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H O W  I  G O T  S TA RT E D :
• As an undergraduate, the 

field of neutrino oscillations 
was in a rather uncertain state. 

•  Sounds interesting . . . 

“Young man, listen 
carefully: neutrino 
oscillations are a 
communist plot.”

• Didn’t know what to make of that at the 
time . . ..  

• As I was finishing my studies, this book 
appeared in the laboratory
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The Oscillating Neutrino

The neutrino, the theoretical construct 
of sixty years ago, has acquired a 
presence in both physics and cosmology. 

It is both actor and probe. It explains numerous 
mysteries of the observable world. Yet every new
characteristic it reveals opens up more questions
about its true nature.

For decades, these bits of matter have been 
described as massless, left-handed particles: 
left-handed because they were always “spinning”
counterclockwise in the manner of a left-handed
corkscrew. But new evidence implies that neutrinos
have very tiny masses and can spin in either 
direction. Remarkably, the new data also suggest
that neutrinos might oscillate, or periodically 
present themselves as one of several different types.

C

The creator of the neutrino is testing and teasing us. Moshe Gai

We do not know . . . [if] neutrinos are massive or massless. We do not know if the potentially massive
neutrinos are Majorana or Dirac, and we do not know if these neutrinos can oscillate among flavours. 
. . In short, there is a great deal we do not know about neutrinos. Jeremy Bernstein, 1984.

8

Richard Slansky, Stuart Raby, Terry Goldman, and
Gerry Garvey as told to Necia Grant Cooper

Looks left-handed.

*This neutrino must have mass.

No—right-handed?!*

An introduction to neutrino 
masses and mixings

The primer that follows explains why this
strange behavior would fit in with theoretical 
expectations and how oscillations could reveal
neutrino masses no matter how small. It also 
introduces questions that will become relevant.
Why are neutrino masses so small? Do the very
light neutrinos have very heavy relatives that
make their masses small and give us hints of the
new physics predicted by the Grand Unified 
Theories? Are neutrinos their own antiparticles?
Do neutrinos have very light sterile relatives 
that provide a hiding place from all interactions?
Physicists continue to chase after neutrinos, 
and every time these ghostly particles are caught,
they seem to point toward new challenges 
and new possibilities.

Further Reading

Bernstein, J. 1969. The Elusive Neutrino. United
States Atomic Energy Commission–Division
of Technical Information. Library of Congress
Catalog Card Number: 71-601702.

Cardall, C. Y., and G. M. Fuller. 1996. Can a 
“Natural” Three-Generation Neutrino Mixing 
Scheme Satisfy Everything? Physical Review D
53: 4421. 

Fermi, E. 1933. Tentative Theory of Beta-
Radiation. In Strachan, C. 1969. The Theory 
of Beta-Decay. New York: Pergamon Press. 

Feynman, R. P., and M. Gell-Mann. 1958. 
Theory of the Fermi Interaction. Physical 
Review 109 (1): 193. 

Halzen, F., and A. D. Martin. 1984. Quarks & 
Leptons: An Introductory Course in Modern 
Particle Physics. New York: John Wiley & 
Sons, Inc.

Kayser, B., F. Gibrat-Debu, and F. Perrier. 1989. 
The Physics of Massive Neutrinos. World 
Scientific Lecture Notes in Physics Vol. 25. 
Singapore: World Scientific. 

Lee, T. D., and C. N. Yang. 1957. Parity 
Nonconservation and a Two-Component 
Theory of the Neutrino. Physical Review
105 (5): 1671.

Particle Physics. 1984. Los Alamos Science. 
Summer/Fall. Number 11. Los Alamos 
National Laboratory document 
LA-UR-84-2100. 

Riordan, M. 1987. The Hunting of the Quark: A 
True Story of Modern Physics. New York: 
Simon and Schuster/Touchstone.

Strachan, C. 1969. The Theory of Beta-Decay. 
New York: Pergamon Press. 

Sutton, C. 1992. Spaceship Neutrino. New York: 
Cambridge University Press.

Weinberg, S. 1995. The Quantum Theory of 
Fields. Volume II. New York: Cambridge 
University Press. 

Acknowledgment

N. Cooper would like to thank Peter Herczeg 
for many illuminating conversations and 
for inspiring greater clarity and precision in 
understanding the neutrino.

Richard (Dick) Slansky was born in California. Having earned 
a B.A. from Harvard and a Ph.D. in physics from the University
of California at Berkeley (in 1967), Slanksy became postdoctoral
fellow at Caltech and later assistant professor in the Physics 
Department at Yale University. In 1974, he joined Los Alamos as
a staff member in the newly established Elementary Particles and
Field Theory Group in the Theoretical (T) Division. At the Labo-
ratory, his interests turned to unified theories of electroweak and
strong interactions—proton decay, neutrino masses, and applying
group theory to these unified theories. Slansky was also active in
string theory, and he co-authored a two-volume book on the high-
est weight representations of Kac-Moody algebras. Eventually, he
worked on numerous interdisciplinary issues and was appointed
adjunct professor of physics at the University of California at Irvine. Slansky then became a 
Laboratory Fellow and a Fellow of the American Physical Society and the American Association for
the Advancement of Science. In 1993, after having been T-Division leader at Los Alamos for four
years, Slanksy was reappointed as T-Division Director, a position he currently holds. 

The Oscillating Neutrino

Number 25  1997  Los Alamos Science  

may also be the only way to create the 
eutron-rich environment that is 
bsolutely required for the synthesis of
he elements heavier than iron. And to
ecap the earlier discussion, oscillation
om one neutrino type into another

might explain why neutrino physicists
ave been measuring a shortfall in the
atio of muon neutrinos to electron neu-
inos produced by cosmic rays in the
pper atmosphere. Matter-enhanced
eutrino oscillations in the electron-rich
nvironment of the Sun might explain

why physicists observe a shortfall in
he flux of electron neutrinos that are
roduced by thermonuclear fusion
rocesses in the core of the Sun. 

Grand Unified Theories. On a more
bstract note, the existence of neutrino

masses and mixing will extend the
lose parallel already observed between
uarks and leptons and, for that reason,

may well add fuel to the ongoing
earch for a theory that unifies the
rong, weak, and electromagnetic

orces. Attempts to explain the pattern
f charges and masses of quarks and
eptons within a single weak family
columns in Figure 5) lead naturally to
n extension of the Standard Model
nown as the Grand Unified Theories.
n these theories, the local gauge sym-

metries of the weak, strong, and elec-
omagnetic forces are subsumed under
 larger local gauge symmetry. That
arger symmetry becomes apparent only
t the enormous energies and tiny dis-
ance scales known as the unification
cale. At that scale, the strong, weak,
nd electromagnetic forces become uni-

fied into one force, and the quarks and
eptons within a family become mem-
ers of a particle multiplet that trans-
orm into each other under the unified
orce, just as the members of each

weak isospin doublet transform into
ach other under interaction with the W.

The Grand Unified Theories provide
 natural explanation for the different
harges (electric, weak, and strong) for
articles in a family. In addition, these
heories make several successful predic-
ons. Since the strong, weak, and 

electromagnetic forces become one at
the unification scale, these theories con-
strain the strengths of the strong, weak,
and electromagnetic couplings to be
equal at that scale. Thus, one can put the
measured values of the weak- and elec-
tromagnetic-coupling strengths into the
framework of the Grand Unified 
Theories and predict the strong-coupling
strength and the scale of unification.

In the Grand Unified Theories that 
include a new symmetry, called super-
symmetry, the prediction for the strong
coupling agrees with all the available
data, and the grand unification scale
turns out to be on order of 1016 GeV.
(For comparison, the proton mass
< 1 GeV/c2, and the largest accessible
energies at the new accelerator being
planned in Europe will be a few times
103 GeV.) These supersymmetric theo-
ries also predict relations between the
masses of the charged quarks and lep-
tons, and these relations are also well
satisfied. Neutrino masses are typically
not as constrained as charged fermion
masses because the neutrino sector con-
tains the possibility of very heavy (as in
the seesaw) Majorana masses. 

The proton, which is the most stable
particle we know, is typically unstable
in the Grand Unified Theories and has
a lifetime set by the grand unification
scale. Supersymmetric Grand Unified
Theories predict that the dominant
decay mode for the proton is 
p → K+ + nw . The cumulative evidence
collected over the next five years at
super-Kamiokande will be sensitive 
to this decay mode with a predicted
lifetime on the order of 1033 years. 
Finally, supersymmetric Grand Unified
Theories require new particle states,
some of which may be observed at
high-energy accelerators, specifically,
at the new Large Hadron Collider 
at CERN scheduled for completion 
in 2002, at the Fermilab Tevatron (an
1,800-GeV machine) following its 
upgrade in 1999, and at the Hadron
Electron Ring Accelerator at DESY
(Deutsches Elektronen Synchrotron).
These new states can lead to observ-
able lepton family mixing such as 

m2 → e2 + g, and they typically 
provide a candidate for the cold dark
matter that may be needed to explain
the observed large-scale structures 
and large-scale motions of the 
luminous matter. 

Superstrings and Conclusions

To tie up our discussion, we will
mention superstring theory, one 
possible truly unified theory that 
includes not only the electroweak and
strong interactions, but also gravity in
the sense of a quantum mechanical 
theory of Einstein’s general theory of 
relativity. Although not yet a full-
fledged theory, superstrings have 
enjoyed significant recent progress. 
At “low energies” (although they are
very high compared with current 
accelerator energies), superstring 
theories reduce to models with large
gauge symmetries that may unify the
electroweak and strong interactions,
along with other undiscovered interac-
tions of nature. Although superstrings
are insufficiently formulated to predict
the parameters of the Grand Unified
Theories, the suggestive link between
the two makes us pay close attention 
to the Grand Unified Theories, even in
the absence of direct experimental 
evidence for them. On a less ambitious
plane, experimental values for neutrino
masses and mixing angles would 
constrain the parameters of the Grand
Unified Theories—particularly when
there is a better understanding of the
origin of mass and mixing.

No one yet understands why mass
states and weak states differ or, even
with experimental data on hand, why
the pattern of mixing for quarks is as
we observe it. Why there should be
three repetitive families is likewise
mysterious. If we are to develop a 
unified theory combining the quark 
and lepton families, we need to solve 
these unknowns. Neutrino masses and
mixings are among the few uncharted
realms that may provide important
clues to this puzzle. ■
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The primer that follows explains why this
strange behavior would fit in with theoretical 
expectations and how oscillations could reveal
neutrino masses no matter how small. It also 
introduces questions that will become relevant.
Why are neutrino masses so small? Do the very
light neutrinos have very heavy relatives that
make their masses small and give us hints of the
new physics predicted by the Grand Unified 
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and every time these ghostly particles are caught,
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• Still one of the most beautiful books on neutrinos around 

• A lot has happened since . . . a second edition would be welcome!

C E L E B R AT I N G  T H E  N E U T R I N O



M I N I B O O N E

Moriond EW 2002

• I also became fascinated with CP violation so I went to work 
on BaBar for my PhD  

• During this time, many exciting things happened in neutrinos 

• As I finished up my PhD, I recalled the LSND results . . . . 

“ G o  t o  P r i n c e t o n  
a n d  w o r k  o n  
M i n i B o o N E ! ”



M I N I B O O N E
• Radiative Δ decays 

• Coherent scattering 

• Neutrino flux 

• secondary interactions for neutrino 
flux prediction 

• Optical model for Marcol7 

• Reconstruction algorithm 

• Photonuclear effect

• “the Chinese have forgotten more than 
the rest of civilization ever knew”
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“Young man, keep your wits about 
you in this business. Many an 
unscrupulous rogue will gleefully sell 
you their snake oil.” 
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FIG. 15: Inelastic cross sections for ⇡

+-Be (top left), ⇡

�-Be (top right), ⇡

+-Al (bottom left) and

⇡

�-Al (bottom right) as measured in References [40] (squares), [41] (triangles) and [39] (circles).

The solid lines are the parametrizations used in the flux prediction, while the dashed lines are the

default Geant4 parameterizations.

the cross sections measured on di↵erent elements at the same momentum. The measured

cross sections are parametrized as A

n based on the A-dependence of the cross sections, with

typical values of n ranging from 0.6 to 0.8. The resulting function is used to infer the cross

section at A = 9.

A subset of the inelastic interactions results from quasi-elastic scattering, where hadrons

scatter o↵ the individual nucleons in the nucleus in a manner analogous to hadron elastic

scattering o↵ free nucleons. The rate of this process relative to other forms of inelastic scat-

tering is important since it allows the incoming hadron to emerge from inelastic scattering

28
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FIG. 39: Observed q

2 distribution from Bellettini et al. [64] for 20 GeV/c p-Be scattering. The solid

line represents the fit to two exponential distributions with the dashed and dotted lines showing

the elastic and quasi-elastic contributions, respectively.

C. Hadronic Interactions

Uncertainties due to hadronic interactions are considered by varying the components of

the hadronic cross sections. First, the total hadronic cross section �TOT , the total inelastic

�INE and the quasi-elastic �QEL cross sections are separately varied for nucleons on beryllium

and aluminum. Second, the same is done for the pion cross sections. In each case, the

variations are a flat, momentum-independent o↵set. Due to the various relations between

the cross sections, the variation of �TOT results in a variation of �ELA (�INE is fixed). When

�INE is varied, the balance between �ELA and �INE is changed, while keeping their total at

�TOT . Finally, when �QEL is varied, the relative proportion of �QEL to the cross section for

all other inelastic processes is changed, while keeping their sum (�INE) fixed.

The variations for �TOT are based on the agreement of the Glauber model calculations
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Intense νµ/ νµ beam sent 295 km across Japan 
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detector to study neutrino oscillations 
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 58 institutions, 12 nations
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I can work on neutrino oscillations 
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Beamline Magnets

Superconducting Magnets

Normal Conducting Magnets

 Located in the arc section of the beamline

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

 Operational current of 4.36 kA, T
max

<5 K

 2 hour recovery from normal quench

 Located in the preparation and final focusing sections of the beamline

 Operate in the 1-10 kG range
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primary beamline

3.3. Muon Monitor

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

horn

He decay volumeMuon monitors

Beam dump

• 30 GeV protons extracted from J-PARC MR 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-



ν  O S C I L L AT I O N S  I N  L B L  E X P E R I M E N T S

• Precision measurement of sin22θ23.  

• CPT tests with antineutrino mode ( νµ→νµ )

Interdependence on 
parameters naturally 
leads to joint analysis
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4
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31
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4E

• sin22θ13 dependence of leading term 
• θ23 dependence of leading term: “octant” dependence (θ23=/>/<45°?) 
• CP odd phase δ: asymmetry of probabilities P(νµ→νe) ≠ P(νµ→νe) if sin δ ≠ 0 
• Matter effect through x:  νe (νe) enhanced in normal (inverted)
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Q U I C K  S U M M A RY

• “normal”  hierarchy:  

• enhance νµ→νe 

• suppresses νµ→νe

• CP violating parameter δCP 

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

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

• δCP ~+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



µ

e/γ

multi ring

• Single μ/e-like ring 

• Eν by energy/direction of ring relative to beam 

• assumes CCQE kinematics

�� + n� ⇥� + p

�� + (n/p)� �� + (n/p) + ⇥0

• π0 → γ + γ: ring counting, 2-ring reconstruction 

• γ misidentified as e from νe CCQE 

• μ/π+: ring counting, decay electron cut

SK MC
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N E A R  D E T E C T O R
• Very active program of neutrino interaction 

measurements at T2K with near detector 

• New generation of leaders emerging to confront 
persistent challenges and new opportunities 

• Direct legacy of MiniBooNE program
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interaction in 
TPC

• Very strong effort on neutrino flux (NA61, etc.)
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R E C O N S T R U C T I O N

• Incredible reconstruction framework from 
MiniBooNE (R. B. Patterson et al.) 

• ~percent level π
0

 contamination, ~90% efficiency 

• improvement of x3 over existing SK algorithm 

• νµ CC1π+
 

(M. Wilking), νµ CC1π0
 

(R. Nelson) 

• ⇒ multi-ring reconstruction 

• Impact of MiniBooNE is everywhere in T2K
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• Select APfit 3Reee, ndcy=0

• Selection works fine in sub-GeV

• 2nd&3rd ring invariant mass 
for signal shows peak ~mπ0

• At >3GeV, APfit RC&PID 
cannot select the e+π0 event 
topology efficiently
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• Select fiTQun 3Reee, ndcy=0

• Signal selection efficiency 
and purity are much higher 
than APfit across all 
energies

• Clear mπ0 peak is seen, 
even for >3GeV
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• Select fiTQun 3Rμee, ndcy≤1

• Significantly higher selection 
efficiency and purity compared to 
APfit across all energies

• Topological cut eliminates 
most of NC,νe and νμ multi-π0

• Clear mπ0 peak is seen, even for 
>3GeV
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most of NC,νe and νμ multi-π0

• Clear mπ0 peak is seen, even for 
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6.9. π0 Fit
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Figure 6.28: CC single electron(left) and NC single π0(right) events in the
FC true-fiducial atmospheric neutrino MC sample, separated using the π0

fit variables. The vertical axes are the log likelihood ratio ln(Lπ0/Le) and
the horizontal axes are the reconstructed invariant mass of the π0 fit.

fixed at the seed values to improve the momentum estimation. Finally, all2617

the twelve parameters are fit simultaneously to get the final best-fit values for2618

the parameters. As in the single-ring fit case, the fit is done by minimizing2619

the − lnL using the SIMPLEX algorithm in MINUIT.2620

6.9.1 e/π0 Identification2621

π0s were known as one of the main backgrounds to electron signals in water2622

Cherenkov detectors as a π0 becomes indistinguishable to electrons if one2623

of the two gamma rings are missed by event reconstruction, which happens2624

often for high momentum π0s which have significant Lorentz boost. One2625

of the main applications of the π0 fitter is to efficiently separate π0s from2626

electrons and reduce the background contamination in electron signal event2627

samples.2628

Figure 6.28 shows the CC single electron and NC single π0 events in the2629

FC true-fiducial atmospheric neutrino MC sample, separated using the π0 fit2630

variables. In the plots, the vertical axes are ln(Lπ0/Le), the log likelihood2631

ratio between the best-fit π0 and electron hypotheses, and the horizontal2632

axes mπ0 are the reconstructed invariant mass calculated from the π0 fit2633

result. As shown in the figures, the two particle types are separated well in2634

the 2D distributions. By introducing a π0 rejection line cut:2635

ln(Lπ0/Le) < 175− 0.875×mπ0(MeV/c2), (6.28)

as indicated by the magenta lines in the plots, the two event categories can2636
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2 0 1 3 :  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 

• definitive observation of νμ→νe oscillations 

• 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 
 for δCP = 0, sin2θ23 = 0.5, NH



S I N C E  T H E N  .  .  .  .

• Steady increase in beam power 

• ~240 kW in 2014 → 420 kW in 2016 

• more data, more quickly! 

• Antineutrino beam 

• reverse polarity of focussing to 
collect and decay π- (→ µ- + νµ)

      !-mode POT: 7.57×1020 (50.14%)
      !-mode POT: 7.53×1020 (49.86%)

27 May 2016
POT total: 1.510×1021

2011    2012    2013    2014    2015    2016



N E U T R I N O  M O D E
• νµ candidates: 

• 481 events expected in the 
absence of oscillations 

• 135 events observed 

• oscillation pattern precisely 
observed 

• νe candidates 

• 6 events expected in the absence 
of νµ→νe oscillations 

• 32 events observed



A N T I N E U T R I N O  D ATA
• νµ events 

• 177 events expected in the 
absence of oscillations 

• 66 observed 

• νe events 

• 2.4 events expected in the 
absence of oscillations 

• 4 observed



G U E S S  AT  W H E R E  W E  A R E

M A S S  
O R D E R -π / 2 0 +π / 2 π O B S

νe
N H 2 8 . 7 2 4 . 2 1 9 . 6 2 4 . 1

3 2
I H 2 5 . 4 2 1 . 3 1 7 . 1 2 1 . 3

νe
N H 6 . 0 6 . 9 7 . 7 6 . 8

4
I H 6 . 5 7 . 4 8 . 4 7 . 4

• At δCP = -π/2 

• νµ→νe is maximally enhanced 

• νµ→νe is maximally surpassed 

• Normal mass hierarchy 

• enhances νµ→νe  

• suppresses νµ→νe



δ C P A N D  θ 1 3

)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

• Contours show  

• preference for δCP~-π/2 

• disfavour δCP ~ +π/2 

• Allowed θ13 values consistent with reactor 
measurement 

• Contours shrink with reactor θ13 constraint

Left: 

• with νµ→νe only, reactor + 
T2K favoured δCP =-π/2 



Θ 2 3

• Maximal values still favoured 

• sin2θ23 ~0.5 (θ23 ~π/4) 

• mild tension with recent 
NOvA measurements



δ C P

• Above: frequentist analysis: 

• sin δCP=0 excluded at 90% confidence level 

• Right: Bayesian posterior density 

• Exclusion of sin δCP ≠ 0 depends on prior 

• data is still quite weak,  

• more statistics are needed



Θ 2 3  O C TA N T / M A S S  H I E R A R C H Y

• We can also evaluate the posterior probabilities for the 
θ23 octant and mass hierarchy 

• marginalize over all other parameters to determine  
posterior probability for octant/hierarchy combinations 

• (as expected) slight preference for NH and sin2θ23 > 0.5

N H I H S U M

sin2θ23 ≤ 0.5 0 . 2 3 0 . 0 9 0 . 3 2

sin2θ23 > 0.5 0 . 4 9 0 . 1 9 0 . 6 8

S U M 0 . 7 2 0 . 2 8 1 . 0 0 0
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J - PA R C  M A I N  R I N G  U P G R A D E

Figure 1: Anticipated MR beam power and POT accumulation vs. calendar year.

2 Data accumulation Plan and Improvement of e↵ective
Statistics

Projected MR beam power and POT accumulation The MR beam power has
steadily increased since the start of the operation. In June 2015, 360 kW beam with
1.68⇥1014 protons-per-pulse (ppp) every 2.48 seconds was successfully provided to the
neutrino beamline. Discussions with the J-PARC Accelerator Group have resulted in a
plan to achieve the design intensity of 750 kW by reducing the repetition cycle to 1.3
seconds. This requires an upgrade to the power supplies for the MR main magnets, RF
cavities, and some injection and extraction devices by January 2019. Studies to increase
the ppp are also in progress, with 2.73⇥ 1014 ppp equivalent beam with acceptable beam
loss already demonstrated in a test operation with two bunches.

Based on these developments, MR beam power prospects were updated and presented
in the accelerator report at the last PAC in July 2015[6] and anticipated beam power
of 1.3 MW with 3.2⇥1014 ppp and a repetition cycle of 1.16 seconds are presented at
international workshops[7, 8]. A possible data accumulation scenario is shown in Fig. 1,
where 5 months neutrino beam operation each year and realistic running time e�ciency are
assumed. We expect to accumulate 20⇥ 1021 POT by JFY2026 with 5 months operation
each year and by JFY2025 with 6 months operation each year as requested by T2K.

Beamline upgrade The beam intensity in the current neutrino beam facility is limited
to 3.3 ⇥ 1014 ppp by the thermal shock induced by the beam on the target and beam
window. The MR power upgrade plan allows 1.3 MW beam operation without increasing
the ppp. However, the beamline cooling capacity for components like the target and
helium vessel is su�cient for up to 750 kW; these would need to be upgraded to accept
1.3 MW beam operation.

The T2K horns were originally designed to be operated at 320 kA current, but so far
have been operated at 250 kA because of a problem with the power supplies. The upgrades
required for 320 kA operation will be implemented in stages and will be completed by 2019.
Horn operation at 320 kA gives a 10% higher neutrino flux and also reduces contamination
of the wrong-sign component of neutrinos (i.e., anti-neutrinos in the neutrino beam mode
or neutrinos in the anti-neutrino beam mode) by 5-10%.

2

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�

• First stage of MR power supply upgrade approved 

• Reduce MR acceleration cycle from 2.48 → 1.3 sec 

• with currently achieved power of 430 kW → 800 kW 

• now looking beyond 1 MW to 1.3 MW beam 
• Highest priority in Recent KEK Project Implementation Plan review 

• prepare for Hyper-Kamiokande and explore T2K run to ~2026

23



“ T 2 K - I I ”  G O A L S
• Accumulate 20x10

20
 POT by 2026 

• ~3x currently approved POT 

• in advance of next generation 

• ~3 σ significance for CPV in 
(currently) favorable cases 

• θ23 precision of better than 1.7º 

δCP TOTAL
SIGNAL 
νμ→νe

SIGNAL 
νμ→νe

BEAM 
νe

νμ NC

ν MODE
0 4 5 4 . 6 3 4 6 . 3 3 . 8

7 2 . 2 1 . 8 3 0 . 5
-π / 2 5 4 5 . 6 4 3 8 . 5 2 . 7

ν MODE
0 1 2 9 . 2 1 6 . 1 7 1 . 0

2 8 . 4 0 . 4 1 3 . 3
-π / 2 1 1 1 . 8 1 9 . 2 5 0 . 5
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FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931

42
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(b) Assuming true sin2 ✓23 = 0.60.
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(c) Assuming true sin2 ✓23 = 0.50.

FIG. 25: Expected 90% C.L. sensitivity to �m2
32 and sin2 ✓23 with the 2016 systematic

error. The POT exposure accumulated by 2014 corresponds to 6.9 ⇥ 1020 POT ⌫- +

4.0 ⇥ 1020 POT ⌫̄-mode. For the ultimate T2K-II exposure of 20 ⇥ 1021 POT, a 50%

increase in e↵ective statistics is assumed.

As observed, the octant degeneracy of ✓23 mixing angle can be resolved by the proposed968

T2K-II data at some levels if ✓23 is not maximum. More specifically, Fig. 26 shows that969

the octant degeneracy can be solved by more than 3� if the ✓23 is in the high octant,970

sin2 ✓23=0.6. For the lower octant case, sin2 ✓23=0.43, the significance of resolving octant971

degeneracy is also close to 3�. Fig. 26 also shows uncertainty on sin2 ✓23 as function of972

POT. If sin2 ✓23 is maximum, the expected 1� precision of sin2 ✓23 determined by the973

proposed T2K-II is 1.7�. For the case of sin2 ✓23 = 0.43, 0.6 the uncertainty is 0.5�, 0.7�974

respectively. The uncertainty of ✓23 in the case of maximum is much higher than the other975

cases since the survival probability close to sin2 ✓23 ⇠ 0.5 is basically independent of ✓23.976
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T 2 K - I I  N E E D S :
• Goals require several significant developments 

• Increase horn current from 250 →325 kA, ~10% increase 

• power supply upgrade underway 

• Increase effective efficiency of SK νe selection by 40% 

• increase fiducial volume 

• include additional inelastic channels into νe signal

Flux Improvement by Neutrino Beamline

• Magnetic horn current 
• 250 kA ⟹ 320 kA (rated) 
• 10 % improvement of neutrino flux at far detector

10%�

250kA�
320kA�

Courtesy)of)T.Nakadaira� 11
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w/ eff. stat. improvements (no sys. errs.)

w/ 2016 sys. errs.• Sensitivity significantly impacted by 
systematic errors 

• new near detector (NuPRISM) and 
other improvements to reduce 
impact of systematic errors

• New opportunities ↔ New challenges 
• exciting several years ahead for T2K and NOvA
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N u P R I S M

• Probe critical neutrino interaction 
modelling systematics 

• Initial phase on surface with large 
off-axis angle for precision νe/νµ 
measurements granted Stage 1 
status at J-PARCN(νµ→νe) = Φν(Eν) x σν(Eν) x ε(Eν) x P(νµ→νe; Eν) 

beam axis
π

νµ

• New concept to exploit the variation of neutrino energy with off-axis angle 

• Data taken at different angles can directly predict neutrino interactions 
with arbitrary neutrino fluxes including effects from oscillation

beam axis

26
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FIG. 1. Illustration of the Hyper-Kamiokande detector with one (left) and three (right) cylindrical tanks.

The 1TankHD configuration has the advantage of a higher photon collection e�ciency, while

the 3TankLD configuration benefits from a higher target mass.

However, finally the 2TankHK-staged was chosen as the optimal solution by a dedicated task

force (TOTF), and it is the one highlighted in the rest of the text.

Candidate sites for the Hyper-K experiment were selected such that neutrinos generated in the

J-PARC accelerator facility in Tokai, Japan can be measured in the detector. J-PARC will operate

a 750 kW beam in the near future, and has a long-term projection to operate with 1300 kW of beam

power. Near detectors placed close to the J-PARC beam line will determine the information about

the neutrinos coming from the beam, thus allowing for the extraction of oscillation parameters

from the Hyper-K detector. The ND280 detector suite, which has been used successfully by the

T2K experiment, could be upgraded to further improve the measurement of neutrino cross section

and flux. The WAGASCI detector is a new concept under development that would have a larger

angular acceptance and a larger mass ratio of water (and thus making the properties more similar

to the Hyper-K detector) than the ND280 design. Intermediate detectors, placed 1-2 km from the

J-PARC beam line, could measure the beam properties directly on a water target. Details of the

beam, as well as the near and intermediate detectors, can be found in Section II.1.

Hyper-K is a truly international proto-collaboration with over 60 participating institutions from

Brazil, Canada, the United States, France, the United Kingdom, Italy, Korea, Poland, Russia,

Spain, and Switzerland, in addition to Japan.

Hyper-K will be a multipurpose neutrino detector with a rich physics program that aims to

address some of the most significant questions facing particle physicists today. Oscillation studies

from accelerator, atmospheric and solar neutrinos will refine the neutrino mixing angles ad mass

Detector upgrades 
• Super-Kamiokande →Hyper-Kamiokande

N / �⌫ ⇥ V ⇥ ⇢⇥ ✏⇥ �⌫

x2

N E U T R I N O  E C O N O M I C S
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• Reviving a great idea in light of 
favorable new circumstances . . .. 

https://arxiv.org/pdf/1611.06118.pdf

FIG. 1: Contour map of the J-PARC o↵-axis beam to Korea [8, 9].

water-based liquid scintillators raise the possibility of a program based on reactor neutrinos

at a later stage.

There were earlier e↵orts on a large water Cherenkov detector in Korea using a J-PARC-

based neutrino beam [3, 4]. Originally an idea for a two baseline experiment with a 2nd

detector in Korea has been discussed by several authors pointing out possible improvements

for measurements on CP violation and mass hierarchy [5–9]. Three international workshops

were held in Korea and Japan in 2005, 2006 and 2007 [10]. The mixing angle of ✓13 was not

known yet, and therefore the detector size and mass could not be determined at the time.

Now more realistic studies and a detector design are possible due to the precisely measured

✓13 [11–18].

Overall the T2HKK configuration with two baselines o↵ers the possibility to significantly

augment the study of neutrino oscillations relative to the single baseline T2HK configuration.

The resolution of parameter degeneracies with the measurement at two baselines also may

allow for more precise measurements of the oscillation parameters and sensitivity to non-

standard physics. In the following sections more details on the T2HKK detector, sensitivity

studies, and additional benefits are discussed followed by a summary and conclusion.
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FIG. 8: The oscillation probabilities for � = 0,⇡/2,⇡, 3⇡/2 and normal and inverted mass ordering

are shown for neutrinos (top) and antineutrinos (bottom). Expected muon (anti)neutrino spectra

at 1.5� o↵-axis with arbitrary normalization are shown for comparison.
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in Hyper-K provides higher statistics, only one period of oscillations can be observed.
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FIG. 14: The ratio of the predicted 1Rµ spectrum with oscillations to the predicted 1Rµ spectrum

without oscillations. Here, the neutrino mode and antineutrino mode data have been summed.

The bin width varies from 25 MeV at low energy to 100 MeV at high energy, and the errors on

each bin represent the statistical error for that bin.

C. Systematic Errors

Due to the statistically large samples available in the Hyper-K experiment, systematic

errors are likely to represent the ultimate limit on oscillation parameter measurement preci-

sion. An advantage of a Korean detector is to enhance the contribution of the �cp dependent

interference terms at the cost of fewer statistics, achieving similar sensitivity in a statistics
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FIG. 20: The significance for CP conservation rejection as a function of the true value of �cp and

the true mass ordering (left=normal, right=inverted). The top row shows the significance when

the mass ordering is determined independently from the accelerator neutrinos, while the bottom

row shows the significance when the mass ordering is determined only by accelerator neutrinos

observed in the Hyper-K detectors.

the measurements at 295 km baseline are systematics limited, while the measurements at

the 1100 km baseline are statistics limited.

The evolution of the �cp precision with exposure is summarized in Fig. 25. For the worst-

case uncertainty, when �cp is near the maximally CP violation values, the relative advantage

of the detector in Korea remains constant with exposure. It should be noted, however, that

this may be an artifact of the systematic error model used in these studies, which likely

underestimates the uncertainties on the shape of the observed spectra. For a more realistic

45

https://arxiv.org/pdf/1611.06118.pdf


E L U C I D AT I N G  C P V

• 1964: Initial discovery of CP 
violation in KL→π

+
+π

-
 

• Nearly 50 years later, we know 
that this arises from a complex 
phase in quark mixing 

• Observing CPV in neutrinos is 
the beginning of a program .  . .

VOLUME 1),NUMBER 4 PHYSICAL REVIEW LETTERS 27 JULY 1964

QATA: 52ll EVENTS
~ ---- MONTE-CARLO CALCULATION

VECTOR —' -0.5 - 6oo

484&m" & 494 -. IO

- 500

I
0
I
Il~
I
I
I

- 400

- 500

- 200

- IQO 494& m~& 504

30

CA

-- 20
1 LU

LLI

- IO
i iJ
500 550

I I I

400 450 500 550 600 MeV
X

p iZ

(b)
504&m"& 5 l4 -- IO

"---"MONTE- CARLO CALCULATION -~ )20
VE CTOR — & 0.5 "- I IOf+ - IOP

90
~,- 80

ewe $0
r-- ~ sp

r-i ' ~ 5p
y I

I 40
- 50. 20
IO

10.998 0,999
cos g

FIG. 2. (a) Experimental distribution in rn~ com-
pared with Monte Carlo calculation. The calculated
distribution is normalized to the total number of ob-
served events. (b) Angular distribution of those events
in the range 490 &m*&510 MeV. The calculated curve
is normalized to the number of events in the complete
sample.

with a form-factor ratio f /f+ =-6.6. The data
are not sensitive to the choice of form factors
but do discriminate against the scalar interac-
tion.
Figure 2(b) shows the distribution in cos8 for

those events which fall in the mass range from
490 to 510 MeV together with the corresponding
result from the Monte Carlo calculation. Those
events within a restricted angular range (cos8
&0.9995) were remeasured on a somewhat more
precise measuring machine and recomputed using
an independent computer program. The results of
these two analyses are the same within the re-
spective resolutions. Figure 3 shows the re-

0
0.9996 0.9997 0.9998 0.9999 I.OOOO

cos 8
FIG. 3. Angular distribution in three mass ranges

for events with cos0 & 0.9995.

suits from the more accurate measuring machine.
The angular distribution from three mass ranges
are shown; one above, one below, and one encom-
passing the mass of the neutral K meson.
The average of the distribution of masses of

those events in Fig. 3 with cos8 &0.99999 is
found to be 499.1 + 0.8 MeV. A corresponding
calculation has been made for the tungsten data
resulting in a mean mass of 498.1 + 0.4. The dif-
ference is 1.0+0.9 MeV. Alternately we may
take the mass of the E' to be known and compute
the mass of the secondaries for two-body decay.
Again restricting our attention to those events
with cos0&0.99999 and assuming one of the sec-
ondaries to be a pion, the mass of the other par-
ticle is determined to be 137.4+ 1.8. Fitted to a
Gaussian shape the forward peak in Fig. 3 has a
standard deviation of 4.0 + 0.7 milliradians to be
compared with 3.4+ 0.3 milliradians for the tung-
sten. The events from the He gas appear identi-
cal with those from the coherent regeneration in
tungsten in both mass and angular spread.
The relative efficiency for detection of the

three-body E, decays compared to that for decay
to two pions is 0.23. %e obtain 45+ 9 events in

139

123

775

Table 25.1.3. Input values for the global fit from Lattice QCD.

Input Value Reference

|Vud| 0.97425 ± 0.00022 (Colangelo et al., 2011)
|Vus| 0.2208 ± 0.0039 (Colangelo et al., 2011)

fBs [MeV ] 227.6 ± 2.2 ± 4.5 (Laiho, Lunghi, and Van de Water, 2010)
fBs/fBd 1.201 ± 0.012 ± 0.012 (Laiho, Lunghi, and Van de Water, 2010)
bBBs 1.33 ± 0.06 (Laiho, Lunghi, and Van de Water, 2010)
BBs/BBd 1.05 ± 0.07 (Laiho, Lunghi, and Van de Water, 2010)
bBK 0.7643 ± 0.0034 ± 0.0091 (Laiho, Lunghi, and Van de Water, 2010)
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Figure 25.1.1. Results of global fits in the (ρ, η) plane, from CKMfitter and UTfit, showing the consistency of b → d, b → s
and s → d flavor-changing transitions with the Kobayashi-Maskawa mechanism for the common origin of the observed CP
violation. The inputs of Tables 25.1.1 through 25.1.3 are used to obtain these plots. The second solution for the value of φ1 is
suppressed using the measurements of final states that have an asymmetry dependence on cos 2φ1. The corresponding numerical
results from these fits can be found in Table 25.1.4.

Table 25.1.5. Compatibility of the individual inputs with their prediction from the global fit.

Input Input value Predicted value

UTfit [#σ]

sin 2φ1 0.677 ± 0.020 0.756 ± 0.041 [1.7σ]

φ2 [◦] 88 ± 5 88.7 ± 3.3 [0.1σ]

φ3 [◦] 67 ± 11 69.7 ± 3.1 [0.2σ]

∆ms [ ps−1] 17.719 ± 0.043 17.35 ± 1.05 [0.7σ]

|Vcb| [10−3] 41.67 ± 0.63 42.45 ± 0.65 [0.8σ]

|Vub| [10−3] 3.95 ± 0.54 3.61 ± 0.11 [0.6σ]
bBK 0.7643 ± 0.0034 ± 0.0091 0.810 ± 0.061 [0.3σ]

B(B → τντ ) 10−4 (1.15 ± 0.23) 0.818 ± 0.062 [1.4σ]

SM provides a complementary test of the CKM mecha-
nism, however those constraints require theoretical input
in order to translate measurements into a constraint on
the apex of the Unitarity Triangle. Hence the B factories
provided an experimentally and theoretically clean set of

tests of the Standard Model in the measurements of the
angles of the Unitarity Triangle. M. Kobayashi and T.
Maskawa shared the 2008 Nobel Prize for their model of
CP violation that inspired several generations of experi-
mental exploration. During the lifetime of the B Factories
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Figure 17.6.7. Flavor-tagged ∆t distributions (a,c) and raw CP asymmetries (b,d) for the BABAR (left, (Aubert, 2009z)) and
Belle (right, (Adachi, 2012c)) measurements of sin 2φ1. The top two plots show the B → (cc̄)K0

S (ηf = −1) samples, and the
bottom two show the B → J/ψK0

L (ηf = +1) sample. The shaded regions for BABAR represent the fitted background, while the
Belle distributions are background subtracted. The two experiments adopt the opposite color code in ∆t distribution plots.
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Figure 17.6.9. Distributions of ∆E for B0 → J/ψπ0 samples
used in the Belle measurement (Lee, 2008) of φ1. The super-
imposed curves show the signal (solid line), B → J/ψX back-
ground (dot-dashed line), combinatorial background (dashed
line) and the sum of all the contributions (thick solid line).

(Eq. (9.4.1)), and cos θH , where θH is the angle between
the positively charged lepton and the B candidate mo-
menta in the J/ψ rest frame. In contrast, Belle achieves
continuum background rejection by applying a cut on the
ratio of zeroth to second Fox-Wolfram moments, R2 < 0.4.
Details on these background suppression techniques can
be found in Chapter 9.

The most recent results obtained by BABAR (Aubert,
2008i) and Belle (Lee, 2008) use 465 ×106 and 535 ×106

BB pairs, respectively, and are summarized in Table 17.6.3.
BABAR finds CP violation with 4.0σ significance, and Belle
finds 2.4σ significance. Both results, and their average, are
consistent with the value of S measured in b → ccs decays.
The obtained value of C is consistent with zero.

Table 17.6.3. The time-dependent CP asymmetry parameters
−ηfS and C for the decay B0 → J/ψπ0. The first quoted
uncertainty is statistical, and the second is systematic. The
averages are obtained by HFAG (Amhis et al., 2012).

Experiment −ηfS C
BABAR 1.23 ± 0.21 ± 0.04 −0.20 ± 0.19 ± 0.03
Belle 0.65 ± 0.21 ± 0.05 −0.08 ± 0.16 ± 0.05
Average 0.93 ± 0.15 −0.10 ± 0.13

17.6.4.2 B0 → D(∗)±D(∗)∓

The decay B0 → D(∗)±D(∗)∓ is dominated by a color-
favored tree-diagram in the SM. When neglecting the pen-
guin (loop) diagram, the mixing induced CP asymmetry
of B0 → D(∗)±D(∗)∓ is also determined by sin 2φ1. The

Eur. Phys. J. C (2014) 74:3026 Page 309 of 928 3026
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Oarai:  
(~15 km south of J-PARC)

Damage on J-PARC site

• Barely one year after the start 
of operations  . . . . .



R E S TA RT  O F  A C C E L E R AT O R
• May 2011: 

• “User program will be started with beam 
time of about 50 days . .  within FY2011”

4 5 6 7 8 9 10 11 12 1 2 3

Infrastructure

Linac 

RCS

MR

MLF

HD

NU

J-PARC Recovery Schedule （@2011.5.20）

Emergency Recovery Full Recovery Work

MLF User Program

Investigation
Recovery

Test with 

electricity

New Hg TargetShielding recovery BL Components

MLF User Operation

NU Experiment

Cooling Water

Alignment

Recovery

Extended Building 

2011 2012

NU or HD Operation

Beam Test

User Operation Start 

3GeV synchrotron

50GeV synchrotron

Materials&Life

Experimental Facility

Hadron Experimental 

Facility

Neutrino Experimental 

Facility

Investigation

Investigation

Investigation

Investigation

Investigation

Recovery

Recovery

Recovery

Beam 
Commissioning

Test with 

electricity

Test with 

electricity

Beam Injection

Beam Injection 

Beam Injection 

HD Experiment

• 9 Dec. 2011: First beam from LINAC 

• 25 Dec. 2011: extraction to neutrino beam line

• Translation: “We’re putting this bad boy back 
together in  six months and sending you beam by 
the end of the year”



Gerry: 

Thank you very much for many years of 
inspiration, precious and firm guidance! 
Your impact is greater than you can imagine! 
Look forward to/require more!


