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Neutrino oscillations
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Neutrino eigenstates

Electron 
neutrino Electron

ProtonNeutron

W boson

There are 3 neutrino flavour eigenstates:

1. Electron neutrino (νe): interacts with neutron to produce proton and electron.
2. Muon neutrino (νμ): same interaction produces proton and muon.
3. Tau neutrino (ντ): same interaction produces proton and tau.

There are also 3 neutrino mass eigenstates: ν1, ν2 and ν3.

DETECTOR
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The PMNS matrix

The flavour eigenstates do not have a one-to-one correspondence with the mass 
eigenstates, but are related through the PMNS matrix U:

2.7 Neutrino Flavour Change and Mass 13

high-resolution emulsion. Four such events were observed.

2.7 Neutrino Flavour Change and Mass

By 1957 the mass of the neutrino had not been measured to differ from zero, and

many thought it was identically zero [60]. However, Bruno Pontecorvo considered

the potential for neutrino flavour change allowed by a non-zero mass [61]: at this

point ν ! ν oscillations by analogy with the kaon system, assuming no conser-

vation of lepton number in the (then one-flavour) neutrino sector. In 1967 [62],

following the discovery of the νµ, he considered a number of different neutrino

flavour change models including possible νe ! νµ oscillations. Meanwhile, in

1964, Ziro Maki, Masami Nakagawa and Shoichi Sakata discussed the two-flavour

neutrino oscillation model in the form we know it today (albeit in an attempt to

explain the structure of hadronic particles alternate to the quark model) [63].

2.7.1 Neutrino Oscillations

The formulism of neutrino oscillations put forward by Pontecorvo, Maki, Naka-

gawa and Sakata (PMNS) was for a two flavour scenario. Here, it is extended to

encompass three flavours, using the notation of [58].

Neutrinos experience the weak interactions in eigenstates of lepton flavour:

|νe〉, |νµ〉 and |ντ 〉. They propagate through vacuum in their mass eigenstates |ν1〉,

|ν2〉 and |ν3〉. These states are not equivalent, but are related by a rotation
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U is called the PMNS rotation matrix, satisfying U †U = 1. The unitarity con-
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straint removes nine free parameters, and five of the remaining are relative phases

between the six lepton fields which can be absorbed by those fields. This leaves

four free parameters in U . The standard parameterisation is in terms of three

mixing angles θ12, θ23 and θ13 and a phase δ:

U =
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where sij = sin θij and cij = cos θij .

Any source (the Sun, a reactor, an accelerator, etc.) produces a neutrino at a

time t = 0 in a weak eigenstate |να(t = 0)〉. This is a sum of mass eigenstates |νi〉:

|να(0)〉 =
∑

i

U∗
αi |νi〉 .

(At this point the treatment is general for any number of neutrino flavours.)

As the neutrino propagates, its mass eigenstates evolve:

|να(t)〉 =
∑

i

U∗
αie

ipi·x |νi〉

where x is the four-position of the neutrino and pi the four-momentum of the mass

state i.

At a time t the neutrino is observed through its weak interaction in a detector.

=

U =
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where
s23 = sin θ23

c23 = cos θ23, etc.

2D rotation 
matrices
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Neutrino oscillations

Neutrino created in 
muon flavour 

eigenstate

u

dbar W+

νμ
μ+

ν?

Electron ?
Muon ?
Tau ?

W+

Flavour eigenstate is a 
combination of 3 

mass eigenstates which 
propagate as plane waves:
νi(L) = exp(-im2L/2E) νi(0)

Neutrino detected 
as flavour eigenstate

If ν1, ν2 and ν3 have different masses, they also have different wavelengths. As 
they travel, the relative phases of the 3 mass eigenstate waves change. Then the 3 
waves can add to produce a neutrino in a different flavour eigenstate.

ν1

ν2

ν3

Pion
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Neutrino oscillations

As a result of these changes in 
relative phases, neutrinos oscillate 
from one flavour to another as 
they travel. Low-energy neutrinos 
oscillate in a shorter distance than 
high-energy neutrinos. 

Another curious aspect of 
quantum physics is that only the 
probability of the flavour of 
neutrino can be known as it 
travels. 

The neutrino only becomes a 
definite flavour when it interacts in 
a detector - by finding whether an 
electron, muon or tau is created. T2K far detector

Muon neutrinos with energy 6x108 electronvolts
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Neutrino oscillation 
parameters

This means that neutrino oscillations can 
be described in terms of 6 parameters: 

3 mixing angles: θ12, θ13 and θ23

2 mass-squared differences: Δm212 and 
|Δm322| (the third mass-squared 
difference depends on the other two).

1 charge-parity (CP)-violating phase: δCP

sin2(2θ12) and Δm212 have been 
measured by experiments such as 
KamLAND and SNO:

sin2(2θ12) = 0.857 (error≈5%)
Δm212 = 7.58x10-5 eV2/c4 (error≈3%)

Heavy Quarks and Leptons, Melbourne, 2008 1

Neutrino Masses and Mixing – Theory
André de Gouvêa
Northwestern University, Illinois, United States of America

In this talk I review what we know and don’t know about neutrinos, neutrino masses and lepton mixing. I also
discuss the importance of the discovery that neutrinos have nonzero masses, and illustrate how little is currently
known about the physics behind them.

1. What We Learned About Neutrinos

Over the past decade, our understanding of neutri-
nos changed dramatically. After decades of confusion,
it is now established that neutrinos change flavor af-
ter propagating a finite distance. The “rate of change”
depends on the neutrino energy, the distance between
the neutrino source and the neutrino detector, and, in
some cases, the medium through which the neutrinos
propagate. For a detailed summary of all data, see,
for example, [1, 2]. For the most recent results and
updates see [3, 4].

The only consistent explanation to all long-baseline
neutrino oscillation data is to postulate that, just
like all other fermions in the standard model, neutri-
nos have non-zero, distinct masses and that, like the
quarks, leptons mix. This means that the charged-
current weak interactions are not “aligned” with the
charged and neutral lepton mass eigenstates. In this
case, the observed neutrino flavor-change is a con-
sequence of neutrino oscillations and the data con-
strain the neutrino mass-squared differences and dif-
ferent combinations of the elements of the lepton mix-
ing matrix, often referred to as the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix.

It is often the case that lepton mixing is described
in the weak basis where the charged-lepton mass ma-
trix is diagonal (with eigenstates e, µ, τ) so that the
PMNS matrix U relates the neutrino weak-eigenstates
να, α = e, µ, τ and the neutrino mass eigenstates νi

(with mass mi), i = 1, 2, 3 (for now and until further
notice, I’ll assume there are three neutrino species):

να = Uαiνi. (1)

The elements of U are often parameterized as pre-
scribed by the Particle Data Group [5] by three mixing
angles θ12, θ13, θ23 and three CP-odd phases δ, α1, α2.
If the neutrinos are Dirac fermions, the convention is
such that only the phase δ is a physical observable.

In order to match mixing parameters to data, it
is imperative to properly define the neutrino mass-
eigenstates. This is done in the following standard
if somewhat unusual way. Given three neutrinos,
one can define three mass-squared differences, two of
which are independent. States ν1 and ν2 define the
smallest (in magnitude) mass-squared difference and
we further impose m2

1 < m2
2. State ν3 is the left-over

state which may be either heavier or lighter than ν1

and ν2. Note that while ∆m2
12 ≡ m2

2 −m2
1 is positive-

definite, ∆m2
13 (and ∆m2

23) can have either sign. A
so-called normal (inverted) neutrino mass hierarchy is
associated to ∆m2

13 > 0 (∆m2
13 < 0). Both mass hier-

archies are depicted in Fig. 1. For a careful discussion
of the neutrino oscillation parameters, see [6].

(!m2)sol

(!m2)sol

(!m2)atm

(!m2)atm

"e

"µ

"#

(m1)
2

(m2)
2

(m3)
2

(m1)
2

(m2)
2

(m3)
2

normal hierarchy inverted hierarchy

Figure 1: Cartoon of the relationship between neutrino
mass and flavor eigenstates, for both the normal and in-
verted neutrino mass hierarchy. The fractions of the differ-
ent horizontal bars with a specific color are representative
of the different |Uαi|

2. From [1], where one can go for more
details.

Current data constrain, according to [7],

∆m2
12 = (7.65+0.23

−0.20) × 10−5 eV2, sin2 θ12 = 0.30+0.02
−0.02,

|∆m2
13| = (2.40+0.12

−0.11) × 10−3 eV2, sin2 θ23 = 0.50+0.07
−0.06,

sin2 θ13 < 0.040 (2σ bound), δ ∈ [0, 2π], (2)

while the sign of ∆m2
13 is unconstrained. The so-called

Majorana phases α1 and α2, if physically observable,
are currently completely unconstrained.

Before proceeding, it is important to appreci-
ate that neutrino data do not require “more” non-
standard neutrino properties, including anomalous

Two possible neutrino mass hierarchies

Normal Inverted
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T2K and its neutrino beam 
and detectors
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The T2K experiment

The T2K experiment produces a beam that is 
mostly muon neutrinos in Tokai and sends it to 
Kamioka in Japan. Its main objectives are:

1. Search for νμ→νe oscillations and determine 
the value of θ13. 

2. Make precise measurements of νμ 
disappearance and the parameters θ23 and 
|Δm322|. 

3. Make measurements of cross sections of 
neutrino interactions.  
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The T2K collaboration

F.Sánchez (IFAE) CERN Seminar 22nd Oct 2013

T2K collaboration
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The T2K neutrino beam

8 bunches of protons are extracted from the main ring into the primary 
beamline within a single turn by a set of 5 kicker magnets.

In the secondary beamline, the protons collide with a graphite target to 
produce charged pions and kaons. 

Apparatus in beam-line
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Helium cooling
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The J-PARC proton 
accelerator consists of 
a linear accelerator 
(LINAC), a rapid-
cycling synchrotron 
and a main ring  
synchrotron. 
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All hadrons and low-energy muons are stopped by the beam dump, which is 
made of graphite, iron and concrete. νμ pass through it to form the neutrino 
beam. Muons with energies > 5 GeV also pass through, and these are used to 
monitor the direction and intensity of the beam in the muon monitor. 

The T2K secondary beamline
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Figure 6: Side view of the secondary beamline. The length of
the decay volume is ∼96 m.

down to a 16 mW beam loss. In the commissioning run, it
was confirmed that the residual dose and BLM data integrated
during the period have good proportionality. This means that
the residual dose can be monitored by watching the BLM data.

3.2. Secondary Beamline

Produced pions decay in flight inside a single volume of
∼1500 m3, filled with helium gas (1 atm) to reduce pion ab-
sorption and to suppress tritium and NOx production by the
beam. The helium vessel is connected to the monitor stack via a
titanium-alloy beam window which separates the vacuum in the
primary beamline and the helium gas volume in the secondary
beamline. Protons from the primary beamline are directed to
the target via the beam window.

The secondary beamline consists of three sections: the target
station, decay volume and beam dump (Fig. 6). The target sta-
tion contains: a baffle which is a collimator to protect the mag-
netic horns; an optical transition radiation monitor (OTR) to
monitor the proton beam profile just upstream of the target; the
target to generate secondary pions; and three magnetic horns
excited by a 250 kA (designed for up to 320 kA) current pulse
to focus the pions. The produced pions enter the decay vol-
ume and decay mainly into muons and muon neutrinos. All the
hadrons, as well as muons below ∼5 GeV/c, are stopped by the
beam dump. The neutrinos pass through the beam dump and are
used for physics experiments. Any muons above ∼5 GeV/c that
also pass through the beam dump are monitored to characterize
the neutrino beam.

3.2.1. Target Station
The target station consists of the baffle, OTR, target, and

horns, all located inside a helium vessel. The target station
is separated from the primary beamline by a beam window at
the upstream end, and is connected to the decay volume at the
downstream end.

The helium vessel, which is made of 10 cm thick steel, is
15 m long, 4 m wide and 11 m high. It is evacuated down to
50 Pa before it is filled with helium gas. Water cooling chan-
nels, called plate coils, are welded to the surface of the vessel,
and ∼30◦C water cools the vessel to prevent its thermal defor-
mation. An iron shield with a thickness of ∼2 m and a concrete
shield with a thickness of ∼1 m are installed above the horns
inside the helium vessel. Additionally, ∼4.5 m thick concrete
shields are installed above the helium vessel.

The equipment and shields inside the vessel are removable
by remote control in case of maintenance or replacement of the
horns or target. Beside the helium vessel, there is a maintenance
area where manipulators and a lead-glass window are installed,
as well as a depository for radio-activated equipment.

3.2.2. Beam Window
The beam window, comprising two helium-cooled 0.3 mm

thick titanium-alloy skins, separates the primary proton beam-
line vacuum from the target station. The beam window assem-
bly is sealed both upstream and downstream by inflatable bel-
lows vacuum seals to enable it to be removed and replaced if
necessary.

3.2.3. Baffle
The baffle is located between the beam window and OTR. It

is a 1.7 m long, 0.3 m wide and 0.4 m high graphite block, with
a beam hole of 30 mm in diameter. The primary proton beam
goes through this hole. It is cooled by water cooling pipes.

3.2.4. Optical Transition Radiation Monitor
The OTR has a thin titanium-alloy foil, which is placed at 45◦

to the incident proton beam. As the beam enters and exits the
foil, visible light (transition radiation) is produced in a narrow
cone around the beam. The light produced at the entrance tran-
sition is reflected at 90◦ to the beam and directed away from the
target area. It is transported in a dogleg path through the iron
and concrete shielding by four aluminum 90◦ off-axis parabolic
mirrors to an area with lower radiation levels. It is then col-
lected by a charge injection device camera to produce an image
of the proton beam profile.

The OTR has an eight-position carousel holding four titan-
ium-alloy foils, an aluminum foil, a fluorescent ceramic foil of
100 µm thickness, a calibration foil and an empty slot (Fig. 7).
A stepping motor is used to rotate the carousel from one foil
to the next. The aluminum (higher reflectivity than titanium)
and ceramic (which produces fluorescent light with higher in-
tensity than OTR light) foils are used for low and very low in-
tensity beam, respectively. The calibration foil has precisely
machined fiducial holes, of which an image can be taken us-
ing back-lighting from lasers and filament lights. It is used for
monitoring the alignment of the OTR system. The empty slot
allows back-lighting of the mirror system to study its transport
efficiency.

3.2.5. Target
The target core is a 1.9 interaction length (91.4 cm long),

2.6 cm diameter and 1.8 g/cm3 graphite rod. If a material sig-

7

After exiting the target 
station, π+ are 
enhanced in the aimed 
direction using 3 
magnetic horns. The π+ 
decay in the decay 
volume (length 96 
metres):

π+ → μ+ νμ
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Off-axis experiment

T2K is the first long-baseline neutrino 
experiment to use the off-axis technique.

The off-axis angle of 2.5o results in a neutrino 
beam energy spectrum that is much narrower 
than in an on-axis experiment. This energy 
spectrum is centered on 600 MeV, the 
oscillation maximum for a baseline of 295 km. A 
greater fraction of neutrinos oscillates at the 
distance of the far detector (Super 
Kamiokande) than in an on-axis experiment. 

Claudio Giganti - EPS HEP 2011July 21, 2011

T2K experimental setup

Beamline: 

Produce a narrow band neutrino beam (peak energy 600 MeV)

Off-axis beam: center of the beam 2.5° off from SK direction

Design beam power 750 kW (50 kW in 2010, 150 kW in 2011)

Detectors:

Proton beam profile, position and intensity are monitored in several detectors along the 
beamline

2 detectors to monitor the neutrino beam: Muon Monitor (MUMON), INGRID

Off-axis ND280: measure ν interaction rates and flavors before the oscillation

Off-axis Far Detector (SK): measure ν interaction rates and flavors after the oscillation

4

p !"#,µ #

120m 295km280m

off-axis

on-axis
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primary 
beamline target 

station decay 
pipe

beam 
dump

muon 
monitors

280m 
detectors

Super-Kamiokande

Reference: The T2K experiment, NIM,  doi: 10.1016/j.nima.2011.06.067,Claudio Giganti - EPS HEP 2011July 21, 2011

Off-axis narrow band beam
T2K is the first long baseline experiment using 
off-axis technique

Reduced dependence of Eν from Eπ 

Intense beam where the oscillation effect is 
maximum (~0.6 GeV)

Enhance the CCQE sample, reducing the high 
energy tails of the beam → reduce the 
backgrounds to oscillation signal
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MUMON and INGRID

The muon monitor (MUMON) consists of 
gas ionisation chambers and arrays of 
silicon photodiodes. It monitors the 
direction and intensity of the beam on a 
spill-by-spill basis by looking at high-energy 
muons. It has done this monitoring for the 
whole experimental period. 

Claudio Giganti - EPS HEP 2011July 21, 2011

MUMON and INGRID

Muon monitor (MUMON): installed after the beam dump

Monitor the beam on a spill-by-spill basis looking at high energy muons

Composed by ionization chambers and semiconductor arrays

On-axis Near Detector (INGRID): on axis in the near detector complex

Monitor the beam stability on a day-by-day basis looking at ν interactions

16 cubic modules: 1 module is a sandwich of 10 iron and 11 scintillator layers

7

beam
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1.7m
2.5m

Semiconductor 
arrays

Ionization
chambers

MUMON

Required beam 
stability < 1mrad

INGRID
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Muon monitor (MUMON): installed after the beam dump

Monitor the beam on a spill-by-spill basis looking at high energy muons

Composed by ionization chambers and semiconductor arrays

On-axis Near Detector (INGRID): on axis in the near detector complex

Monitor the beam stability on a day-by-day basis looking at ν interactions

16 cubic modules: 1 module is a sandwich of 10 iron and 11 scintillator layers

7

beam
4.3m

1.7m
2.5m

Semiconductor 
arrays

Ionization
chambers

MUMON

Required beam 
stability < 1mrad

INGRID The interactive neutrino grid (INGRID) 
consists of 16 modules, each of which 
consists of alternating layers of iron and 
scintillator. It is on-axis and monitors the 
direction and intensity of the neutrino 
beam by checking the number of 
neutrino interactions in each module on 
a week-by-week basis.

10 m

10 m
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On-axis near detectors

The neutrino energy varies as a function of off-axis angle.  We require < 2% 
uncertainty in energy scale, which in turn requires < 1 mrad uncertainty in beam 
direction. The beam centre is well within the 1 mrad tolerance at the INGRID.

The interaction rate is 
stable in the INGRID for 
runs 1-4 except for run 
3b (problem with horn 
power supply).

Beam centre 
well within 
1 mrad at 
INGRID.

ν beam stability
Stability of ν interaction rate normalized by # of protons (INGRID)

Stability of ν beam direction (INGRID)

Stability of beam direction is much better than 1mrad during whole run period

Fluctuation of ν interaction rate (/1019p.o.t) is less than 0.7% whole run period

(plots from ND280)
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Off-axis experiment

The off-axis beam produces in the T2K 
detectors a greater proportion of charged-
current quasi-elastic (CCQE) events. These are 
our “signal” events because there are only 2 
particles in the final state, and we can measure 
the neutrino energy from them.  

It also reduces the proportion of “background” 
events (i.e. all events other than CCQE) in the 
T2K detectors. 

S. Zeller, SBL Workshop, May 2011 

CC Inclusive Cross Section 
42 

•  new appreciation for the 
  role that inclusive measurements 
  can play especially as we 
  try to sift through these 
  complex nuclear effects 

RES 

QE DIS 

TOTAL 

Claudio Giganti - EPS HEP 2011July 21, 2011

Off-axis narrow band beam
T2K is the first long baseline experiment using 
off-axis technique

Reduced dependence of Eν from Eπ 

Intense beam where the oscillation effect is 
maximum (~0.6 GeV)

Enhance the CCQE sample, reducing the high 
energy tails of the beam → reduce the 
backgrounds to oscillation signal
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Off-axis near detectors
• A π0 detector consists of alternating layers of 
water (target), brass (radiator) and scintillator 
(detector).  

• 2 fine-grained detectors provide a target (carbon 
and water) for neutrino interactions.

• 3 time projection chambers measure momentum 
and charge of passing particles. They also aid in 
particle ID through energy deposits of charged 
particles (dE/dx). 

• Electromagnetic calorimeters measure energies of 
electrons, photons and pions.

• Gaps in the return yoke of the magnet are 
instrumented with layers of scintillator to act as a 
muon range detector. 

Figure 16: An exploded view of the ND280 off-axis detector.

mechanically supported by, but electrically insulated from, the
return yoke. The two half yoke pieces each consist of eight C-
shaped elements, made of low-carbon steel plates, which stand
on movable carriages. The carriages are fitted on rails and op-
erated by hydraulic movers, so that each half magnet is inde-
pendent of the other and can be separately moved to an open or
closed position. When the magnet is in an open position, the
inner volume is accessible, allowing access to the detectors.

The magnet yoke and coils were reused from UA1/NOMAD,
while the movers were obtained from the completed HERA-
B experiment at DESY. In order to comply with seismic reg-
ulations, detailed FEM static and dynamic analyses were per-
formed and cross-checked with measurements of deformation
and modal frequency of the yoke elements. As a result of this,
the carriages were mechanically reinforced by additional steel
bars to increase their lateral strength. Additional components
had to be specially designed and built for the ND280 magnet
operation. These were: the power supply (PS), the cooling
system (CS), the magnet safety system (MSS), and the mag-
net control system (MCS). Finally, the magnetic field map was
determined in situ with a dedicated measurement campaign.

The PS, specially made for ND280, was designed and man-
ufactured by Bruker to provide the DC current to energize the
magnet. The nominal current is 2900 A with a voltage drop
of 155 V. The requirements for the DC current resolution and
stability were 300 ppm and ± 1000 ppm over 24 hours respec-
tively. The PS is also able to cope with AC phase imbalance
(± 2%) and short voltage drops. A thyristor switch mode was
employed, with digital current regulation via a DCCT captor
(ULTRASTAB series from Danfysik). The power supply can
be controlled locally or remotely via the MCS.

The CS, assembled by MAN Ferrostaal AG (D), provides up
to 750 kW of cooling power via two independent demineral-
ized water circuits to compensate for the heat loss from the

coils and in the power supply. The cold source consists of a
primary glycol circuit maintained at 8◦C by a chiller (built by
Friotherm, D). The secondary pumping circuit units and their
heat exchangers, the water purification units and the main panel
controller are mounted in an ISO container, suitable for easy
road and sea transport. They were assembled and tested in Eu-
rope before shipment to J-PARC. The secondary circuit dem-
ineralized water for the magnet coils has a flow of 30 L/s and
a pressure of 10 bar to compensate for the 7 bar pressure drop
across the coil bore holes.

The MSS, based on a hardwired fail-safe interface, was built
to ensure the operational safety of the magnet. It continu-
ously monitors a set of input signals from the thermo-switches
mounted on the magnet coils, fault signals from the power con-
verter, cooling and magnet control systems, and magnet emer-
gency stop signals from manual buttons located in the ND280
building. A Boolean OR of all fault signals is generated and
logically combined with the on/off magnet status. When the
magnet is off, the system issues a power convert permit signal
only if none of the input signals is in a fault state. When the
magnet is operating, a fast abort signal is generated and sent
to the power converter in less than 1 ms when any of the input
signals switches to a fault state. All input and output signals of
the MSS are monitored by a VME computer, and any change
in the status of the signals is recorded with 1 ms timing resolu-
tion, meaning that the detailed sequence of events leading up to
a fast abort can be understood.

The aim of the MCS is to monitor the behavior of the mag-
net and cooling system, to control the current set point of the
magnet power supply and to interface all the information and
control parameters with the global slow control (GSC). The
system is based on an industrial programmable logic controller
(PLC) that reads: the coil temperature at 52 points; the water
flow, input and output temperature and pressure on each half of
the magnet; the voltage drop through each half of the magnet;
the power converter voltage and current; and the status flags
of the power converter, CS and MSS. The PLC is linked via
PROFIBUS DP (Process Field Bus for Decentralized Peripher-
als) with the power converter, in order to switch on and off, and
to read and write, the current and other settings. All this in-
formation is processed and analyzed several times per second.
If any subsystem should exceed the operational parameters, the
MCS will switch off the magnet and trigger the corresponding
alarms for later diagnostics. All the information in the PLC can
be accessed via an open connectivity standard for industrial au-
tomation (OPC server). The OPC server is interfaced with the
GSC for monitoring and control of the magnet. The measured
current is used offline to define the magnetic field for data anal-
ysis.

The refurbishing of the magnet yokes and aluminum coils
was performed at CERN. Then, they were packed and shipped
to Japan, and reassembled and installed in the ND280 pit. Dur-
ing the installation particular attention was paid to take into ac-
count the constraints of alignment coming from the later in-
sertion of the SMRD modules within the gaps of the magnet
yokes, which required that the 16 individual yoke elements,
each weighing 53 tons, be aligned with a precision of better

15
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Off-axis near detectors

The off-axis near detectors are installed within the UA1 magnet operating at 0.2 T.  
They measure the νμ and νe reconstructed energy spectra before oscillations have 
occurred.  Studies are ongoing to measure cross sections of various neutrino 
interactions including background processes for the oscillation analyses.

Charged-current quasi-elastic event in ND280 
showing muon track

CC0! CC1!
Charged-current single π event in ND280

showing muon and pion tracks
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Super Kamiokande (far detector)

Super Kamiokande is a water Cerenkov 
detector located 1000 metres underground. 
It consists of a large cylindrical tank of 
ultra-pure water with height 36.2 metres 
and diameter 33.8 metres (inner 
detector). The walls of the tank are lined 
with 11,129 photodetectors of diameter 
50 cm.
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T2K oscillation analyses
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T2K oscillation analyses
Using the ND280, a measurement of 
the νμ content of the neutrino beam 
is made before any oscillations have 
occurred. This measurement is used to 
predict the number of νμ that would 
be seen in Super K if there were no 
oscillations. The number of νμ that is 
actually seen in Super K is less than 
this prediction, and this is known as 
“νμ disappearance”. 

T2K carried out 2 νμ-disappearance 
analyses (2012, Run 1-3):

1. Binned likelihood ratio with events 
in reconstructed neutrino energy bins 
2. Unbinned maximum likelihood using 
reconstructed neutrino energy

T2K searches for νμ→νe oscillations by 
seeking νe candidates in Super K. This is 
known as “νe appearance”. Two νe-
appearance analyses were made (2013, 
Run 1-4):

1. Unbinned maximum likelihood using 
reconstructed muon momentum and angle 
2. Unbinned maximum likelihood using 
reconstructed neutrino energy
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Event selection in far detector 
(Super Kamiokande)

The initial selections are common to both 
the νμ-disappearance and νe-appearance 
analyses:

1. Timing: use PMT hits between -2 and 
+10 μsec relative to start of beam spill.

2. Reject events with >=16 hits in outer 
detector as outer detector events.
 
3. Reconstructed vertex in fiducial volume, 
i.e. > 2 metres from wall of inner detector. 

4. Exactly one Cerenkov ring.

5. The particle ID then divides these events 
into single μ-like ring and single e-like ring 
events.

T2K !e Event Selection

!e Selection Cuts
- # veto hits < 16
- Fid. Vol. = 200 cm
- # of rings = 1
- Ring is e-like
- Evisible > 100 MeV
- no Michel electrons
- fiTQun π0 cut
- 0 < E! < 1250 MeV
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Figure 21: 2-d distributions of the fiTQun π0 cut variables mγγ and ln(Lπ0/Le) after the selection

cuts #1-6 are applied. The right figure shows MC expectations which are separated in terms

of neutrino interaction modes, and the left figure shows the sum of all modes. RUN1-4 data is

overlaid in each plot as black markers. The blue line indicates the fiTQun π0 cut, and we select

the events below the line as νe candidates. The bins outside the gray line are overflow bins,

and two data points lie outside the axis ranges. MC distributions are for sin
2
2θ13 = 0.1 and

normalized to data using POT.
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Distinguishing μ-like from e-
like rings in Super K

 An electron produces an electromagnetic 
shower which gives a fuzzy ring. A muon 
produces a sharper ring.  Very good 
discrimination between muons and electrons: 
probability of a muon being misidentified as an 
electron is ≈1%. However Super K cannot 
distinguish between electrons and photons, which 
both produce an “electron-like” ring.
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FIG. 23: Examples event displays for the SK simulation

of a) νµ CCQE, b) νe CCQE, and c) νµ NC1π0

interactions. The images shows the detected light

pattern at the ID wall.

neutrino events, and a repeating pattern of light in the1806

detector. There have been a total of 8 events that have1807

been rejected by the flasher cut during all run periods,1808

while the MC prediction of the number of rejected beam1809

events from this cut is 3.71 events; the probability to ob-1810

serve 8 or more events when 3.71 are expected is 3.6%.1811

From event time information and visual inspections, it is1812

clear that all eight events are induced by beam neutrino1813

interactions. All eight events are outside the fiducial vol-1814

ume with their vertices close to the ID wall.1815
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FIG. 24: ∆T0 distribution of all FC, OD and LE events

observed in the ±500µs T2K windows. The OD

histogram (gray) is stacked on the FC histogram (red),

and the LE histogram (open) is stacked on top of OD

and FC events.

We define the quantity ∆T0, which is the timing of the1816

event relative to the leading edge of the spill. Fig. 241817

shows the ∆T0 distribution of all FC, OD and LE events1818

within ±500µs of the beam arrival time; the spill typi-1819

cally is about 5µs. A clear peak at ∆T0 = 0 is seen for1820

the FC sample. We observe five FC events events outside1821

of the 5µs spill window. The expected number of such1822

off-timing FC events, mainly LE and atmospheric neu-1823

trino events, is estimated to be 3.3 from data collected1824

in so-called “dummy” spills, i.e. when no neutrino beam1825

is being produced. Fig. 25 shows the ∆T0 distribution of1826

FC events within the spill window. An additional correc-1827

tion has been applied to each event to ∆T0 to account1828

for the position of the neutrino interaction vertex and the1829

photon propagation time from the interaction vertex to1830

the PMTs. The far detector event timing clearly exhibits1831

the beam timing structure of eight bunches. The eight1832

dotted vertical lines in the figure represent the 8 bunch1833

centers at intervals of 581 ns from a fit to the observed FC1834

event timing. The RMS value of the residual time dis-1835

tribution between each FC event and the closest of the1836

fitted bunch center times is about 25 ns, indicating that1837

our time synchronization using the GPS is much more1838

stable than its guaranteed 150 ns precision.183918401841

We require the ∆T0 for selected FC events to be be-1842

tween -0.2 µs to 10 µs. We observe 240 such on-timing1843

fully contained events. We extract a fully contained fidu-1844

cial volume (FCFV) sample by further requiring Evis be1845

above 30MeV and the reconstructed vertex be in the1846

fiducial volume. We observe 174 such FCFV events, while1847

the expected accidental contamination from beam unre-1848

lated events, coming mostly from atmospheric neutrino1849

interactions, is calculated to be 0.005 events.1850
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Figure 21: 2-d distributions of the fiTQun π0 cut variables mγγ and ln(Lπ0/Le) after the selection

cuts #1-6 are applied. The right figure shows MC expectations which are separated in terms

of neutrino interaction modes, and the left figure shows the sum of all modes. RUN1-4 data is

overlaid in each plot as black markers. The blue line indicates the fiTQun π0 cut, and we select

the events below the line as νe candidates. The bins outside the gray line are overflow bins,

and two data points lie outside the axis ranges. MC distributions are for sin
2
2θ13 = 0.1 and

normalized to data using POT.
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0.1 and normalized to data using POT.
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Event selection in far detector 
(Super Kamiokande)

Additional selection criteria for 
single μ-like ring events are:

Additional selection criteria for 
single e-like ring events are:T2K !e Event Selection

!e Selection Cuts
- # veto hits < 16
- Fid. Vol. = 200 cm
- # of rings = 1
- Ring is e-like
- Evisible > 100 MeV
- no Michel electrons
- fiTQun π0 cut
- 0 < E! < 1250 MeV
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Figure 21: 2-d distributions of the fiTQun π0 cut variables mγγ and ln(Lπ0/Le) after the selection

cuts #1-6 are applied. The right figure shows MC expectations which are separated in terms

of neutrino interaction modes, and the left figure shows the sum of all modes. RUN1-4 data is

overlaid in each plot as black markers. The blue line indicates the fiTQun π0 cut, and we select

the events below the line as νe candidates. The bins outside the gray line are overflow bins,

and two data points lie outside the axis ranges. MC distributions are for sin
2
2θ13 = 0.1 and

normalized to data using POT.
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Figure 21: 2-d distributions of the fiTQun π0 cut variables mγγ and ln(Lπ0/Le) after the selection

cuts #1-6 are applied. The right figure shows MC expectations which are separated in terms

of neutrino interaction modes, and the left figure shows the sum of all modes. RUN1-4 data is

overlaid in each plot as black markers. The blue line indicates the fiTQun π0 cut, and we select

the events below the line as νe candidates. The bins outside the gray line are overflow bins,

and two data points lie outside the axis ranges. MC distributions are for sin
2
2θ13 = 0.1 and

normalized to data using POT.
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νμ selection
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νμ Selection Cuts

- Number veto hits < 16

- Fiducial  Volume=200cm

- Fully contained ring. 

- number of rings = 1

- Ring is muon-like

- Evisible > 100 MeV

- < 2 Michel electrons

- pμ > 200 MeV

58 events for 
3.01x1020 proton on target 
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νμ selection

46

νμ Selection Cuts

- Number veto hits < 16

- Fiducial  Volume=200cm

- Fully contained ring. 

- number of rings = 1

- Ring is muon-like

- Evisible > 100 MeV

- < 2 Michel electrons

- pμ > 200 MeV

58 events for 
3.01x1020 proton on target 

6. Visible energy > 100 MeV

7. No Michel electrons (from μ decay)

8. π0 rejection

9. Reconstructed νe energy < 1.25 GeV

6. < 2 Michel electrons 
(from μ decay)

7. Reconstructed muon 
momentum > 200 MeV
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Backgrounds to νμ disappearance 
and νe appearance

νμ disappearance

Principal background is CC π+ 
production. 

This is a problem because sometimes 
(10-20% of the time) the π+ is 

absorbed in a final-state interaction. If 
this happens, the CC π+ initial state 

appears to be a CCQE interaction.  This 
leads to misreconstruction of the 

neutrino energy. 

The problem here is not that we count 
oscillations when they do not occur, but 

that we count them at the wrong 
energy. 

νe appearance

1. The 1% νe component of the neutrino 
beam: mainly from muon decays, and also 

some from kaon decays.

3. Photonuclear interactions: the 
absorption of a photon by a nucleus.  Again 
a π0 gives one e-like ring, and appears to 

be an electron.
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FIG. 23: Examples event displays for the SK simulation

of a) νµ CCQE, b) νe CCQE, and c) νµ NC1π0

interactions. The images shows the detected light

pattern at the ID wall.

neutrino events, and a repeating pattern of light in the1806

detector. There have been a total of 8 events that have1807

been rejected by the flasher cut during all run periods,1808

while the MC prediction of the number of rejected beam1809

events from this cut is 3.71 events; the probability to ob-1810

serve 8 or more events when 3.71 are expected is 3.6%.1811

From event time information and visual inspections, it is1812

clear that all eight events are induced by beam neutrino1813

interactions. All eight events are outside the fiducial vol-1814

ume with their vertices close to the ID wall.1815
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FIG. 24: ∆T0 distribution of all FC, OD and LE events

observed in the ±500µs T2K windows. The OD

histogram (gray) is stacked on the FC histogram (red),

and the LE histogram (open) is stacked on top of OD

and FC events.

We define the quantity ∆T0, which is the timing of the1816

event relative to the leading edge of the spill. Fig. 241817

shows the ∆T0 distribution of all FC, OD and LE events1818

within ±500µs of the beam arrival time; the spill typi-1819

cally is about 5µs. A clear peak at ∆T0 = 0 is seen for1820

the FC sample. We observe five FC events events outside1821

of the 5µs spill window. The expected number of such1822

off-timing FC events, mainly LE and atmospheric neu-1823

trino events, is estimated to be 3.3 from data collected1824

in so-called “dummy” spills, i.e. when no neutrino beam1825

is being produced. Fig. 25 shows the ∆T0 distribution of1826

FC events within the spill window. An additional correc-1827

tion has been applied to each event to ∆T0 to account1828

for the position of the neutrino interaction vertex and the1829

photon propagation time from the interaction vertex to1830

the PMTs. The far detector event timing clearly exhibits1831

the beam timing structure of eight bunches. The eight1832

dotted vertical lines in the figure represent the 8 bunch1833

centers at intervals of 581 ns from a fit to the observed FC1834

event timing. The RMS value of the residual time dis-1835

tribution between each FC event and the closest of the1836

fitted bunch center times is about 25 ns, indicating that1837

our time synchronization using the GPS is much more1838

stable than its guaranteed 150 ns precision.183918401841

We require the ∆T0 for selected FC events to be be-1842

tween -0.2 µs to 10 µs. We observe 240 such on-timing1843

fully contained events. We extract a fully contained fidu-1844

cial volume (FCFV) sample by further requiring Evis be1845

above 30MeV and the reconstructed vertex be in the1846

fiducial volume. We observe 174 such FCFV events, while1847

the expected accidental contamination from beam unre-1848

lated events, coming mostly from atmospheric neutrino1849

interactions, is calculated to be 0.005 events.1850

2. NC π0 production: π0 

decays to 2 photons. This can 
mimic a νe if two photon 

rings in Super K overlap or if 
one is below Cerenkov 

threshold.2 photon rings from π0
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Measurement of oscillation 
parameters

The neutrino oscillation parameters are measured by comparing the predicted 
reconstructed energy/momentum-angle spectrum in Super K with the observed 
spectrum. The oscillation parameters are varied in the input to the calculation of the 
predicted spectrum until the best agreement is obtained with the observed 
spectrum.

In the binned likelihood ratio νμ-disappearance analysis, this is done by minimising 

The sources of systematic uncertainty in Nexp
SK are listed

in Table II. Uncertainties in the near-detector and far-
detector selection efficiencies are energy-independent ex-
cept for the ring-counting efficiency. Uncertainty in the

near-detector event rate is applied to N
Data;!"CC
ND in Eq. (3).

The flux normalization uncertainty is reduced because of
the near-detector constraint. The uncertainty in the flux
shape is propagated using the covariance matrix when
calculating Nexp

SK . The near-detector constraint also leads
to partial cancellation in the uncertainty in cross-section
modeling, but the cancellation is not complete due to the
different fluxes, different acceptances and different nuclei
in the near and far detectors. The total uncertainty in Nexp

SK
is þ13:3%

"13:0% without oscillations and þ15:0%
"14:8% with oscillations

with sin2ð2#23Þ ¼ 1:0 and j!m2
32j ¼ 2:4& 10"3 eV2.

We find the best-fit values of the oscillation parameters
using a binned likelihood-ratio method, in which
sin2ð2#23Þ and j!m2

32j are varied in the input to the calcu-
lation of Nexp

SK until

2
X

Er

!
Ndata

SK ln
"
Ndata

SK

Nexp
SK

#
þ ðNexp

SK " Ndata
SK Þ

$
(5)

is minimized. The sum in Eq. (5) is over 50 MeV bins of
reconstructed energy of selected events in the far detector
from 0–10 GeV.
Using the near-detector measurement and setting

Psurv ¼ 1:0 in Eq. (4), we expect a total of 103:6þ13:8
"13:4

(systematic) single "-like ring events in the far detector
without disappearance, but we observe 31 events. If
!" ! !$ oscillations are assumed, the best-fit point deter-
mined using Eq. (5) is sin2ð2#23Þ ¼ 0:98 and j!m2

32j ¼
2:65& 10"3 eV2. We estimate the systematic uncertainty
in the best-fit value of sin2ð2#23Þ to be '4:7% and that in
j!m2

32j to be '4:5%. The reconstructed energy spectrum
of the 31 data events is shown in Fig. 3 along with the
expected far-detector spectra without disappearance and
with best-fit oscillations.
We construct confidence regions1 in the oscillation pa-

rameters using the method of Feldman and Cousins [28].
Statistical variations are taken into account by Poisson
fluctuations of toy MC data sets, and systematic uncertain-
ties are incorporated using the method of Cousins and
Highland [29,30]. The 90% confidence region for
sin2ð2#23Þ and j!m2

32j is shown in Fig. 4 for combined
statistical and systematic uncertainties.
We also carried out an alternate analysis with a maxi-

mum likelihood method. The likelihood is defined as:

L ¼ Lnormðsin2ð2#23Þ;!m2
32; fÞ

& Lshapeðsin2ð2#23Þ;!m2
32; fÞLsystðfÞ; (6)

TABLE II. Systematic uncertainties on the predicted number of SK selected events without
oscillations and for oscillations with sin2ð2#23Þ ¼ 1:0 and j!m2

32j ¼ 2:4& 10"3 eV2.

Source %Nexp
SK =Nexp

SK (%, no osc) %Nexp
SK =Nexp

SK (%, with osc)

SK CCQE efficiency '3:4 '3:4
SK CC non-QE efficiency '3:3 '6:5
SK NC efficiency '2:0 '7:2
ND280 efficiency þ5:5 "5:3 þ5:5 "5:3
ND280 event rate '2:6 '2:6
Flux normalization (SK/ND280) '7:3 '4:8
CCQE cross section '4:1 '2:5
CC1&=CCQE cross section þ2:2 "1:9 þ0:4 "0:5
Other CC/CCQE cross section þ5:3 "4:7 þ4:1 "3:6
NC/CCQE cross section '0:8 '0:9
Final-state interactions '3:2 '5:9
Total þ13:3 "13:0 þ15:0 "14:8

Reconstructed energy (GeV)
0 1 2 3 4 5 6

N
um

be
r o

f e
ve

nt
s

2

4

6

8

10

12

14

16

18

20

No-disappearance hypothesis

Best-fit oscillation hypothesis

T2K Run 1+2 data

FIG. 3. Reconstructed energy spectrum of the 31 data events
compared with the expected spectra in the far detector without
disappearance and with best-fit !" ! !$ oscillations. A variable

binning scheme is used here for the purpose of illustration only;
the actual analysis used equal-sized 50 MeV bins.

1In the T2K narrow-band beam, for a low-statistics data set,
there is a possible degeneracy between the first oscillation
maximum and other oscillation maxima in L=E. Therefore, we
decided in advance to report confidence regions both with and
without an explicit bound at j!m2

32j< 5& 10"3 eV2. For this
data set, the bounded and unbounded confidence regions are
identical.
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most important systematics to float in the fit. A detailed study to select the systematic parameters to include in the628

fit for the alternative result is presented in Sec. 4.4. We give the VaLOR group viewpoint on which is the preferred629

result to show publicly in Sec. 5.6, after presenting all the results in detail.630

4.1.4. Allowed range of fit parameters631

The search for the minimum value of −2 lnλ(sin2 2θ23, |∆m2
32|;a) (see Eq. 3) is performed in the range 0 ≤632

sin2 2θ23 ≤ 1 and 1 × 10−3eV 2/c4 ≤ |∆m2
32| ≤ 6 × 10−3eV 2/c4. Values of sin2 2θ23 > 1 are not permitted;633

although it is numerically allowed and, occasionally, it yields better fits to data, it has no physical interpretation within634

the context in which we attempt to interpret the data and causes p.d.f.s to have pathological behaviour.635

Systematic parameters included in the oscillation fit are constrained in the range [-5σs, +5σs] where σs is the one636

standard deviation error assigned to each systematic parameter5. Values of systematic parameters that give a negative637

predicted number of events in any reconstructed energy bin are not allowed. If this scenario arises, the number of638

events is changed to +1E-8 in that bin. This is done for the sum of all the interaction modes rather than for each mode639

separately.640

4.1.5. Minimization method641

The VaLOR disappearance analysis uses a binned likelihood-ratio method. Measurements of the oscillation pa-
rameters sin2 2θ23 and |∆m2

32| are obtained by comparing the observed and predicted SuperK reconstructed energy
spectra for 1-ring µ-like events. Let N be the number of reconstructed energy bins and a be a 1 × Ns - dimensional
array of systematic (nuisance) parameters that affect the SuperK reconstructed energy spectrum prediction (e.g param-
eters that control the beam, neutrino interaction simulations and the detector response). Best-fit values are obtained by
minimizing:

−2 lnλ(sin2 2θ23, |∆m2
32|;a) = 2 ·

N−1
∑

i=0

(

nobs
i · ln(nobs

i /nexp
i ) + (nexp

i − nobs
i )

)

+ (a− a0)T ·C−1 · (a− a0) (3)

where a0 is an 1 × Ns - dimensional array with the default values of the systematics parameters, aT is the transpose642

of a, C is the systematic parameter covariance matrix of dimension Ns × Ns, nobs
i is the observed number of events643

in the ith bin, and nexp
i = nexp

i (sin2 2θ23, |∆m2
32|;a) is the corresponding expected number of events.644

The likelihood-ratio method used in this analysis, is equivalent to the extended maximum likelihood method645

used in the alternative T2K oscillation analysis (see [1, 22] for more details). The advantage of the likelihood ra-646

tio method, compared with the extended maximum-likelihood method, is that in the large-sample limit, the quantity647

−2 lnλ(sin2 2θ23, |∆m2
32|;a) in Eq.3 has a χ2 distribution and it can therefore be used as a goodness-of-fit test. In this648

note−2 lnλ(sin2 2θ23, |∆m2
32|;a) and χ2(sin2 2θ23, |∆m2

32|;a) are used interchangeably.649

The minimization is performed with Minuit [23], using the Migrad method. If Migrad does not converge, the650

starting values of the oscillation parameters are re-initialised: the new initial values are randomly drawn from uniform651

distributions in the ranges 0.80 ≤ sin22θ23 ≤ 0.98, 2 · 10−3 ≤ |∆m2
32| ≤ 3 · 10−3 and the fit is retried. This is repeated652

10 times. If the fits still fail to converge, the Simplex algorithm is used. The Hesse algorithm is called after a successful653

fit to improve Minuit’s estimates of the errors on the fitted parameters.654

4.1.6. Brief note on out fit labeling scheme655

In the following sections, the different fits are labeled as ‘Iosc+Isyst’, where Iosc and Isyst represent, respectively,656

the number of oscillation and systematic parameters which are allowed to float in the fit. If the symbol N is shown in657

place of Isyst, all of the systematic parameters are allowed to float. If an actual number is shown in place of Isyst, this658

is the number of systematics that is allowed to float.659

Accoring to the above scheme, ‘2+N’ denotes a fit of sin2 2θ23, |∆m2
32| and all nuisance parameters, ‘2+8’ denotes660

a fit of sin2 2θ23, |∆m2
32| and the 8most important systematic parameters, ‘0+N’ denotes a fit of all nuisance parameters661

with all oscillation parameters fixed, etc.662

5Such an error is defined for all but one of the systematic parameters considered in this analysis. The exception is the systematic parameter fSF

which parameterizes the uncertainty on nuclear modelling, switching between the Relativistic Fermi Gas (RFG) and Spectral Function (SF) models.
The allowed range of the parameter fSF in the oscillation fit is [0,1].
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The sum is over bins of reconstructed energy. a is a vector of systematic parameters 
whose nominal values are a0 and C is the covariance matrix. 

The unbinned analyses are done in a similar way except that the multinomial 
distribution is replaced by a continuous probability density function representing 
the energy spectrum/momentum-angle distribution of the predicted events. 
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Systematic uncertainties in 
predicted single μ-like and 
single e-like reconstructed 
energy spectra in Super K
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Systematic uncertainties

The predicted number of νμ events in Super K is the product of

neutrino flux x interaction cross section x detector efficiency x survival probability, 

while the predicted number of νe events in Super K is

neutrino flux x interaction cross section x detector efficiency x oscillation probability.

We want to measure the oscillation parameters. But if we use incorrect values for the 
flux, cross section or efficiency in the calculation of the predicted number of events, 
we will get incorrect values for the oscillation parameters.

Hence the systematic uncertainties in the oscillation parameters are in the flux, cross 
sections and detector efficiencies. 
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Constraining neutrino flux

Make initial simulation of neutrino flux based on information from monitors of 
intensity, position and profile of proton beam (FLUKA).

Reweight this initial simulation so that charged pion and kaon production 
multiplicities agree with the NA61 measurements of hadron production on a 
replica T2K carbon target. 

This leads to a prediction of the flux for each neutrino species:  νμ, νμbar, νe and  

νebar  These are turned into event rate normalisation parameters in bins of true 
energy. For νμ disappearance, there are 11 νμ bins and 5 νμbar bins, while for νe 
appearance there are 11 νμ bins, 2 νμbar bins, 7 νe bins and 2 νebar bins.

29



Fit of flux and cross-section 
parameters to ND280 data

These flux parameters are combined with 7 cross 
section parameters that are expected to have some 
cancellation between the near and far detectors. 

We constrain these parameters by allowing them 
to float in a fit of the ND280 data. We used 2 
ND280 data samples in 2012 (νμ disappearance 
results in this talk) and 3 samples in 2013 (νe 
appearance results in this talk). 

This has the effect of tuning the flux and 
“cancelling” cross-section parameters to the 
ND280 data and reducing the uncertainties in 
them. It also gives the correlations between these 
parameters and the “cancelling” cross-section 
parameters. The Super K Monte Carlo is then 
reweighted a second time using the the best-fit 
values of the fitted parameters. 
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Uncertainties in neutrino flux 
parameters are reduced as a result 
of the ND280 fit.
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Uncorrelated cross-section 
parameters

There are also 11 uncorrelated cross-section systematic parameters. 

These are not expected to have any cancellation between the near and far 
detectors since they have different target materials: carbon in the ND280 and 
oxygen in Super K. For example, the binding energy is different between the two 
materials.

Their effects on the oscillation analysis are evaluated by reweighting the Super K 
Monte Carlo. 
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Super K detector uncertainties

Uncertainty in Super K energy scale is estimated as difference in energy loss 
between data and Monte Carlo for stopping muons and their associated decay 
electrons from a sample of stopping cosmic-ray muons. 

Uncertainties in Super K reconstruction efficiencies are also estimated by 
comparing atmospheric neutrino data and Monte Carlo control samples.
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Final-state interactions 

When a pion is produced in the primary interaction between a neutrino and 
nucleon, it can undergo a secondary interaction before exiting the nucleus in which it 
was formed. This “final-state interaction” (FSI) can be:

1. Quasi-elastic scattering - modifies its energy and momentum.
2. Charge exchange, e.g. π+n→π0p or π-p→π0n
3. Absorption of the pion.
4. Secondary pion production (if pion has sufficient energy).

Estimate uncertainties due to FSI by simultaneously varying parameters controlling 
probabilities of each type of FSI, rerunning pion scattering simulation, and 
comparing with external pion-carbon scattering data. 
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If incident particles have a higher energy, complications can be found.

With light targets, FSI effects are small and quasifree scattering and pion

production peaks are seen. However, INC calculations have trouble getting

the shape right, particularly in the region between the peaks. Fig. 2 (right) is

for π− scattering from
12

C at 500 MeV [4]. For π+
absorption, the quasifree

process would be π+d → pp since pions are highly unlikely to be absorbed

on a single nucleon. LADS data [5] for π+
absorption in Ar (A = 40) shows

the largest strength for the pp final state but this is less than half of the

total cross-section.

4. INC models

Prominence of the quasifree reaction mechanism shows why INC models

are valuable. These models assume the nucleus is an ensemble of nucleons

which have Fermi motion and binding energy. The incident particle interacts

in a series of encounters with single nucleons called a cascade (see Fig. 3).

Fig. 3. Left: Schematic diagram for reaction involving typical FSI process. Right:
Schematic diagram for reaction where pion is produced then absorbed in the same
nucleus.

All interactions are governed by the cross-section for the free process,

e.g. π+n → π+n or pp → pp. Probability of interaction is governed by

a mean free path according to Eq. (1). Cross-sections for pions, kaons, pro-

tons, and photons interacting with free nucleons are fit with a partial wave

analysis with results provided by the GWU group [13]. Nucleon densities

come from compilations; note that neutron and protons have very similar

densities even for nuclei such as lead.

The problems with INC models must be considered. Since interactions

are governed by cross-sections rather than quantum mechanical amplitudes,

the nuclear model is often very simple. The simplest and most general

nuclear model is the Fermi gas which is the basis for all neutrino–nucleus

event generator models. Effects of nucleon correlations (see talk in this

school by Benhar) must be included empirically. Both the struck nucleon

33



Systematic uncertainties in 
numbers of events in Super K

Uncertainties in 
predicted 
numbers of 
single e-like 
ring events at 
Super K

Source of uncertainty
Uncertainty in 

predicted events 
(sin2(2θ13) = 0)

Uncertainty in 
predicted events 
(sin2(2θ13) = 0.1)

Flux/correlated xsec (with ND280 fit) 4.9% 3.0%

Uncorrelated xsec 6.7% 7.5%

Super K detector + FSI + SI + PN 7.3% 3.5%

Total (with ND280 fit) 11.1% 8.8%

Source of uncertainty Uncertainty in predicted events 

Flux/correlated xsec (without ND280 fit) 21.8%
Flux/correlated xsec (with ND280 fit) 4.2%

Uncorrelated xsec 6.3%
Super K detector 10.1%

FSI + SI 3.5%
Total (without ND280 fit) 25.1%

Total (with ND280 fit) 13.1%

Uncertainties in 
predicted 
numbers of 
single μ-like 
ring events at 
Super K

34



Extensive comparisons are made between the different analyses. The predicted 
numbers of events and predicted reconstructed spectra are compared for

1. Nominal

2. ±1σ and ±3σ systematic variations of every systematic parameter

3. With and without oscillations

To test the fitters, fit bias studies are made. Also fake datasets are made for 
which the input oscillation parameters are unknown to the analysers. Each 
analysis fits these fake datasets, and the results are compared between the 
analyses. 

Validation of oscillation analyses
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Results of T2K oscillation 
analyses
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Single μ-like ring Super K data 
and best-fit spectrum

Run 1-3 single μ-like ring 
dataset (3.01x1020 protons 
on target), best-fit 
reconstructed energy 
spectrum and expected 
spectrum for no oscillations

Ratios of Run 1-3 data and 
best-fit spectrum to expected 
spectrum for no oscillations

We predict 205±17 (syst) single μ-like ring events in the absence of oscillations, but 
observe only 58. 
Best-fit parameter values are sin2θ23 = 0.514, |Δm322| = 2.44x10-3eV2/c4.

5

FIG. 1. The ND280 momentum data distributions of (a)
the CCQE and (b) CCnQE selections. The predicted total,
CCQE, CCnQE and background event distributions from the
ND280 fit are overlaid on both figures.

butions for CCQE and CCnQE selections and predicted

event distributions from the ND280 fit to data are shown

in Fig. 1. For the oscillation fits, the ND280 fit provides

a systematic parameter error matrix which consists of

11 Eνµ SK flux normalizations, 5 Eν̄µ SK flux normal-

izations and the 7 common neutrino interaction param-

eters. The fractional error on the predicted number of

SK candidate events from the uncertainties in these 23

parameters, as shown in Table I, is 4.2%. Without the

constraint from the ND280 measurements this fractional

error would be 21.8%.

SK Measurements.—The SK far detector νµ candidate

events are selected from fully-contained beam events.

The SK phototube hits must be within ±500 µs of the

expected neutrino arrival time, and there must be low

outer detector activity to reject entering background.

The events must satisfy: visible energy > 30 MeV, ex-

actly one reconstructed Cherenkov ring, µ-like particle

ID, reconstructed muon momentum > 200 MeV, and ≤ 1

reconstructed decay electron. The reconstructed vertex

must be in the fiducial volume (at least 2 m away from

the ID walls) and “flasher” (intermittent light-emitting

phototube) events are rejected. More details about the

SK event selection and reconstruction are found else-

where [16].

Assuming a quasi-elastic interaction with a bound neu-

tron and neglecting the Fermi motion, the neutrino en-

ergy is deduced from the detected muon and given by

Ereco =
m2

p − (mn − Eb)
2 −m2

µ + 2(mn − Eb)Eµ

2(mn − Eb − Eµ + pµ cos θµ)
, (2)

where pµ, Eµ, and θµ are the reconstructed muon mo-

mentum, energy, and the angle with respect to the beam

direction, respectively; mp, mn, and mµ are masses of

the proton, neutron, and muon, respectively, and Eb =

27 MeV is the average binding energy of a nucleon in
16O. The Ereco distribution of the 58 events satisfying the
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FIG. 2. The 58 event 1-ring µ-like SK reconstructed en-
ergy spectrum. Top: The two predicted curves are the no
oscillation hypothesis and the best fit from the primary os-
cillation analysis. The energy scale is given on the top (0-6)
GeV. Bottom: The ratio of the observed spectrum over the
no oscillation hypothesis and ratio of the best fit curve over
the no oscillation hypothesis in two energy ranges lower left
(0-6) GeV and lower right (0.3-1.0) GeV. The fit uses finer
binning than is shown here.

selection criteria is shown in Fig. 2. The no-oscillation

hypothesis prediction is the solid line in Fig. 2 and the

MC expectation is 205±17 (syst.) events, of which 77.7%

are νµ+ν̄µ CCQE, 20.7% are νµ+ν̄µ CCnQE, 1.6% are

NC and 0.02% are νe+ν̄e CC. The expected resolution

on reconstructed energy for νµ+ν̄µ CCQE events around

the oscillation maximum is ∼0.1 GeV.

Eight SK detector systematic uncertainties are associ-

ated with event selection and reconstruction. The SK en-

ergy scale uncertainty is evaluated by comparing energy

loss in data and MC for samples of cosmic-ray stopping

muons and associated decay-electrons, as well as by com-

paring reconstructed invariant mass for data and MC for

π0s produced by atmospheric neutrinos. The other seven

SK event-selection-related uncertainties are also evalu-

ated by comparing atmospheric neutrino MC and data

samples. The νµ+ν̄µ CCQE ring-counting-based selec-

tion uncertainty is evaluated in three energy bins, includ-

ing correlations between energy bins. Other uncertainties

result from selection criteria on the νµ+ν̄µ CCQE, νµ+ν̄µ
CCnQE, νe+ν̄e CC, and NC events. These uncertainties

(8 parameters) produce a 10.1% fractional error on the

expected number of SK events, as listed in Table I.

Systematic uncertainties on pion interactions in the

target nucleus (FSI) and SK detector (SI) are evaluated

by varying underlying pion scattering cross sections in

the NEUT and SK detector simulations. These uncer-

tainties are evaluated separately for νµ+ν̄µ CCQE in

three energy bins, νµ+ν̄µ CCnQE, νe+ν̄e CC, and NC

events. The total FSI+SI uncertainty (6 parameters) on

the predicted SK event rate is 3.5% as listed in Table I.

Oscillation Fits.—The oscillation parameters are esti-

mated using a binned likelihood ratio to fit the SK spec-

3.01x1020 protons on target
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2D 90% confidence contours in sin2(2θ23) 
and |Δm322|; these are compared with 2-
flavour 90% contours from MINOS and 
the Super K L/E analysis and 3-flavour 
contours from the Super K zenith angle 
analysis.

90% confidence contours in 
sin2θ23/sin2(2θ23) and |Δm322|6

Source of uncertainty (no. of parameters) δnexp
SK / nexp

SK

ND280-independent cross section (11) 6.3%
Flux & ND280-common cross section (23) 4.2%
Super-Kamiokande detector systematics (8) 10.1%
Final-state and secondary interactions (6) 3.5%
Total (48) 13.1%

TABLE I. Effect of 1σ systematic parameter variation on the
number of 1-ring µ-like events, computed for oscillations with
sin2(θ23) = 0.500 and |∆m2

32| = 2.40× 10−3 eV2/c4.

trum in the parameter space of sin
2
(θ23), |∆m2

32|, and all

48 systematic parameters, f , by minimizing

χ2
(sin

2
(θ23), |∆m2

32|;f) = (f − f0)
T ·C−1 · (f − f0)

+ 2

73�

i=1

nobs
i ln(nobs

i /nexp
i ) + (nexp

i − nobs
i ). (3)

f0 is a 48-dimensional vector with the prior values

of the systematics parameters, C is the 48 × 48 sys-

tematic parameter covariance matrix, nobs
i is the ob-

served number of events in the ith bin and nexp
i =

nexp
i (sin

2
(θ23), |∆m2

32|;f) is the corresponding expected

number of events. The sum is over 73 variable-width

energy bins, with finer binning in the oscillation peak re-

gion. Oscillation probabilities are calculated using the

full three neutrino oscillation framework. Normal mass

hierarchy is assumed, matter effects are included with

an Earth density of ρ = 2.6 g/ cm3 [26], and other os-

cillation parameters are fixed at the 2012 PDG recom-

mended values [2] (sin
2
(2θ13) = 0.098,∆m2

21 = 7.5 ×
10−5 eV2/c4, sin2(2θ12) = 0.857), and with δCP = 0.

The fit to the 58 events using Eq. 3 yields the best-

fit point at sin
2
(θ23) = 0.514 ± 0.082 and |∆m2

32| =

2.44+0.17
−0.15 × 10−3 eV2/c4, with χ2/ndf = 56.03/71. The

best-fit neutrino energy spectrum is shown in Fig. 2.

The point estimates of the 48 nuisance parameters are

all within 0.35 standard deviations of their prior values.

This fit result value combined with sin
2
(2θ13) = 0.098

corresponds to the maximal possible oscillation disap-

pearance probability where cos2(θ13) sin
2
(θ23) = 0.5.

The 2D confidence regions for the oscillation parame-

ters sin
2
(θ23) and |∆m2

32| are constructed using the con-

stant ∆χ2 method [2]. The 68% and 90% contour regions

are shown in Fig. 3. Also shown in this figure are the

1D profile likelihoods for each oscillation parameter sep-

arately.

An alternative analysis employing a maximum likeli-

hood fit was performed with the following likelihood func-

tion:

L =Lnorm(sin
2
(θ23), |∆m2

32|,f)
× Lshape(sin

2
(θ23), |∆m2

32|,f)Lsyst(f), (4)

where Lnorm is the Poisson probability for the observed

number of events, Lshape is the likelihood for the recon-

structed energy spectrum, and Lsyst is analogous to the
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FIG. 3. The 68% and 90% C.L. contour regions for sin2(θ23)
and |∆m2

32| are shown for the primary analysis. The 1D pro-
file likelihoods for each oscillation parameter separately are
also shown.

first term in Eq. 3. The best-fit point is at sin
2
(θ23) =

0.514 and |∆m2
32| = 2.44×10−3 eV2/c4. The primary and

alternative analyses are consistent; the binned maximum

fractional difference between best-fit spectra is 1.8%, and

the confidence regions are almost identical.

A complementary analysis was performed, using

Markov Chain Monte Carlo [2] methods to produce a

sample of points in the full parameter space distributed

according to the posterior probability density. This

analysis uses both ND280 and SK data simultaneously,

rather than separately fitting the ND280 and SK mea-

surements; the likelihood is the product of the ND280

and SK likelihoods, with the shared systematics treated

jointly. The maximum probability density is found to be

sin
2
(θ23) = 0.516 and |∆m2

32| = 2.46×10−3 eV2/c4, using
a uniform prior probability distribution in both sin

2
(θ23)

and |∆m2
32|. The contours from this analysis are sim-

ilar in shape and size to the two previously described

analyses, but are not expected to be identical due to the

difference between Bayesian and classical intervals. This

analysis also has similar results to the ND280 data fit

described previously and provides a cross check.

Conclusions.—The T2K primary result (90% C.L. re-

gion) is consistent with maximal mixing and compared

to other recent experimental results in Figure 4. In

this paper the νµ disappearance analysis, based on the

3.01 × 1020 POT off-axis beam exposure, has a best-fit

mass splitting of |∆m2
32| = 2.44+0.17

−0.15 × 10−3 eV2/c4 and

mixing angle, sin
2
(θ23) = 0.514 ± 0.082. We anticipate

future T2K data will improve our neutrino disappear-

ance measurements, and our own measurements com-

bined with other accelerator and reactor measurements

will lead to important constraints and more precise de-

terminations of the fundamental neutrino mixing param-

eters.
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formance and the CERN NA61 collaboration for provid-
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 P(νμ→νμ) ≈ 
1 - sin2(2θ23) sin2(1.267 Δm322 L / E)
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Single e-like ring Super K data 
and best-fit spectrum

Run 1-4 (6.57x1020 protons on 
target) single e-like ring 
dataset, best-fit reconstructed 
energy spectrum and 
background component. 

We observe 28 candidate 
events in Super K when 
4.64±0.53 background events 
are expected. 

Oscillation analysis method 2

163

Method 2: Rate + reconstructed Eν shape (1D)

Fit data to the reconstructed 
energy distribution Fit result

assuming 
|Δm232|=2.4×10-3 eV2

δCP=0, sin22θ23=1,
Normal hierarchy

best fit w/ 68% C.L. error:
 

6.57x1020 protons on target
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Best-fit values and confidence 
intervals for sin2(2θ13)

Normal hierarchy Inverted hierarchy

Best-fit value of sin2(2θ13) is 
0.152 +0.041 -0.034 assuming δCP = 0

Best-fit value of sin2(2θ13) is 
0.184 +0.046 -0.041 assuming δCP = 0

1D confidence intervals for sin2(2θ13) 
for different fixed values of δCP

1D confidence intervals for sin2(2θ13) 
for different fixed values of δCP

Oscillation analysis method 2 
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Method 2: Rate + reconstructed Eν shape (1D)
assuming 
|Δm232|=2.4×10-3 eV2

δCP=0, sin22θ23=1,
Normal hierarchy

Allowed region of sin22θ13 for each value of δCP

best fit w/ 68% C.L. error @ 
δCP=0

 
normal 
hierarchy:  

inverted 
hierarchy:

Oscillation analysis method 2 
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Method 2: Rate + reconstructed Eν shape (1D)
assuming 
|Δm232|=2.4×10-3 eV2

δCP=0, sin22θ23=1,
Normal hierarchy

Allowed region of sin22θ13 for each value of δCP

best fit w/ 68% C.L. error @ 
δCP=0

 
normal 
hierarchy:  

inverted 
hierarchy:

 P(νμ→νe) ≈ sin2θ23 sin2(2θ13) sin2(1.267 Δm312 L / E)
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p-value for null hypothesis 
sin2(2θ13) = 0

Many simulated experiments were generated assuming a null hypothesis of 
sin2(2θ13) = 0, i.e. no oscillations from νμ to νe. 

The p-value for this null hypothesis is 10-13; this is much lower than the value of 
3x10-7 which is the standard p-value for claiming a discovery. 

T2K has made the first observation of a neutrino of one flavour 
appearing in a neutrino beam of another flavour !
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Searching for CP violation
This also means that it will be possible in the future to search for charge-parity (CP) 
violation in neutrinos. 

A charge (C) transformation changes a neutrino to an antineutrino or vice versa. A 
parity (P) transformation reverses the directions of the 3 space coordinate axes, and 
changes a left-handed particle to a right-handed one or vice versa.  A CP transformation 
changes a left-handed neutrino to a right-handed antineutrino or vice versa. 

CP violation means that the laws of physics are different for left-handed neutrinos and 
right-handed antineutrinos, e.g. Prob(νμbar→ νebar) ≠ Prob(νμ→ νe)

If θ13 = 0, we cannot search for CP violation since δCP is always multiplied by sin θ13 in 
the PMNS matrix:

1. Introduction

In this note we present the results of a 3-flavour νµ-disappearance analysis on the combined T2K Run1+2 dataset. This
work builds on the effective 2-flavour νµ-disappearance analysis of the Run1+2 dataset that was reported in Ref. [1]. Further
technical details of the effective 2-flavour analysis may be found in the analysis of the Run 1 dataset that was reported in Ref.
[2].

As the measurement error on the atmospheric∆m2 approaches the solar∆m2 (∼0.075×10−3 eV2/c4), subleading effects
of the solar ∆m2 on νµ-disappearance analyses should not be neglected. This was pointed out by E.Lisi in the XIV Interna-
tional Workshop on Neutrino Telescopes [5], and brought to the attention of the T2K νµ-disappearance contour committee by
M. Mezzetto. In response, the contour committee recommended moving to a 3-flavour analysis [6].

The method for predicting the nominal Super-K reconstructed energy spectrum of single µ-like ring events is described in
Ref. [1] and it is unchanged. This work considers the same systematic uncertainties as Ref. [1]. As in the effective 2-flavour
analysis, the best-fit oscillation parameters were found using the likelihood-ratiomethod [14], and the confidence regions were
constructed using the Feldman-Cousins method [16]. Systematic errors were included in the oscillation contours using the
Cousins-Highland method (Bayesian integration) and by determining their effects on the Feldman-Cousins∆χ2

critical values.
The oscillation probabilities in this work were calculated in a full 3-flavour framework including matter effects. The

νµ-survival probability depends on sin22θ12, sin22θ13, ∆m2
12, δCP and the neutrino mass hierarchy as well as sin22θ23 and

|∆m2
32|. Throughout this note sin2(2θ12), sin2(2θ13), ∆m2

21, δCP will be collectively denoted the “non-23” oscillation
parameters. The method of calculation of the 3-flavour oscillation probabilities is described in Sec. 2, and details of the
validation of the code and our assessment of the its numerical accuracy are also presented. The predicted reconstructed single
µ-like ring spectra in Super-K for the 3-flavour analysis are shown in Sec. 3. Details of the 3-flavour fits of toy MC datasets
are given in Sec. 4; in this analysis, sin22θ12, sin22θ13, ∆m2

21 and δCP were randomised when creating the toy MC datasets
but were fixed when fitting them or the real data. This section also includes the results of the 3-flavour fit of the Run1+2
dataset for both GENIE and NEUT, and a comparison with the results of the 2-flavour analysis [1]. The 3-flavour confidence
regions are shown in Sec. 5, and these are compared with those obtained in the 2-flavour analysis [1] and with previous results
from MINOS [17] and Super-K [18]. A summary is given in Sec. 6.

2. 3-flavour neutrino oscillation probabilities

In this analysis, 3-flavour neutrino oscillation probabilities in constant density matter are used. Vacuum 3-flavour oscilla-
tion probabilites are also calculated, but these are used only to estimate the accuracy of the 3-flavour probabilities in matter
(see section 2.6). The method of calculation of the vacuum probabilities is given in section 2.1, while the calculation of the
probabilities in constant density matter is described in section 2.2. The code that makes these calculations has been integrated
into the Rutherford/Oxford/Lancaster oscillation analysis package. In section 2.4, comparisons are given between 2-flavour
and 3-flavour (in matter) oscillation probabilities, and between 3-flavour oscillation probabilities in vacuum and matter. Val-
idation of the code is described in section 2.5: the vacuum probabilities were validated by comparing their values with those
obtained from an alternative formulation in the PDG review. Several validation checks of the probabilities in constant density
matter are made as they are calculated, and the values of the probabilities were checked by comparing them with those given
by an independently-written program. Finally, an estimate of the accuracy of the oscillation probabilities in matter is given in
section 2.6.

2.1. 3-flavour neutrino oscillation probabilities in vacuum
The 3-flavour neutrino oscillation probabilities in vacuum are calculated from equation 11 in [9]:

P (να → νβ) = δαβ − 4
∑

i>j

Re(U∗
αiUβiUαjU

∗
βj) sin2

(

∆m2
ijL

4E

)

+ 2
∑

i>j

Im(U∗
αiUβiUαjU

∗
βj) sin

(

∆m2
ijL

2E

)

(1)

In equation 1, ∆m2
ij = m2

j - m2
i , L is the distance from the neutrino target in Tokai to Super-K (295 km), E is the neutrino

energy, and U is the PMNS matrix in vacuum:

U =





c12c13 c13s12 s13e−iδ

−c23s12 − s13s23c12eiδ c12c23 − s12s13s23eiδ c13s23

s12s23 − s13c12c23eiδ −s23c12 − s12c23s13eiδ c13c23



 (2)

with s12 = sin(θ12), c12 = cos(θ12), etc. P (ν̄α → ν̄β) is calculated by changing the sign of the third term in equation 1 (this
assumes that CPT is conserved).

4

But we now know that θ13 is non-zero, and will be able to search for CP violation !
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Outlook
T2K will continue to improve the measurements of θ23, Δm322 and θ13 with νμ-
disappearance and νe-appearance analyses of data taken in neutrino mode.

It will also continue to measure interaction cross sections.

There is a possibility of running in antineutrino mode, and also a possibility of 
combining results with NOvA to search for a non-zero δCP. 
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Figure 35: T2K(red), NOνA (blue), and T2K+NOνA (black) 90% CL
sin δCP != 0 sensitivity regions in sin2(θ23) vs δCP . Points within the
gray regions are where sin δCP != 0 can be determined to 90% CL for
T2K+NOνA. These regions assume ‘true’ values of sin2(2θ13) = 0.1 and
∆m2

32 = 2.4 × 10−3eV 2. The ‘true’ MH is the NH (top row) or IH (bottom
row) while the test MH is unconstrained. The test θ23 octant is also un-
constrained. The value of sin2(2θ13) is constrained based on the Daya Bay
result.
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sin δCP != 0 sensitivity regions in sin2(θ23) vs δCP . Points within the
gray regions are where sin δCP != 0 can be determined to 90% CL for
T2K+NOνA. These regions assume ‘true’ values of sin2(2θ13) = 0.1 and
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32 = 2.4 × 10−3eV 2. The ‘true’ MH is the NH (top row) or IH (bottom
row) while the test MH is unconstrained. The test θ23 octant is also un-
constrained. The value of sin2(2θ13) is constrained based on the Daya Bay
result.

70

True normal hierarchy True inverted hierarchy

True values of sin2 θ23 and δCP for which a non-zero δCP can be found at 90% confidence

43



BACKUP  SLIDES
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Monte Carlo simulation

The interactions of the primary beam protons with the graphite target are 
modelled with FLUKA 2008.

Any particles exiting the target are passed into a GEANT3 simulation that 
tracks particles through the magnetic horns and decay region, and decays 
hadrons and muons to neutrinos. 

The interactions of hadrons in the GEANT3 simulation are modelled with 
GCALOR. 
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Measurements of proton beam

The intensity of the proton beam is measured 
using 5 current transformers (CTs). Each of 
these is a 50-turn toroidal coil around a 
cylindrical ferromagnetic core. 

There are also electrostatic monitors (ESM) of 
the beam position and segmented secondary 
position monitors (SSEM) of the beam profile.
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Figure 2: Overview of the T2K neutrino beamline.
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Figure 3: The unoscillated νµ flux at Super-Kamiokande with
an off-axis angle of 2.5◦ when the electromagnetic horns are
operated at 250 kA.

is tuned with a series of 11 normal conducting magnets (four
steering, two dipole and five quadrupole magnets) so that the
beam can be accepted by the arc section. In the arc section, the
beam is bent toward the direction of Kamioka by 80.7◦, with
a 104 m radius of curvature, using 14 doublets of supercon-
ducting combined function magnets (SCFMs) [6, 7, 8]. There
are also three pairs of horizontal and vertical superconducting
steering magnets to correct the beam orbit. In the final focus-
ing section, ten normal conducting magnets (four steering, two
dipole and four quadrupole magnets) guide and focus the beam
onto the target, while directing the beam downward by 3.637◦
with respect to the horizontal.

A well-tuned proton beam is essential for stable neutrino
beam production, and to minimize beam loss in order to achieve
high-power beam operation. Therefore, the intensity, position,
profile and loss of the proton beam in the primary sections are
precisely monitored by five current transformers (CTs), 21 elec-
trostatic monitors (ESMs), 19 segmented secondary emission
monitors (SSEMs) and 50 beam loss monitors (BLMs), respec-

Figure 4: Photographs of the primary beamline monitors. Up-
per left: CT. Upper right: ESM. Lower left: SSEM. Lower
right: BLM.

Figure 5: Location of the primary beamline monitors.

tively. Photographs of the monitors are shown in Fig. 4, while
the monitor locations are shown in Fig. 5. Polyimide cables and
ceramic feedthroughs are used for the beam monitors, because
of their radiation tolerance.

The beam pipe is kept at ∼ 3×10−6 Pa using ion pumps, in or-
der to be connected with the beam pipe of the MR and to reduce
the heat load to the SCFMs. The downstream end of the beam
pipe is connected to the “monitor stack”: the 5 m tall vacuum
vessel embedded within the 70 cm thick wall between the pri-
mary beamline and secondary beamline. The most downstream
ESM and SSEM are installed in the monitor stack. Because of
the high residual radiation levels, the monitor stack is equipped
with a remote-handling system for the monitors.

3.1.1. Normal Conducting Magnet
The normal conducting magnets are designed to be tolerant

of radiation and to be easy to maintain in the high-radiation
environment. For the four most upstream magnets in the prepa-
ration section, a mineral insulation coil is used because of its
radiation tolerance. To minimize workers’ exposure to radia-

5

Beam intensity monitor (CT)
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Measurements of proton beam

Each ESM has 4 segmented cylindrical electrodes 
surrounding the beam orbit. It monitors the 
position of the centre of the beam by measuring 
the top-bottom and left-right asymmetry of the 
beam-induced current on the electrodes.
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is tuned with a series of 11 normal conducting magnets (four
steering, two dipole and five quadrupole magnets) so that the
beam can be accepted by the arc section. In the arc section, the
beam is bent toward the direction of Kamioka by 80.7◦, with
a 104 m radius of curvature, using 14 doublets of supercon-
ducting combined function magnets (SCFMs) [6, 7, 8]. There
are also three pairs of horizontal and vertical superconducting
steering magnets to correct the beam orbit. In the final focus-
ing section, ten normal conducting magnets (four steering, two
dipole and four quadrupole magnets) guide and focus the beam
onto the target, while directing the beam downward by 3.637◦
with respect to the horizontal.

A well-tuned proton beam is essential for stable neutrino
beam production, and to minimize beam loss in order to achieve
high-power beam operation. Therefore, the intensity, position,
profile and loss of the proton beam in the primary sections are
precisely monitored by five current transformers (CTs), 21 elec-
trostatic monitors (ESMs), 19 segmented secondary emission
monitors (SSEMs) and 50 beam loss monitors (BLMs), respec-

Figure 4: Photographs of the primary beamline monitors. Up-
per left: CT. Upper right: ESM. Lower left: SSEM. Lower
right: BLM.

Figure 5: Location of the primary beamline monitors.

tively. Photographs of the monitors are shown in Fig. 4, while
the monitor locations are shown in Fig. 5. Polyimide cables and
ceramic feedthroughs are used for the beam monitors, because
of their radiation tolerance.

The beam pipe is kept at ∼ 3×10−6 Pa using ion pumps, in or-
der to be connected with the beam pipe of the MR and to reduce
the heat load to the SCFMs. The downstream end of the beam
pipe is connected to the “monitor stack”: the 5 m tall vacuum
vessel embedded within the 70 cm thick wall between the pri-
mary beamline and secondary beamline. The most downstream
ESM and SSEM are installed in the monitor stack. Because of
the high residual radiation levels, the monitor stack is equipped
with a remote-handling system for the monitors.

3.1.1. Normal Conducting Magnet
The normal conducting magnets are designed to be tolerant

of radiation and to be easy to maintain in the high-radiation
environment. For the four most upstream magnets in the prepa-
ration section, a mineral insulation coil is used because of its
radiation tolerance. To minimize workers’ exposure to radia-

5

Electrostatic monitor (ESM) 
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is tuned with a series of 11 normal conducting magnets (four
steering, two dipole and five quadrupole magnets) so that the
beam can be accepted by the arc section. In the arc section, the
beam is bent toward the direction of Kamioka by 80.7◦, with
a 104 m radius of curvature, using 14 doublets of supercon-
ducting combined function magnets (SCFMs) [6, 7, 8]. There
are also three pairs of horizontal and vertical superconducting
steering magnets to correct the beam orbit. In the final focus-
ing section, ten normal conducting magnets (four steering, two
dipole and four quadrupole magnets) guide and focus the beam
onto the target, while directing the beam downward by 3.637◦
with respect to the horizontal.

A well-tuned proton beam is essential for stable neutrino
beam production, and to minimize beam loss in order to achieve
high-power beam operation. Therefore, the intensity, position,
profile and loss of the proton beam in the primary sections are
precisely monitored by five current transformers (CTs), 21 elec-
trostatic monitors (ESMs), 19 segmented secondary emission
monitors (SSEMs) and 50 beam loss monitors (BLMs), respec-

Figure 4: Photographs of the primary beamline monitors. Up-
per left: CT. Upper right: ESM. Lower left: SSEM. Lower
right: BLM.

Figure 5: Location of the primary beamline monitors.

tively. Photographs of the monitors are shown in Fig. 4, while
the monitor locations are shown in Fig. 5. Polyimide cables and
ceramic feedthroughs are used for the beam monitors, because
of their radiation tolerance.

The beam pipe is kept at ∼ 3×10−6 Pa using ion pumps, in or-
der to be connected with the beam pipe of the MR and to reduce
the heat load to the SCFMs. The downstream end of the beam
pipe is connected to the “monitor stack”: the 5 m tall vacuum
vessel embedded within the 70 cm thick wall between the pri-
mary beamline and secondary beamline. The most downstream
ESM and SSEM are installed in the monitor stack. Because of
the high residual radiation levels, the monitor stack is equipped
with a remote-handling system for the monitors.

3.1.1. Normal Conducting Magnet
The normal conducting magnets are designed to be tolerant

of radiation and to be easy to maintain in the high-radiation
environment. For the four most upstream magnets in the prepa-
ration section, a mineral insulation coil is used because of its
radiation tolerance. To minimize workers’ exposure to radia-

5

Segmented secondary 
position monitor (SSEM) 

Each SSEM has 2 thin titanium foils in horizontal 
and vertical strips with an anode HV foil between 
them. The strips emit secondary electrons in 
proportion to the number of protons that pass 
through them. These electrons drift in the electric 
field and induce a current in the strips. The proton 
beam profile is reconstructed from the corrected 
charge distribution on a bunch-by-bunch basis.
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The T2K neutrino beam

The J-PARC proton accelerator 
consists of a linear accelerator 
(LINAC), a rapid-cycling synchrotron 
(RCS) and a Main Ring (MR) 
synchrotron. 

8 bunches of protons are extracted 
from the MR into the primary 
beamline within a single turn by a set 
of 5 kicker magnets.

In the secondary beamline, the 
protons collide with a graphite target 
to produce charged pions and kaons. 
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is tuned with a series of 11 normal conducting magnets (four
steering, two dipole and five quadrupole magnets) so that the
beam can be accepted by the arc section. In the arc section, the
beam is bent toward the direction of Kamioka by 80.7◦, with
a 104 m radius of curvature, using 14 doublets of supercon-
ducting combined function magnets (SCFMs) [6, 7, 8]. There
are also three pairs of horizontal and vertical superconducting
steering magnets to correct the beam orbit. In the final focus-
ing section, ten normal conducting magnets (four steering, two
dipole and four quadrupole magnets) guide and focus the beam
onto the target, while directing the beam downward by 3.637◦
with respect to the horizontal.

A well-tuned proton beam is essential for stable neutrino
beam production, and to minimize beam loss in order to achieve
high-power beam operation. Therefore, the intensity, position,
profile and loss of the proton beam in the primary sections are
precisely monitored by five current transformers (CTs), 21 elec-
trostatic monitors (ESMs), 19 segmented secondary emission
monitors (SSEMs) and 50 beam loss monitors (BLMs), respec-

Figure 4: Photographs of the primary beamline monitors. Up-
per left: CT. Upper right: ESM. Lower left: SSEM. Lower
right: BLM.

Figure 5: Location of the primary beamline monitors.

tively. Photographs of the monitors are shown in Fig. 4, while
the monitor locations are shown in Fig. 5. Polyimide cables and
ceramic feedthroughs are used for the beam monitors, because
of their radiation tolerance.

The beam pipe is kept at ∼ 3×10−6 Pa using ion pumps, in or-
der to be connected with the beam pipe of the MR and to reduce
the heat load to the SCFMs. The downstream end of the beam
pipe is connected to the “monitor stack”: the 5 m tall vacuum
vessel embedded within the 70 cm thick wall between the pri-
mary beamline and secondary beamline. The most downstream
ESM and SSEM are installed in the monitor stack. Because of
the high residual radiation levels, the monitor stack is equipped
with a remote-handling system for the monitors.

3.1.1. Normal Conducting Magnet
The normal conducting magnets are designed to be tolerant

of radiation and to be easy to maintain in the high-radiation
environment. For the four most upstream magnets in the prepa-
ration section, a mineral insulation coil is used because of its
radiation tolerance. To minimize workers’ exposure to radia-
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Beam parameters

Design parameters of the J-PARC main ring for fast extraction 

The off-axis detector is composed of: a water-scintillator de-
tector optimized to identify π0’s (the PØD); the tracker consist-
ing of time projection chambers (TPCs) and fine grained de-
tectors (FGDs) optimized to study charged current interactions;
and an electromagnetic calorimeter (ECal) that surrounds the
PØD and the tracker. The whole off-axis detector is placed
in a 0.2 T magnetic field provided by the recycled UA1 mag-
net, which also serves as part of a side muon range detector
(SMRD).

The far detector, Super-Kamiokande, is located in the
Mozumi mine of the Kamioka Mining and Smelting Company,
near the village of Higashi-Mozumi, Gifu, Japan. The detector
cavity lies under the peak of Mt. Ikenoyama, with 1000 m of
rock, or 2700 meters-water-equivalent (m.w.e.) mean overbur-
den. It is a water Cherenkov detector consisting of a welded
stainless-steel tank, 39 m in diameter and 42 m tall, with a total
nominal water capacity of 50,000 tons. The detector contains
approximately 13,000 photomultiplier tubes (PMTs) that im-
age neutrino interactions in pure water. Super-Kamiokande has
been running since 1996 and has had four distinctive running
periods. The latest period, SK-IV, is running stably and fea-
tures upgraded PMT readout electronics. A detailed description
of the detector can be found elsewhere [3].

Construction of the neutrino beamline started in April 2004.
The complete chain of accelerator and neutrino beamline was
successfully commissioned during 2009, and T2K began ac-
cumulating neutrino beam data for physics analysis in January
2010.

Construction of the majority of the ND280 detectors was
completed in 2009 with the full installation of INGRID, the
central ND280 off-axis sub-detectors (PØD, FGD, TPC and
downstream ECal) and the SMRD. The ND280 detectors be-
gan stable operation in February 2010. The rest of the ND280
detector (the ECals) was completed in the fall of 2010.

The T2K collaboration consists of over 500 physicists and
technical staff members from 59 institutions in 12 countries
(Canada, France, Germany, Italy, Japan, Poland, Russia, South
Korea, Spain, Switzerland, the United Kingdom and the United
States).

This paper provides a comprehensive review of the instru-
mentation aspect of the T2K experiment and a summary of the
vital information for each subsystem. Detailed descriptions of
some of the major subsystems, and their performance, will be
presented in separate technical papers.

2. J-PARC Accelerator

J-PARC, which was newly constructed at Tokai, Ibaraki, con-
sists of three accelerators [5]: a linear accelerator (LINAC),
a rapid-cycling synchrotron (RCS) and the main ring (MR)
synchrotron. An H− beam is accelerated up to 400 MeV5

(181 MeV at present) by the LINAC, and is converted to an
H+ beam by charge-stripping foils at the RCS injection. The

5Note that from here on all accelerator beam energies given are kinetic en-
ergies.

Table 1: Machine design parameters of the J-PARC MR for the
fast extraction.

Circumference 1567 m
Beam power ∼750 kW
Beam kinetic energy 30 GeV
Beam intensity ∼3 × 1014 p/spill
Spill cycle ∼0.5 Hz
Number of bunches 8/spill
RF frequency 1.67 – 1.72 MHz
Spill width ∼5 µsec

beam is accelerated up to 3 GeV by the RCS with a 25 Hz cy-
cle. The harmonic number of the RCS is two, and there are two
bunches in a cycle. About 5% of these bunches are supplied to
the MR. The rest of the bunches are supplied to the muon and
neutron beamline in the Material and Life Science Facility. The
proton beam injected into the MR is accelerated up to 30 GeV.
The harmonic number of the MR is nine, and the number of
bunches in the MR is eight (six before June 2010). There are
two extraction points in the MR: slow extraction for the hadron
beamline and fast extraction for the neutrino beamline.

In the fast extraction mode, the eight circulating proton
bunches are extracted within a single turn by a set of five kicker
magnets. The time structure of the extracted proton beam is key
to discriminating various backgrounds, including cosmic rays,
in the various neutrino detectors. The parameters of the J-PARC
MR for the fast extraction are listed in Tab. 1.

3. T2K Neutrino Beamline

Each proton beam spill consists of eight proton bunches ex-
tracted from the MR to the T2K neutrino beamline, which pro-
duces the neutrino beam.

The neutrino beamline is composed of two sequential sec-
tions: the primary and secondary beamlines. In the primary
beamline, the extracted proton beam is transported to point to-
ward Kamioka. In the secondary beamline, the proton beam
impinges on a target to produce secondary pions, which are fo-
cused by magnetic horns and decay into neutrinos. An overview
of the neutrino beamline is shown in Fig. 2. Each component
of the beamline is described in this section.

The neutrino beamline is designed so that the neutrino energy
spectrum at Super-Kamiokande can be tuned by changing the
off-axis angle down to a minimum of ∼2.0◦, from the current
(maximum) angle of ∼2.5◦. The unoscillated νµ flux at Super-
Kamiokande with this off-axis angle is shown in Fig. 3. Precise
measurements of the baseline distance and off-axis angle were
determined by a GPS survey, described in Section 3.6.1.

3.1. Primary Beamline
The primary beamline consists of the preparation section

(54 m long), arc section (147 m) and final focusing section
(37 m). In the preparation section, the extracted proton beam

4
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Trigger

The proton beam is delivered in spills of width 5 
μs. Each spill has 8 bunches of protons of width 
15 ns, and there are 3.2 sec between spills. 

At Super K all PMT hits are recorded in a 1 ms 
window around the beam arrival time. This 
arrival time is calculated by adding the neutrino 
flight time (985 μs) from the target to Super K 
to the arrival time of the first proton bunch at 
the target. Timings at Super K are coordinated 
with those in the beamline using a GPS. 
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FIG. 25: ∆T0 distribution of FC events zoomed in on

the spill time observed during T2K Run 1+2 (orange)

and Run 3 (green). The eight dotted vertical lines

represent the 581 ns interval bunch center position fitted

to the observed FC event times.

At the energy of the T2K neutrino beam, typically1851

only the electron in the νeN → e−X reaction is ener-1852

getic enough to produce Cherenkov light and be detected1853

at SK. The main backgrounds are intrinsic νe contami-1854

nation in the beam and NC interactions with a misiden-1855

tified π0. The analysis relies on the well-established re-1856

construction techniques developed for other data samples1857

in SK [90]. The single, electron-like ring selection cri-1858

teria are unchanged from our previous measurement of1859

electron neutrino appearance [12], and were determined1860

from MC studies before data-taking commenced. We se-1861

lect CC νe candidate events which have:1862

(1) fully contained fiducial volume (FCFV)1863

(2) single ring1864

(3) e-like ring1865

(4) Evis > 100MeV1866

(5) no delayed electron1867

(6) non-π0-like1868

(7) Erec
ν < 1250MeV.1869

The Evis cut removes low energy NC interactions and1870

electrons from the decay of unseen muons and pions, such1871

as cosmic muons outside the beam time window or muons1872

below Cherenkov threshold. In order to reduce NC π0
1873

events, we utilize a special fitter which reconstructs each1874

event with a two photon (2γ) ring hypothesis. It searches1875

for the optimal direction and energy of the second ring1876

which maximizes the likelihood based on the light pat-1877

tern of an event [91]. Fig. 26 shows the invariant mass1878
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FIG. 26: Distribution of invariant mass Minv when each

event is forced to be reconstructed as two gamma rings.

The data are shown as points with error bars

(statistical only) and the MC predictions are in shaded

histograms, corresponding to oscillated CC νe signal

and various background sources for sin
2
2θ13 = 0.1. The

last bin shows overflow entries. The arrow shows the

selection criterion Minv < 105MeV/c2.

Minv distribution of the 2γ rings for the data and MC1879

expectation. As shown in the figure, the NC background1880

component peaks around the π0 invariant mass; the non-1881

π0-like cut removes events with Minv > 105MeV/c2. Fi-1882

nally, the energy of the parent neutrino is computed as-1883

suming CCQE kinematics and neglecting Fermi motion1884

as follows :1885

Erec
ν =

m2
p − (mn − Eb)

2 −m2
e + 2(mn − Eb)Ee

2(mn − Eb − Ee + pe cos θe)
, (21)1886

where mp is the proton mass, mn the neutron mass, and1887

Eb = 27MeV is the binding energy of a nucleon inside a1888

16O nucleus. Ee, pe, and θe are the reconstructed electron1889

energy, momentum, and angle with respect to the beam1890

direction, respectively. We select Erec
ν < 1250MeV to1891

suppress events from the intrinsic νe component arising1892

primarily from kaon decays (Fig. 27).189318941895

The numbers of observed events after each selection1896

criterion, and the MC predictions for sin
2
2θ13 = 0.1 and1897

sin
2
2θ13 = 0 are shown in Tables XIII and XIV, respec-1898

tively. Eleven events remained in the data after all νe1899

appearance signal selection criteria are applied. We esti-1900

mate the νe appearance signal efficiency from MC to be1901

62%, while the rejection rate for CC νµ +νµ, intrinsic CC1902

νe +νe, and NC is > 99.9%, 80%, and 99%, respectively.1903

More than half (57% for sin
2
2θ13 = 0.1) of the remaining1904

background is due to intrinsic CC νe interactions. The1905

CCQE fractions in the signal and background CC νe com-1906

ponents are 80% and 65%, respectively. NC interactions1907

constitute 41% of the total surviving background, 80% of1908
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Flux binning

νμ: 0.0, 0.4, 0.5, 0.6, 0.7, 1.0, 1.5, 2.5, 3.5, 5.0, 7.0, 30.0 GeV

νμbar: 0.0, 0.7, 1.0, 1.5, 2.5, 30.0 GeV (νμ disappearance)
          0.0,1.5, 30.0 GeV (νe appearance)     

νe: 0.0, 0.5, 0.7, 0.8, 1.5, 2.5, 4.0, 30.0 GeV

νebar: 0.0, 2.5, 30.0 GeV

where the bins are in true neutrino energy.
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Sources of systematic error in 
fluxesSystematic error sources for neutrino flux

1 proton beam measurement

4. Horn current & field

5. Beam direction
2. Hadron production

Super-K

p
π

µ
ν

3. Alignment error on target/horn

1. Measurement error on 
monitoring proton beam 

2. Hadron production

3. Alignment error on the target 
and the horn 

4. Horn current & field

5. Neutrino beam direction (Off-
axis angle)
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Figure 122: Fractional error of Run 1-4† flux at Super-K
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!µ uncertainty at Super-K
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ND280 νμ analysis

F.Sánchez (IFAE) CERN Seminar 22nd Oct 2013

Off-axis: νμ analysis
• The ND280 constrains flux and cross-section. 

• Sample of CC events is selected. Muon as highest momentum negative track in the 
event in the target fiducial volume compatible with muon Pid in TPC.

• The sample is divided in 3 categories: 0π+, 1π+ and others (mainly Deep Inelastic 
Scattering) based on the detection of pions in the event. 

• Pions are detected as tracks in TPC, FGD or Michel electron signature near 
vertex. 
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ND280 νμ analysis

F.Sánchez (IFAE) CERN Seminar 22nd Oct 2013

Off-axis: νμ analysis
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ND280 νμ analysis

F.Sánchez (IFAE) CERN Seminar 22nd Oct 2013

ND280 input data

36

Data from T2K Runs 1-4: 5.9x1020 protons on target

Data are binned in two dimensions: muon momentum (p) and angle (cosθ) 
preserving information on neutrino energy and interaction q2

Selection Number of Events
CC0! 16912
CC1! 3936
CC Other 4062
CC Inclusive 24910

CC0π+
CC1π+ CCother
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ND280 νe analysis

F.Sánchez (IFAE) CERN Seminar 22nd Oct 2013

Off-axis: νe analysis

• Select highest momentum negative track starting in FGD to be compatible with 
electron according to TPC and ECAL PID. 

• Subdivide the sample according to the presence of pions in the event. 

• Use the νe  flux prediction after the νμ flux and cross-section fit. 

• Use γ→e+e- to constrain main background from π0→γγ

29

CC0π+ CC1π+/other γ→e+e-  
control sample

Nmeas
e

Npred
e

= 1.06± 0.06(stat)± 0.08(syst)
Nmeas

γ

Npred
γ

= 0.77± 0.02(stat)

Off-axis ND280 analysis
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Diagram (a):

If the charged particle is moving at the 
velocity of light in the medium, the 
particle exactly keeps up with the 
wavefronts in its direction of travel. 

Diagram (b):

If the velocity of the particle exceeds 
that of light in the medium, a cone of 
light is produced. From the diagram, it 
can be seen that constructive 
interference between the wavefronts 
occurs only on the surface of the 
cone. 

Cerenkov radiation
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Opening angle of Cerenkov 
cone
The charged particle moves with velocity βc, 
where β = v/c. Here v is the velocity of the 
particle and c the velocity of light in vacuum. 
Meanwhile the emitted wavefronts move at 
velocity c/n, where n is the refractive index of 
the medium. 

In a time t, the charged particle moves a 
distance βct, while the emitted wavefronts 
move a distance (c/n)t. From the diagram, it can 
be seen that the opening angle θ is given by: 

cos θ = ct / nβct = 1 / βn.

(Please note that the angle θ is different from 
that on the previous slide.)
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Super K event selection
Classification

� Events are split up into four different classes: FC candidates, outer detector

(OD) events, low energy (LE) events, and rejected events.

� During the first stage of classification, all events that have calibration flags are

removed. Though calibration timing is generally scheduled as to not interfere

with T2K beam spills, sometimes accidents happen and they are removed during

this stage. These events are saved in a special rejected event file.

� The next stage looks for events that occurred in the OD. Events are tagged as

OD events when more than 15 PMTs in a cluster being hit in the OD. These

events are saved to a file of only OD events.

� Then LE events are separated out and saved to a different file. A LE event is

defined by if the total charge inside a 300nsec window is less than 200 p.e or if

the total charge in a single PMT normalized by the charge in the 300nsec

window is less than 0.5.

� The final cut is made on events that are identified as Flashers, which are sudden

flashing PMTs that emit light from internal corona discharges. If a flasher is

identified, it is saved in the rejected event file.

� Events that pass all the cuts above are saved to a file of only FC candidates.
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Distinguishing μ-like from e-
like rings in Super K

To distinguish μ-like from e-like rings in Super 
K, a product of two probabilities is used:

1. Probability of observed distribution of PMT 
hits. An electron produces an electromagnetic 
shower which gives a fuzzy ring. A muon 
produces a sharper ring. 

2. Probability of the Cerenkov opening angle 
(cosθ = 1/βn). This is particularly important at 
low momentum when there are fewer PMT 
hits.  At low momentum, β < 1 for muons, 
whereas it remains near 1 for electrons. This 
means that the opening angle is less for muons 
than for electrons at low momentum. 
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FIG. 23: Examples event displays for the SK simulation

of a) νµ CCQE, b) νe CCQE, and c) νµ NC1π0

interactions. The images shows the detected light

pattern at the ID wall.

neutrino events, and a repeating pattern of light in the1806

detector. There have been a total of 8 events that have1807

been rejected by the flasher cut during all run periods,1808

while the MC prediction of the number of rejected beam1809

events from this cut is 3.71 events; the probability to ob-1810

serve 8 or more events when 3.71 are expected is 3.6%.1811

From event time information and visual inspections, it is1812

clear that all eight events are induced by beam neutrino1813

interactions. All eight events are outside the fiducial vol-1814

ume with their vertices close to the ID wall.1815
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FIG. 24: ∆T0 distribution of all FC, OD and LE events

observed in the ±500µs T2K windows. The OD

histogram (gray) is stacked on the FC histogram (red),

and the LE histogram (open) is stacked on top of OD

and FC events.

We define the quantity ∆T0, which is the timing of the1816

event relative to the leading edge of the spill. Fig. 241817

shows the ∆T0 distribution of all FC, OD and LE events1818

within ±500µs of the beam arrival time; the spill typi-1819

cally is about 5µs. A clear peak at ∆T0 = 0 is seen for1820

the FC sample. We observe five FC events events outside1821

of the 5µs spill window. The expected number of such1822

off-timing FC events, mainly LE and atmospheric neu-1823

trino events, is estimated to be 3.3 from data collected1824

in so-called “dummy” spills, i.e. when no neutrino beam1825

is being produced. Fig. 25 shows the ∆T0 distribution of1826

FC events within the spill window. An additional correc-1827

tion has been applied to each event to ∆T0 to account1828

for the position of the neutrino interaction vertex and the1829

photon propagation time from the interaction vertex to1830

the PMTs. The far detector event timing clearly exhibits1831

the beam timing structure of eight bunches. The eight1832

dotted vertical lines in the figure represent the 8 bunch1833

centers at intervals of 581 ns from a fit to the observed FC1834

event timing. The RMS value of the residual time dis-1835

tribution between each FC event and the closest of the1836

fitted bunch center times is about 25 ns, indicating that1837

our time synchronization using the GPS is much more1838

stable than its guaranteed 150 ns precision.183918401841

We require the ∆T0 for selected FC events to be be-1842

tween -0.2 µs to 10 µs. We observe 240 such on-timing1843

fully contained events. We extract a fully contained fidu-1844

cial volume (FCFV) sample by further requiring Evis be1845

above 30MeV and the reconstructed vertex be in the1846

fiducial volume. We observe 174 such FCFV events, while1847

the expected accidental contamination from beam unre-1848

lated events, coming mostly from atmospheric neutrino1849

interactions, is calculated to be 0.005 events.1850
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neutrino events, and a repeating pattern of light in the1806

detector. There have been a total of 8 events that have1807

been rejected by the flasher cut during all run periods,1808

while the MC prediction of the number of rejected beam1809

events from this cut is 3.71 events; the probability to ob-1810

serve 8 or more events when 3.71 are expected is 3.6%.1811

From event time information and visual inspections, it is1812

clear that all eight events are induced by beam neutrino1813

interactions. All eight events are outside the fiducial vol-1814

ume with their vertices close to the ID wall.1815
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observed in the ±500µs T2K windows. The OD

histogram (gray) is stacked on the FC histogram (red),

and the LE histogram (open) is stacked on top of OD

and FC events.

We define the quantity ∆T0, which is the timing of the1816

event relative to the leading edge of the spill. Fig. 241817

shows the ∆T0 distribution of all FC, OD and LE events1818

within ±500µs of the beam arrival time; the spill typi-1819

cally is about 5µs. A clear peak at ∆T0 = 0 is seen for1820

the FC sample. We observe five FC events events outside1821

of the 5µs spill window. The expected number of such1822

off-timing FC events, mainly LE and atmospheric neu-1823

trino events, is estimated to be 3.3 from data collected1824

in so-called “dummy” spills, i.e. when no neutrino beam1825

is being produced. Fig. 25 shows the ∆T0 distribution of1826

FC events within the spill window. An additional correc-1827

tion has been applied to each event to ∆T0 to account1828

for the position of the neutrino interaction vertex and the1829

photon propagation time from the interaction vertex to1830

the PMTs. The far detector event timing clearly exhibits1831

the beam timing structure of eight bunches. The eight1832

dotted vertical lines in the figure represent the 8 bunch1833

centers at intervals of 581 ns from a fit to the observed FC1834

event timing. The RMS value of the residual time dis-1835

tribution between each FC event and the closest of the1836

fitted bunch center times is about 25 ns, indicating that1837

our time synchronization using the GPS is much more1838

stable than its guaranteed 150 ns precision.183918401841

We require the ∆T0 for selected FC events to be be-1842

tween -0.2 µs to 10 µs. We observe 240 such on-timing1843

fully contained events. We extract a fully contained fidu-1844

cial volume (FCFV) sample by further requiring Evis be1845

above 30MeV and the reconstructed vertex be in the1846

fiducial volume. We observe 174 such FCFV events, while1847

the expected accidental contamination from beam unre-1848

lated events, coming mostly from atmospheric neutrino1849

interactions, is calculated to be 0.005 events.1850

μ-like ring

e-like ring
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Event selection in far detector 
(Super Kamiokande)

Additional selection criteria for 
single μ-like ring events are:

Selection Purpose

6.  Muon momentum > 
200 MeV/c

Reject charged pions 
and misidentified 
electrons from decays 
of unseen muons or 
pions.

7.  No more than one 
delayed electron

Reject events with a 
muon accompanied by 
an unseen muon or 
pion.

Additional selection criteria for 
single e-like ring events are:

Selection Purpose

6.  Visible energy > 100 
MeV

Remove decay electrons 
from stopping CC muons 
and NC pions

7.  No delayed electron

Remove unseen muons 
and pions, e.g. cosmic 
muons or muons below 
Cerenkov threshold.

8.  New π0 rejection 
algorithm Reduce π0 background

9.  Reconstructed νe 
energy < 1250 MeV

Reduce events from beam 
νe - these have a high-
energy tail from K decays.

61



Backgrounds to νe appearance 
after event selection 

The principal backgrounds to νe 
appearance are:

1. The 1% νe component of the 
neutrino beam: this mainly comes 
from muon decays, while some also 
come from kaon decays.

2. NC π0 production: this can mimic 
a νe if the two photon rings in Super 
K overlap or if one is below 
Cerenkov threshold.
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while the MC prediction of the number of rejected beam1809

events from this cut is 3.71 events; the probability to ob-1810

serve 8 or more events when 3.71 are expected is 3.6%.1811

From event time information and visual inspections, it is1812
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observed in the ±500µs T2K windows. The OD

histogram (gray) is stacked on the FC histogram (red),

and the LE histogram (open) is stacked on top of OD

and FC events.

We define the quantity ∆T0, which is the timing of the1816

event relative to the leading edge of the spill. Fig. 241817

shows the ∆T0 distribution of all FC, OD and LE events1818

within ±500µs of the beam arrival time; the spill typi-1819

cally is about 5µs. A clear peak at ∆T0 = 0 is seen for1820

the FC sample. We observe five FC events events outside1821

of the 5µs spill window. The expected number of such1822

off-timing FC events, mainly LE and atmospheric neu-1823

trino events, is estimated to be 3.3 from data collected1824

in so-called “dummy” spills, i.e. when no neutrino beam1825

is being produced. Fig. 25 shows the ∆T0 distribution of1826

FC events within the spill window. An additional correc-1827

tion has been applied to each event to ∆T0 to account1828

for the position of the neutrino interaction vertex and the1829

photon propagation time from the interaction vertex to1830

the PMTs. The far detector event timing clearly exhibits1831

the beam timing structure of eight bunches. The eight1832

dotted vertical lines in the figure represent the 8 bunch1833

centers at intervals of 581 ns from a fit to the observed FC1834

event timing. The RMS value of the residual time dis-1835

tribution between each FC event and the closest of the1836

fitted bunch center times is about 25 ns, indicating that1837

our time synchronization using the GPS is much more1838

stable than its guaranteed 150 ns precision.183918401841

We require the ∆T0 for selected FC events to be be-1842

tween -0.2 µs to 10 µs. We observe 240 such on-timing1843

fully contained events. We extract a fully contained fidu-1844

cial volume (FCFV) sample by further requiring Evis be1845

above 30MeV and the reconstructed vertex be in the1846

fiducial volume. We observe 174 such FCFV events, while1847

the expected accidental contamination from beam unre-1848

lated events, coming mostly from atmospheric neutrino1849

interactions, is calculated to be 0.005 events.1850

2 e-like rings from π0
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Photonuclear interactions 

A photonuclear interaction is the 
absorption of a photon by a nucleus. This 
can happen in Super K before the emission 
of Cerenkov light. 

A π0 decays into two photons. If one of 
these photons is absorbed, the π0 gives one 
e-like ring, and appears to be an electron.  

This has been modelled in the Super K 
detector simulation by removing photons 
according to the photonuclear cross 
section. Estimate a 8.7% increase in π0  

background due to photonuclear 
interactions
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FIG. 23: Examples event displays for the SK simulation

of a) νµ CCQE, b) νe CCQE, and c) νµ NC1π0

interactions. The images shows the detected light

pattern at the ID wall.

neutrino events, and a repeating pattern of light in the1806

detector. There have been a total of 8 events that have1807

been rejected by the flasher cut during all run periods,1808

while the MC prediction of the number of rejected beam1809

events from this cut is 3.71 events; the probability to ob-1810

serve 8 or more events when 3.71 are expected is 3.6%.1811

From event time information and visual inspections, it is1812

clear that all eight events are induced by beam neutrino1813

interactions. All eight events are outside the fiducial vol-1814

ume with their vertices close to the ID wall.1815
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FIG. 24: ∆T0 distribution of all FC, OD and LE events

observed in the ±500µs T2K windows. The OD

histogram (gray) is stacked on the FC histogram (red),

and the LE histogram (open) is stacked on top of OD

and FC events.

We define the quantity ∆T0, which is the timing of the1816

event relative to the leading edge of the spill. Fig. 241817

shows the ∆T0 distribution of all FC, OD and LE events1818

within ±500µs of the beam arrival time; the spill typi-1819

cally is about 5µs. A clear peak at ∆T0 = 0 is seen for1820

the FC sample. We observe five FC events events outside1821

of the 5µs spill window. The expected number of such1822

off-timing FC events, mainly LE and atmospheric neu-1823

trino events, is estimated to be 3.3 from data collected1824

in so-called “dummy” spills, i.e. when no neutrino beam1825

is being produced. Fig. 25 shows the ∆T0 distribution of1826

FC events within the spill window. An additional correc-1827

tion has been applied to each event to ∆T0 to account1828

for the position of the neutrino interaction vertex and the1829

photon propagation time from the interaction vertex to1830

the PMTs. The far detector event timing clearly exhibits1831

the beam timing structure of eight bunches. The eight1832

dotted vertical lines in the figure represent the 8 bunch1833

centers at intervals of 581 ns from a fit to the observed FC1834

event timing. The RMS value of the residual time dis-1835

tribution between each FC event and the closest of the1836

fitted bunch center times is about 25 ns, indicating that1837

our time synchronization using the GPS is much more1838

stable than its guaranteed 150 ns precision.183918401841

We require the ∆T0 for selected FC events to be be-1842

tween -0.2 µs to 10 µs. We observe 240 such on-timing1843

fully contained events. We extract a fully contained fidu-1844

cial volume (FCFV) sample by further requiring Evis be1845

above 30MeV and the reconstructed vertex be in the1846

fiducial volume. We observe 174 such FCFV events, while1847

the expected accidental contamination from beam unre-1848

lated events, coming mostly from atmospheric neutrino1849

interactions, is calculated to be 0.005 events.1850
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Super K detector uncertainties

Ring-counting and particle ID efficiencies: fit Monte Carlo simulation of control 
samples to atmospheric neutrino data using efficiencies as fit parameters, and 
estimate errors in efficiencies as difference between nominal and fitted 
efficiencies. Define a “shift” error as the difference between the nominal and 
fitted efficiencies, and treat this as correlated between bins. Also define a “fit” 
error as the statistical uncertainty in the fitted efficiency, and this is uncorrelated 
between bins. 

Examples of control samples

νμ/νμbar CCQE: 1 Michel electron (from μ decay), distance from muon stopping 
point to decay electron < 80cm.
νμ/νμbar CCnonQE: > 1 Michel electron (from μ decay), distance from muon 
stopping point to decay electron < 160cm.
νe CC: brightest ring is e-like, visible energy > 100 MeV, force reconstruction of 
second ring and require invariant mass of 2 rings < 105 MeV.
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New π0 rejection algorithm 
for single e-like ring sample

Old algorithm:  force reconstruction of second ring in 
Super K, calculate the invariant mass of the two 
particles, and accept events in which that invariant 
mass is < 105 MeV/c2.

New algorithm: construct charge and time probability 
density functions for every PMT hit for each particle 
hypothesis. This is done using vertex position and 
timing, and track direction and momentum. Multiple-
particle states are constructed by summing the charge 
contributions from each constituent particle. 

Distinguish different final-state hypotheses by 
comparing best-fit likelihoods from fit of each particle 
hypothesis. To separate π0 from νe events, the 
likelihood ratio ln(Lπ0 / Le) is used, and this is 
combined with invariant mass cut from old algorithm. 
New algorithm rejects 70% more π0 background for 
same signal efficiency.

F.Sánchez (IFAE) CERN Seminar 22nd Oct 2013

Super-Kamiokande & π0

44

• New algorithm can also use the best-fit likelihood 
ratio to distinguish e- from π0

• Even if 2nd photon is identified, it may be on the 
tail of the π0 mass resolution.

• In this case, the 2-ring likelihood will still be 
preferred and the event is identified as π0

• 2D cut removes 70% more π0 background than 
previous method for the same signal efficiency.

Background
νμ-(X+π0)

Signal
νe-CCQE

Likelihood Ratio vs π0 Mass
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 Oscillation parameter values
Oscillation probabilities are calculated in a 3-flavour framework. Matter effects are 
included assuming that the Earth’s crust between Tokai and Kamioka has a constant 
density of 2.6 g/cm3 (arXiv 1107.5857).

In the νμ-disappearance analysis, the non-23 oscillation parameters are fixed to their 
2012 PDG values and the normal mass hierarchy is assumed:

sin2(2θ12) = 0.857
Δm212 = 7.5 x 10-5 eV2/c4

sin2(2θ13) = 0.098
δCP = 0. 

In the νe-appearance analysis, the other oscillation parameters are fixed to:

sin2θ12 = 0.3067
Δm212 = 7.6 x 10-5 eV2/c4 
sin2θ23 = 0.5
|Δm322|= 2.4 x 10-3 eV2/c4

Note: P(νμ→νe) depends on sin2(θ23) as well as sin2(2θ13) since the leading-order term 
is 2 sin2(θ23) sin2(2θ13).
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Confidence regions

Divide sin2θ23 - Δm322 plane into 
rectangular grid with a grid point at centre 
of each rectangle. 

Make a few thousand simulated experiments 
using true input parameters of each point, 
and find Δχ2 = χ2 (true) - χ2 (best fit) for 
each experiment. At each point, order values 
of Δχ2 and find their 90th percentile Δχ290%. 

Using real data, find value of Δχ2data at each 
grid point. Draw 90% confidence contour 
through points for which Δχ2data = Δχ290%.

If experiment repeated many times and a 
90% contour is drawn for each experiment, 
true unknown values will be in 90% of those 
contours.

Make many simulated experiments with true input 
parameters of this point and all other points

sin2θ23

Δm
32

2

Draw 90% confidence contour through this point 
if Δχ2data = Δχ290% for this point
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Calculating neutrino 
oscillation probablities

Oscillation probabilities are calculated using UMU✝

where

The neutrinos pass through the Earth’s crust, and there is coherent forward 
scattering of νe in CC interactions with electrons in the crust. For neutrinos, these 
“matter effects” are taken into account by adding the potential 2E√2GFNe to the 
real part of the first diagonal element of UMU✝ (for antineutrinos it is subtracted 
from the real part of the first diagonal element of the complex conjugate of UMU✝).

The resulting matrix is diagonalised. The differences between the eigenvalues are 
the effective Δm2 in matter. The normalised eigenvectors are the columns of the 
effective mixing matrix in matter (UMatter). 
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Diagonalising UMU

Calculate the eigenvalues by solving the (cubic) characteristic equation using 
Cardano’s method (arXiv:physics 0610206). The differences between them are 
the effective Δm2 in matter. Calculate the (complex) eigenvectors algebraically: 
set one component equal to 1.0 (real) and calculate the other 2 components 
using 2 of the 3 simultaneous equations UMU✝ - λI = 0. Then normalise the 
eigenvectors, and they become the columns of the effective mixing matrix in 
matter (UMatter). 
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Calculating neutrino 
oscillation probablities

Then carry out the following steps:

1. Define a complex 1x3 column vector to represent a νμ flavour eigenstate.

2. Multiply by UMatter✝ to convert to mass eigenstates.

3. Propagate to Super K by multiplying the jth component by exp(-i Δm1j2 L / 2E). 

4. Convert back to flavour eigenstates by multiplying by UMatter.

5. The probabilities of each flavour are given by the moduli squared of the 
components of the resulting 1x3 complex vector. 
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Reconstructing neutrino energy

The energy of a neutrino in the T2K beam is unknown and must be 
reconstructed. This is done using CCQE events.

Neglecting the Fermi motion of the nucleon with which the neutrino interacts, 
the neutrino energy is reconstructed as

where mp is the proton mass
mn is the neutron mass
Eb = 27 MeV is the binding energy of a nucleon in a 16O nucleus 
Eμ is the reconstructed energy of the muon
pμ is the reconstructed momentum of the muon
cosθμ is the reconstructed angle between the incoming neutrino and the muon

off-axis detector reconstructs exclusive final states to study
neutrino interactions and beam properties corresponding to
those expected at the far detector. Embedded in the refur-
bished UA1/NOMAD magnet (field strength 0.2 T), it
consists of three large-volume time projection chambers
(TPCs) [10] interleaved with two fine-grained tracking
detectors (FGDs, each 1 ton). It also has a !0-optimized
detector and a surrounding electromagnetic calorimeter.
The magnet yoke is instrumented as a side muon range
detector.

The SK water-Cherenkov far detector [11] has a fiducial
volume of 22.5 kt within its cylindrical inner detector (ID).
Enclosing the ID is the 2 m-wide outer detector (OD). The
front-end readout electronics [7] allow for a dead-time-free
trigger. Spill timing information, synchronized by the
global positioning system with<150 ns precision, is trans-
ferred from J-PARC to SK and triggers the recording of
photomultiplier hits within !500 "s of the expected neu-
trino arrival time.

The results presented in this paper are based on the first
two physics runs: Run 1 (January–June 2010) and Run 2
(November 2010–March 2011). During this time period,
the Main Ring proton beam power was continually in-
creased and reached 145 kW with 9" 1013 protons per
pulse. The fraction of protons hitting the target was moni-
tored by the electrostatic beam position monitors, seg-
mented secondary emission monitors and optical
transition radiation monitor and found to be greater than
99% and stable in time. A total of 2, 474, 419 spills was
retained for analysis after beam and far-detector quality
cuts, corresponding to 1:43" 1020 protons on target
(POT).

We present the study of events in the far detector with a
single muonlike ("-like) ring. The event selection enhan-
ces #" charged-current quasielastic interactions (CCQE).
For these events, neglecting the Fermi motion, the neutrino
energy E# can be reconstructed as

E# ¼ m2
p $ ðmn $ EbÞ2 $m2

" þ 2ðmn $ EbÞE"

2ðmn $ Eb $ E" þ p" cos$"Þ
; (2)

where mp is the proton mass, mn the neutron mass, and
Eb ¼ 27 MeV is the binding energy of a nucleon inside a
16O nucleus. In Eq. (2), E", p" and $" are, respectively,
the measured muon energy, momentum and angle with
respect to the incoming neutrino. The selection criteria
for this analysis were fixed fromMonte Carlo (MC) studies
before the data were collected. The observed number of
events and spectrum are compared with signal and back-
ground expectations, which are based on neutrino flux and
cross-section predictions and are corrected using an inclu-
sive measurement in the off-axis near detector.

Our predicted beam flux (Fig. 1) is based on models
tuned to experimental data. The most significant constraint
comes from NA61 measurements of pion production [12]
in (p, $) bins, where p is the pion momentum and $ the

polar angle with respect to the proton beam; there are
5%–10% systematic and similar statistical uncertainties
in most of the measured phase space. The production of
pions in the target outside the NA61-measured phase space
and all kaon production are modeled using FLUKA [13,14].
The production rate of these pions is assigned systematic
uncertainties of 50%, and kaon production uncertanties are
estimated to be between 15% and 100% based on a com-
parison of FLUKA with data from Eichten et al. [15]. The
software package GEANT3 [16], with GCALOR [17] for
hadronic interactions, handles particle propagation through
the magnetic horns, target hall, decay volume and beam
dump. Additional systematic errors in the neutrino fluxes
are included for uncertainties in secondary nucleon pro-
duction and total hadronic inelastic cross sections, uncer-
tainties in the proton beam direction, spatial extent and
angular divergence, the horn current, and the secondary
beam line component alignment uncertainties. The stabil-
ity of the beam direction and neutrino rate per proton on
target are monitored continuously with Interactive
Neutrino GRID and are within the assigned systematic
uncertainties [3].
Systematic uncertainties in the shape of the flux as

a function of neutrino energy require knowledge of the
correlations of the uncertainties in (p, $) bins of hadron
production. For the NA61 pion-production data [12],
we assume full correlation between (p, $) bins for each
individual source of systematic uncertainty, except for
particle identification where there is a known
momentum-dependent correlation. Where correlations of
hadron-production uncertainties are unknown, we choose
correlations in kinematic variables to maximize the uncer-
tainty in the normalization of the predicted flux.
Neutrino interactions are simulated using the NEUT

event generator [18]. Uncertainties in cross sections of
the exclusive neutrino processes are determined by com-
parisons with recent measurements from the SciBooNE
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FIG. 1. (Top) the predicted flux of #" as a function of neutrino
energy without oscillations at Super-Kamiokande and at the off-
axis near detector; (bottom) the flux of #" and !#" at Super-

Kamiokande. The shaded boxes indicate the total systematic
uncertainty for each energy bin.
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P(νμ→νe) and P(νμbar→νebar)
(with matter effects)

T2K might be able to measure 
δCP if it is close to 3π/2 (normal 
hierarchy) or π/2 (inverted 
hierarchy). However for most 
values of δCP, its effects are 
entangled with those of the 
mass hierarchy. 

NOvA might be able to measure 
δCP if it is between π-2π 
(normal hierarchy) or 0-π 
(inverted hierarchy).

Note that, for δCP = 0, P(νμ→νe) 
≠ P(νμbar→νebar). This is due 
to matter effects.

sin2(2θ12) = 0.87
sin2(2θ13) = 0.1
sin2(2θ23) = 1.0
Δm122 = 7.6x10-5 eV2

|Δm322| = 2.32x10-3 eV2

Earth crust density = 2.6 g/cm3

NH = normal mass hierarchy
IH = inverted mass hierarchy
T2K energy = 0.6 GeV
NOvA energy = 2.0 GeV
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Correlations between flux and 
cancelling xsec parameters

ND280 Constraint Seminar 
Slides

11

Parameter Correlations

Parameters:
0-10: SK !µ flux

11-12: SK !µ flux

13-19: SK !e flux

20-21: SK !e flux

22: MA
QE

23: MA
RES

24: CCQE Norm.
25: CC1" Norm.
26: NC1"0 Norm.

The constraint from the measured event 
rates causes anti-correlations between flux 
and cross section nuisance parameters
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Parameter Correlations

Parameters:
0-10: SK !µ flux

11-12: SK !µ flux

13-19: SK !e flux

20-21: SK !e flux

22: MA
QE

23: MA
RES

24: CCQE Norm.
25: CC1" Norm.
26: NC1"0 Norm.

The constraint from the measured event 
rates causes anti-correlations between flux 
and cross section nuisance parameters
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Cross-section fractional 
uncertainties

Correlated with flux parameters

MaQE                                        7.2% (external and ND280 data)
MaRES                                       6.8% (external and ND280 data)

Uncorrelated

Fermi momentum                       13.3% (external data)
Binding energy                            33.3% (external data)
Spectral function                         On/off (external data)
W shape                                     52% (external data)
Pionless delta decay                     20% (external data)
CC other shape                           40% (external data)
CC coherent cross section           100% 
NC1π± cross section                  30% (external data)
NC other cross section                30% (external data)
νe / νμ cross section                    3% (external data)
νμbar / νμ cross section              40% (external data)
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T2K GPS system

At both J-PARC and Super Kamiokande there are:

1. Two independent single-frequency common-view GPS receivers and antennae. 
Each receiver gives one signal per second whose leading edge is synchronous 
with the start of a new second in Coordinated Universal Time (UTC).

2. A rubidium atomic clock (Research Systems FS-725) that is synchronised with 
the GPS pulses. 

3. A custom electronics board called the local time clock. This uses the time base 
from the rubidium clock, and produces timestamps every 10 ns. 
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J-PARC accident

F.Sánchez (IFAE) CERN Seminar 22nd Oct 2013

J-PARC accident

67

11:55 on May 23 

• An abnormal proton beam was injected to the gold target.
• The target heated up to a extraordinarily high temperature.
• Radioactive material was released from the target.
• The radioactive material was leaked into the HD hall: xWorkers were exposed to radiation.
• The radioactive material was released to the outside of the radiation controlled area and to the environment 

outside of the HD hall.

proton beam

proton beam

Gold Target

6.6 cm
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Pauli proposes the neutrino

In 1930, it was thought that β- decay was 

n → p + e-

In this decay all the electrons should have the 
same kinetic energy. But experimentally it was 
found that they have a range of energies.

To save conservation of energy, Wolfgang Pauli 
proposed a “desperate” solution that a light, 
electrically neutral particle carried away the 
missing energy.

Pauli said “I have done a terrible thing. I have 
postulated a particle that cannot be detected.”

Wolfgang Pauli
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Discovery of electron 
antineutrino

In 1956, Reines and Cowan detected electron 
antineutrinos from a reactor at Savannah 
River (Nobel Prize for Reines in 1995). This 
was done using inverse β decay:

νebar + p → n + e+

where the proton is in the water target. The 
positron annihilates with an electron to give 
two photons of 0.5 MeV.  The neutron is 
captured by cadmium which is added to the 
water:

n + 108Cd → 109mCd → 109Cd + γ

This photon appears 5 msec later than those 
from the positron/electron annihilation. 

surface radioactivity had died away 
sufficiently) and dig down to the tank,
recover the detector, and learn the truth
about neutrinos!”

This extraordinary plan was actually
granted approval by Laboratory 
Director Norris Bradbury. Although the 
experiment would only be sensitive to
neutrino cross sections of 10–40 square
centimeters, 4 orders of magnitude 
larger than the theoretical value, 
Bradbury was impressed that the plan
was sensitive to a cross section 3 orders
of magnitude smaller than the existing
upper limit.1 As Reines explains in 
retrospect (unpublished notes for a talk
given at Los Alamos),

“Life was much simpler in those
days—no lengthy proposals or complex
review committees. It may have been
that the success of Operation Green-
house, coupled with the blessing given
our idea by Fermi and Bethe, eased the
path somewhat!”

As soon as Bradbury approved the
plan, work started on building and 
testing El Monstro. This giant liquid-
scintillation device was a bipyramidal
tank about one cubic meter in volume.
Four phototubes were mounted on each
of the opposing apexes, and the tank
was filled with very pure toluene 
activated with terphenyl so that it
would scintillate. Tests with radioactive
sources of electrons and gamma rays
proved that it was possible to “see” 
into a detector of almost any size. 

Reines and Cowan also began to
consider problems associated with 
scaling up the detector. At the same
time, work was proceeding on drilling
the hole that would house the experi-
ment at the Nevada Test Site and 
on designing the great vacuum tank

and its release mechanism.
But one late evening in the fall of

1952, immediately after Reines and
Cowan had presented their plans at a
Physics Division seminar, a new idea
was born that would dramatically
change the course of the experiment. 
J. M. B. Kellogg, leader of the
Physics Division, had urged Reines
and Cowan to review once more the
possibility of using the neutrinos from
a fission reactor rather than those
from a nuclear explosion. 

The neutrino flux from an explosion
would be thousands of times larger than
that from the most powerful reactor.
The available shielding, however,
would make the background noise from
neutrons and gamma rays about the

same in both cases. Clearly, the nuclear
explosion was the best available 
approach—unless the background could
somehow be further reduced.

Suddenly, Reines and Cowan real-
ized how to do it. The original plan had
been to detect the positron emitted in
inverse beta decay (see Figure 2), a
process in which the weak interaction
causes the antineutrino to turn into a
positron and the proton to turn into a
neutron. Being an antielectron, the
positron would quickly collide with an
electron, and the two would annihilate
each other as they turned into pure 
energy in the form of two gamma rays
traveling in opposite directions. Each
gamma ray would have an energy
equivalent to the rest mass of the 

The Reines-Cowan Experiments
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pproached, we would start vacuum
umps and evacuate the tank as highly
s possible. Then, when the countdown
eached ‘zero,’ we would break the 
uspension with a small explosive, 
llowing the detector to fall freely in the

vacuum. For about 2 seconds, the falling
detector would be seeing the antineutri-
nos and recording the pulses from them
while the earth shock [from the blast]
passed harmlessly by, rattling the tank
mightily but not disturbing our falling

detector. When all was relatively quiet,
the detector would reach the bottom of
the tank, landing on a thick pile of foam
rubber and feathers.

“We would return to the site of 
the shaft in a few days (when the 
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1H. R. Crane (1948) deduced the upper limit of
10–37 square centimeters on the cross sections for
neutrino-induced ionization and inverse beta
decay. This upper limit was based on null results
from various small-scale experiments attempting
to measure the results of neutrino absorption and
from a theoretical limit deduced from the maxi-
mum amount of solar neutrino heating that could
take place in the earth’s interior and still agree
with geophysical observations of the energy
flowing out of the earth.

Figure 3. The Double Signature of Inverse Beta Decay
The new idea for detecting the neutrino was to detect both products of inverse beta
decay, a reaction in which an incident antineutrino (red dashed line) interacts with a
proton through the weak force. The antineutrino turns into a positron (e�), and the
proton turns into a neutron (n). In the figure above, this reaction is shown to take
place in a liquid scintillator. The short, solid red arrow indicates that, shortly after it
has been created, the positron encounters an electron, and the particle and antiparticle
annihilate each other. Because energy has to be conserved, two gamma rays are emit-
ted that travel in opposite directions and will cause the liquid scintillator to produce a
flash of visible light. In the meantime, the neutron wanders about following a random
path (longer, solid red arrow) until it is captured by a cadmium nucleus. The resulting
nucleus releases about 9 MeV of energy in gamma rays that will again cause the liquid
to produce a tiny flash of visible light. This sequence of two flashes of light separated
by a few microseconds is the double signature of inverse beta decay and confirms the
presence of a neutrino. 
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eines and Cowan planned to build a
ounter filled with liquid scintillator and
ned with photomultiplier tubes (PMTs),
he “eyes” that would detect the
ositron from inverse beta decay, which

s the signal of a neutrino-induced
vent. The figure illustrates how the liq-
id scintillator converts a fraction of the
nergy of the positron into a tiny flash
f light. The light is shown traveling

hrough the highly transparent liquid
cintillator to the PMTs, where the 
hotons are converted into an electronic
ulse that signals the presence of the
ositron. Inverse beta decay (1) begins
hen an antineutrino (red dashed line)

nteracts with one of the billions and 
illions of protons (hydrogen nuclei) in

he molecules of the liquid. The weak
harge-changing interaction between the

antineutrino and the proton causes the
proton to turn into a neutron and the
antineutrino to turn into a positron (e�).
The neutron wanders about undetected.
The positron, however, soon collides
with an electron (e�), and the particle-
antiparticle pair annihilates into two
gamma rays (�) that travel in opposite
directions. Each gamma ray loses about
half its energy each time it scatters
from an electron (Compton scattering).
The resulting energetic electrons 
scatter from other electrons and radiate
photons to create an ionization cascade
(2) that quickly produces large numbers
of ultraviolet (uv) photons. 
The scintillator is a highly transparent
liquid (toluene) purposely doped with 
terphenyl. When it becomes excited by
absorbing the uv photons, it scintillates

by emitting visible photons as it returns
to the ground (lowest-energy) state (3).
Because the liquid scintillator is trans-
parent to visible light, about 20 percent
of the visible photons are collected by
the PMTs lining the walls of the 
scintillation counter. The rest are 
absorbed during the many reflections
from the counter walls. A visible 
photon releases an electron from the
cathode of a phototube. That electron
then initiates the release of further 
electrons from each dynode of the PMT,
a process resulting in a measurable
electrical pulse. The pulses from all the
tubes are combined, counted,
processed, and displayed on an 
oscilloscope screen.

igure 2. Liquid Scintillation Counter for Detecting the Positron from Inverse Beta Decay

Frederick Reines and Clyde Cowan 
at Hanford Site (1953)

Interactions in water which is surrounded by 
photomultipliers to detect photons
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