S T I O N S  A N D  A N S W E R S :
• Is the flavour (species) of a neutrino immutable? 

• is neutrino flavour conserved? NO 

• Does it have mass? YES  

• Do mass/flavor states mix? YES 

• mass/energy (i=1,2,3) 

• flavor (α = e, µ, τ)
|⌫↵i =

X

i

U⇤
↵i|⌫ii

Unitary matrix relates eigenstates of one observable  
with eigenstates of another

39



A N S W E R S ?
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• Why is quark and lepton mixing so different? 

• is neutrino mixing “maximal”? 

• Why are neutrino masses so tiny? 

• quarks/charged leptons masses from Higgs mechanism  

• do neutrinos get mass some other way?

LeptonQuark

e-

u

d

νe

µ-

νµ

c

s

t

b

τ-
ντ



A N S W E R S ?

|UMNSP | ⇠

0

@
0.8 0.5 0.15
0.4 0.6 0.7
0.4 0.6 0.7

1

A|UCKM | ⇠

0

@
0.97428 0.2253 0.0034
0.2252 0.93745 0.0410
0.00862 0.0403 0.99915

1

A

t c u
d

109 106 103 100

b s

τ µ e ν
10-3Mass


(eV)

• Why is quark and lepton mixing so different? 

• is neutrino mixing “maximal”? 

• Why are neutrino masses so tiny? 

• quarks/charged leptons masses from Higgs mechanism  

• do neutrinos get mass some other way?

LeptonQuark

e-

u

d

νe

µ-

νµ

c

s

t

b

τ-
ντ



A N S W E R S ?

|UMNSP | ⇠

0

@
0.8 0.5 0.15
0.4 0.6 0.7
0.4 0.6 0.7

1

A|UCKM | ⇠

0

@
0.97428 0.2253 0.0034
0.2252 0.93745 0.0410
0.00862 0.0403 0.99915

1

A

t c u
d

109 106 103 100

b s

τ µ e ν
10-3Mass


(eV)

• Why is quark and lepton mixing so different? 

• is neutrino mixing “maximal”? 

• Why are neutrino masses so tiny? 

• quarks/charged leptons masses from Higgs mechanism  

• do neutrinos get mass some other way?

LeptonQuark

e-

u

d

νe

µ-

νµ

c

s

t

b

τ-
ντ



A N S W E R S ?

|UMNSP | ⇠

0

@
0.8 0.5 0.15
0.4 0.6 0.7
0.4 0.6 0.7

1

A|UCKM | ⇠

0

@
0.97428 0.2253 0.0034
0.2252 0.93745 0.0410
0.00862 0.0403 0.99915

1

A

t c u
d

109 106 103 100

b s

τ µ e ν
10-3Mass


(eV)

• Why is quark and lepton mixing so different? 

• is neutrino mixing “maximal”? 

• Why are neutrino masses so tiny? 

• quarks/charged leptons masses from Higgs mechanism  

• do neutrinos get mass some other way?

LeptonQuark

e-

u

d

νe

µ-

νµ

c

s

t

b

τ-
ντ



S E E - S A W  M E C H A N I S M
• Several people (Minkowski, Gell-Mann, etc.) 

observed the following: 

• If the neutrino mass matrix contains both 
Dirac (mD) and Majorana (MM) terms 

M =

✓
0 mD

mD MM

◆

m1 ⇠ MM

m2 ⇠ m2
D/MM

• With 

• mD ~ electroweak         ~100 GeV 

• MM ~ grand unification ~1015-16 GeV 

• ⟹ m2 ~10-(2-3) eV

• “see-saw” in masses result: 

• if mD ≪MM , then m1 ≪ m2 

• “lightness” of m1 is due to 
“heaviness” of m2 and MM 

• Heavy partners of “light” neutrinos 
(i.e. neutrinos we know and love) 
should exist

Are neutrino masses related to physics at very high energies?



2 1 S T  C E N T U R Y  D E S P E R AT E  R E M E D Y  

               1

MATTER ANTI-MATTER

MATTER

• Leptogenesis: Primordial matter/antimatter 
asymmetry was fuelled by CPV in 

• “heavy” neutrino decays? 

• “light” neutrinos?

Give me: 
• Baryon number violation 

• C, CP violation 

• Departure from Thermal 
Equilibrium

• With both possibilities and heavy neutrinos far out reach, 

• how can we know what happened? 

• Can we assemble enough clues to convince ourselves?

Pascoli, Petcov, Riotto 
NPB774 1-52, PRD75 0835111 

Fukugita, Yanagida 
PLB174 45



S U M M A R Y
• Neutrinos have mass and mix resulting in oscillations 

• Neutrinos and antineutrinos may oscillate differently 

• a critical clue into how the universe became matter dominated 

• neutrinos may be part of a “desperate remedy” to explain this 

• First searches for CPV in neutrinos underway at T2K: first faint hints? 

• Measurements of neutrino mass/mixing parameters reveal a paradoxical pattern 

• masses are much lighter than other particles 

• mixing is very large compared to quarks 

• suggests neutrino mass/mixing is of a different nature from any other particle 

• Continued measurements and new experiments: 

• may definitively observe CP violation in neutrinos 

• significantly improve precision on mixing parameters.
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Building on the shoulders of giants . . . 
Many exciting developments to come



  Neutrinos, they are very small. 
They have no charge and have no mass 
And do not interact at all. 
The earth is just a silly ball 
To them, through which they simply pass, 
Like dustmaids down a drafty hall 
Or photons through a sheet of glass. 
They snub the most exquisite gas, 
Ignore the most substantial wall, 
Cold shoulder steel and sounding brass, 
Insult the stallion in his stall, 
And, scorning barriers of class, 
Infiltrate you and me. Like tall 
And painless guillotines they fall 
Down through our heads into the grass. 
At night, they enter at Nepal 
And pierce the lover and his lass 
From underneath the bed—you call 
It wonderful; I call it crass. 

             
                          —John Updike



G E N E R A L  F R A M E W O R K  ( I N  VA C U U M )
• Neutrinos produced in weak 

decays are linear combinations 
of mass/energy eigenstates

• Time evolution: component of another flavor may be acquired

• Flavor composition varies sinusoidally as neutrino traverse space/time 

• “neutrino oscillations” with L/E as “phase” 

• Amplitudes determined by mixing matrix Uij 

• Wavelengths determined by mass2 differences Δm2
ij

in vacuum

additional effects 
in the presence 
of matter
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High Intensity beam study in June 2015 (cont’d) �

1
2

Beam loss due to the 
horizontal instability 

Δ BPM signal

Horizontal 

Vertical Near future tunable knobs to reduce the beam loss:
Injection kicker, BxB feed-back, 
2nd harmonic cavity, VHF cavity, etc.

- at the new betatron tune (22.239, 21.310) -�
High power trial with two bunches�

Extracted beam : 3.41e13 ppb
6.82e13 ppp (132 kW eq. ,2 bunches)

Bunch 
number

repetition
 period (sec)

Beam
power (kW)

Beam
loss (kW) Notes

1 2 2.48 132 0.42 measurement

2 8 2.48 529 1.7 estimation

3 8 1.3 1009 3.2 estimation

Total beam loss ~ 420 W�

The MR has capability to reach 1MW with the high repetition rate operation.  �



Mid-term plan of MR�

JFY� 2014� 2015� 2016� 2017� 2018� 2019� 2020�

Li. current 
upgrade�

New PS 
buildings�

FX power [kW] (study/trial)�

SX power [kW] (study/trial)�

320

-�

> 360 

33 - 40�

400

50�

450

50-70�

700

50-70�

800

~100�

900

~100�

Cycle time of main magnet PS
New magnet PS�

2.48 s}
�

1.3 s
�

1.3 s
�

1.2 s
�

High gradient rf system
2nd harmonic rf system
VHF cavity

Ring collimators�
Add.collimato
rs (2 kW)�

Add.collimat
ors (3.5kW)�
�

Injection system
FX system�

SX collimator / Local shields�

Ti ducts and SX devices with 
Ti chamber�

Beam ducts� ESS�
�

R&D�
Mass production 
installation/test�

R&D, manufacture, installation/test�

ajgkhpVcdVjlopnthlhmrXVdhorfVlfmsifgrsphVYrhqr�

ajgkhpVcdVjlopnthlhmrXVb_VqhorslXV`_VqhorfVlfmsifgrsphVYrhqr�

Local shields�

FXÌThe high repetition rate scheme is adopted to achieve the design beam intensity, 750 kW. Rep. rate will be 
increased from ~ 0.4 Hz to ~1 Hz by replacing magnet PS’s, RF cavities and some injection and extraction devices.�
SXÌ Parts of stainless steel ducts are replaced with titanium ducts to reduce residual radiation dose. The beam 
power will be gradually increased toward 100 kW watching the residual activity. �

Manufacture, installation/test�

Large scale  
1st PS�

R&D�


