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O V E R V I E W
• Yesterday: 

• Challenges of studying neutrinos experimentally 

• Neutrino sources 

• Basic categorization of neutrino detectors 

• Quick review of neutrino oscillations 

• “Classical era” of neutrino oscillations 

• reactor and solar neutrino oscillations 

• atmospheric neutrino oscillations 

• Today: 

• Verifying atmospheric neutrino oscillations 

• accelerator-based experiments 

• Three-flavour mixing 

• νe appearance, CP violation, θ23 octant, mass hierarchy . . .  

• Looking forward . . . .



R E C A L L :
• A large deficit in νe from the sun explained by neutrino oscillations 

• SNO results show that νe are transitioning to other “active” flavours (νμ/ντ) 
• Absence of oscillatory behaviour in SK and SNO show the central role of 

matter effects 

• ν emerging from the sun are in an ~energy eigenstate 

• Confirmation of oscillatory signature at KAMLAND using reactor 
antineutrinos 

• Oscillation parameters: 

• sin22θ12 ~ 0.85,  Δm2
21 ~ 7.5x10-5 eV2 

• A large deficit of νμ from atmospheric neutrinos observed at SK 

• zenith angle maps into baseline (L) 

• zenith angle dependence matches neutrino oscillations 

• sin22θ23 ~ 1,  Δm2
32 ~ 2.5x10-3 eV2 

• excess of νe not observed 

• infer that νμ are primarily oscillating to ντ 

• Can we confirm this with an person-made beam?
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FIG. 2: Allowed region for neutrino oscillation parameters from
KamLAND and solar neutrino experiments. The side-panels show
the ∆χ2-profiles for KamLAND (dashed) and solar experiments
(dotted) individually, as well as the combination of the two (solid).

rameters using the KamLAND and solar data. There is a
strong anti-correlation between the U and Th-decay chain
geo-neutrinos and an unconstrained fit of the individual con-
tributions does not give meaningful results. Fixing the Th/U
mass ratio to 3.9 from planetary data [18], we obtain a
combined U+Th best-fit value of (4.4± 1.6)×106 cm−2s−1

(73± 27 events), in agreement with the reference model.
The KamLAND data, together with the solar ν data, set an

upper limit of 6.2 TW (90% C.L.) for a νe reactor source at
the Earth’s center [19], assuming that the reactor produces a
spectrum identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,
including the subtraction of geo-neutrinos, to no-oscillation
expectation is plotted in Fig. 3 as a function of L0/E. The
spectrum indicates almost two cycles of the periodic feature
expected from neutrino oscillation.

In conclusion, KamLAND confirms neutrino oscillation,
providing the most precise value of ∆m2

21 to date and im-
proving the precision of tan2 θ12 in combination with solar ν
data. The indication of an excess of low-energy anti-neutrinos
consistent with an interpretation as geo-neutrinos persists.

The KamLAND experiment is supported by the Japanese
Ministry of Education, Culture, Sports, Science and Technol-
ogy, and under the United States Department of Energy Office
grant DEFG03-00ER41138 and other DOE grants to individ-
ual institutions. The reactor data are provided by courtesy of
the following electric associations in Japan: Hokkaido, To-
hoku, Tokyo, Hokuriku, Chubu, Kansai, Chugoku, Shikoku
and Kyushu Electric Power Companies, Japan Atomic Power
Co. and Japan Nuclear Cycle Development Institute. The
Kamioka Mining and Smelting Company has provided ser-
vice for activities in the mine.
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FIG. 3: Ratio of the background and geo-neutrino-subtracted νe

spectrum to the expectation for no-oscillation as a function of
L0/E. L0 is the effective baseline taken as a flux-weighted aver-
age (L0 = 180 km). The energy bins are equal probability bins of the
best-fit including all backgrounds (see Fig. 1). The histogram and
curve show the expectation accounting for the distances to the indi-
vidual reactors, time-dependent flux variations and efficiencies. The
error bars are statistical only and do not include, for example, corre-
lated systematic uncertainties in the energy scale.
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A C C E L E R AT O R - B A S E D  E X P E R I M E N T S

• pion production induced by 
proton-nucleus interactions 

• one sign of pions focussed with 
electromagnet (“horn”) into a 
long decay region where they 
decay to produce muon 
neutrinos 

• “flip” the polarity to produce 
an muon antineutrino beam

p
π+ νµ

µ+

"�!�
���	���'���

�πµν

�*)+����
�����,�����+���

-����.�������
/-.�0'1

"������

�������

���
�;���������!
���#���
�������������!�
��

(������������
�����

2��3���������4�
���3���5�&�6���������

�
������
��
�

.�����7�����

8����.����59���������

.����.������

����9�����

)
	��

#
�� �
��
��
��
��
�


�

�

��
��
�

$���	����F���!
�

/
���2���

Decay Area

14

Oct 2008

Beam
 Absorber

I

B



1 9 6 2

• Horn concept from Simon van der Meer (CERN, 1962) 

• “Quiet Giant of Engineering and Physics”



• Designed for 700 kW beam 

NUFACT Workshop Mark Hartz, U. of Toronto/York U.

Beamline Magnets

Superconducting Magnets

Normal Conducting Magnets

 Located in the arc section of the beamline

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

 Operational current of 4.36 kA, T
max

<5 K

 2 hour recovery from normal quench

 Located in the preparation and final focusing sections of the beamline

 Operate in the 1-10 kG range
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primary beamline

3.3. Muon Monitor

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

horn

He decay volumeMuon monitors

Beam dump

• Several general features: 

• upstream proton beam monitors  

• multiple horns 

• “Beam dump” or “beam absorber”: stop all particles except neutrinos (and muons) 

• muon monitors behind beam dump can measure stability of the beam 

• “Conventional Neutrino Beam”

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



C H A L L E N G E S

• High radiation 

• enormous currents in horn  

• several hundred kA 

• enormous mechanical shock/stress 

• corrosion 

• etc.

Target He Leak Problem
• In-situ leak hunt (Late Jul.~mid. Aug.) 

• A tiny leak found around the target, but not identified the position. 

• Horn1 transferred to Maintenance Area for further inspection (mid. Aug.~late Sep.) 
• He leak hunt in Maintenance Area (from late Sep.) 

• A leak from ceramic break at target U-shape pipe 

• Possibly, deformation by insufficient heat treatment after welding/bending caused sheer 
stress on the ceramic-SUS joint part. 

• U-shape pipe of  spare target also deformed for a couple of  years. 

• Modification/replacement of  the U-shape pipe were needed.

4

https://youtu.be/VWGXz5QHFH4

https://youtu.be/VWGXz5QHFH4


K 2 K  ( K E K - T O - K A M I O K A )

• Accelerator based beams usually produce 
neutrinos of O(1 GeV) 

• If Δm2 ~2.5x10-3 eV2: 

• L (km) ~ (π/2) x E (GeV)/Δm2 (eV)   

• ~ 500 km for 1 GeV neutrinos
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FIG. 6: The energy spectrum for each type of neutrino at
ND (left) and SK (right) estimated by the beam MC simu-
lation. The neutrino beam is 97.3% (97.9%) pure muon neu-
trino with contaminations of νe/νµ ∼ 0.013 (0.009), νµ/νµ ∼
0.015 (0.012), and νe/νµ ∼ 1.8 × 10−4 (2.2 × 10−4) at ND
(SK).

through the two horn magnets and the decay volume until
they decay into neutrinos or are absorbed in materials.

Since GEANT treats different types of neutrinos iden-
tically, we use a custom-made simulation program to
treat properly the type of neutrinos emitted by particle
decays. Charged pions are treated so that they decay into
muon and neutrino (π+ → µ+ νµ, π− → µ− νµ, called
π±

µ2) with branching fraction of 100%. The kaon de-

cays considered in our simulation are so-called K±
µ2, K±,0

e3

and K±,0
µ3 decays. Their branching ratios are taken from

the Particle Data Group [21]. Other decays are ignored.
Neutrinos from K0

S are ignored since the branching ratio
for K0

S decaying to neutrinos is quite small. The Dalitz
plot density of V −A theory [21, 22] is employed prop-
erly in Kℓ3 decays. Muons are considered to decay via
µ± → e± νe(νe) νµ(νµ), called µ±

e3, with 100% branch-
ing fraction. The energy and angular distributions of the
muon antineutrino (neutrino) and the electron neutrino
(antineutrino) emitted from a positive (negative) muon
are calculated according to Michel spectra of V −A the-
ory [22], where the polarization of the muon is taken into
account.

The produced neutrinos are extrapolated to the ND
and SK according to a straight line and the energy and
position of the neutrinos entering the ND and SK are
recorded and used in our later simulations for neutrino
interaction and detector simulators.

The composition of the neutrino beam is dominated
by muon neutrinos since the horn magnets mainly fo-
cus the positive pions. Figure 6 shows the energy spec-
tra of each type of neutrino at ND and SK estimated
by the beam MC simulation. About 97.3% (97.9%)
of neutrinos at ND (SK) are muon neutrinos decayed
from positive pions, and the beam is contaminated with
a small fraction of neutrinos other than muon neutri-
nos; νe/νµ ∼ 0.013 (0.009), νµ/νµ ∼ 0.015 (0.012), and
νe/νµ ∼ 1.8 × 10−4 (2.2 × 10−4) at ND (SK). The va-
lidity of our beam MC simulation has been confirmed by

Detector
Water Cherenkov

1KT

ν beam

SciFi Detector
SciBar Detector

Muon Range Detector

FIG. 7: The schematic view of the near neutrino detectors
for K2K-IIb period. In K2K-I, the Lead-Glass calorimeter
was located at the position of the SciBar detector.

both the HARP experiment and PIMON measurements,
which will be described in detail in Sec. V.

III. NEUTRINO DETECTORS

A near neutrino detector system (ND) is located 300 m
downstream from the proton target. The primary pur-
pose of the ND is to measure the direction, flux, and the
energy spectrum of neutrinos at KEK before they oscil-
late. The schematic view of the ND during the K2K-
IIb period is shown in Fig. 7. The ND is comprised
of two detector systems; a one kiloton water Cherenkov
detector (1KT) and a fine-grained detector (FGD) sys-
tem. The FGD consists of a scintillating-fiber/water-
target tracker (SciFi), a Lead-Glass calorimeter (LG)
in K2K-I period, a totally active fine-segmented scin-
tillator tracker (SciBar) in K2K-IIb and K2K-IIc peri-
ods, and a muon range detector (MRD). The far detec-
tor is the 50 kiloton water Cherenkov detector, Super-
Kamiokande (SK), which is located 250 km away from
KEK and 1000 m (2700 m water equivalent) below the
peak of Mt. Ikeno-yama in Gifu prefecture.

A. 1 kiloton water Cherenkov detector

A one kiloton water Cherenkov detector (1KT) is lo-
cated in the experimental hall at KEK as the upstream
detector. The 1KT detector is a miniature version of
SK, and uses the same neutrino interaction target mate-
rial and instrumentation. The primary role of the 1KT
detector is to measure the νµ interaction rate and the νµ

energy spectrum. The 1KT detector also provides a high
statistics measurement of neutrino-water interactions.

The cylindrical tank, 10.8 m in diameter and 10.8 m
in height, holds approximately 1000 tons of pure water.
The center of the water tank is 294 m downstream of the

P (⇥� ⇥ ⇥⇥) = sin2 2� � sin2

�
1.27�m2 L(km)

E(GeV)

⇥

• “Long Baseline” Neutrino Experiment 

• previously, accelerator-based experiments were 
typically carried out at (much) shorter distances 

• atmospheric neutrinos indicate that we need now to 
separate the accelerator and detector by O(102-103 km) 

• “K2K”: first long baseline experiment sending 
neutrinos from KEK to Super-Kamiokande (250 km)



L O N G  B A S E L I N E  E X P E R I M E N T S

• Timing: 

• we know when the beam comes from the accelerator 

• typically, protons are delivered in O(μs) pulse every O(s) 

• neutrinos are produced with the same time structure 

• Typically, every spill is recorded 

• Near Detector 

• place neutrino detectors at small L such that oscillation 
effects should be small (Δm2 L/E ~ 0) 

• “control sample” of neutrinos without oscillation effects. 

• measure rates, backgrounds, etc. 
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FIG. 6: The energy spectrum for each type of neutrino at
ND (left) and SK (right) estimated by the beam MC simu-
lation. The neutrino beam is 97.3% (97.9%) pure muon neu-
trino with contaminations of νe/νµ ∼ 0.013 (0.009), νµ/νµ ∼
0.015 (0.012), and νe/νµ ∼ 1.8 × 10−4 (2.2 × 10−4) at ND
(SK).

through the two horn magnets and the decay volume until
they decay into neutrinos or are absorbed in materials.

Since GEANT treats different types of neutrinos iden-
tically, we use a custom-made simulation program to
treat properly the type of neutrinos emitted by particle
decays. Charged pions are treated so that they decay into
muon and neutrino (π+ → µ+ νµ, π− → µ− νµ, called
π±

µ2) with branching fraction of 100%. The kaon de-

cays considered in our simulation are so-called K±
µ2, K±,0

e3

and K±,0
µ3 decays. Their branching ratios are taken from

the Particle Data Group [21]. Other decays are ignored.
Neutrinos from K0

S are ignored since the branching ratio
for K0

S decaying to neutrinos is quite small. The Dalitz
plot density of V −A theory [21, 22] is employed prop-
erly in Kℓ3 decays. Muons are considered to decay via
µ± → e± νe(νe) νµ(νµ), called µ±

e3, with 100% branch-
ing fraction. The energy and angular distributions of the
muon antineutrino (neutrino) and the electron neutrino
(antineutrino) emitted from a positive (negative) muon
are calculated according to Michel spectra of V −A the-
ory [22], where the polarization of the muon is taken into
account.

The produced neutrinos are extrapolated to the ND
and SK according to a straight line and the energy and
position of the neutrinos entering the ND and SK are
recorded and used in our later simulations for neutrino
interaction and detector simulators.

The composition of the neutrino beam is dominated
by muon neutrinos since the horn magnets mainly fo-
cus the positive pions. Figure 6 shows the energy spec-
tra of each type of neutrino at ND and SK estimated
by the beam MC simulation. About 97.3% (97.9%)
of neutrinos at ND (SK) are muon neutrinos decayed
from positive pions, and the beam is contaminated with
a small fraction of neutrinos other than muon neutri-
nos; νe/νµ ∼ 0.013 (0.009), νµ/νµ ∼ 0.015 (0.012), and
νe/νµ ∼ 1.8 × 10−4 (2.2 × 10−4) at ND (SK). The va-
lidity of our beam MC simulation has been confirmed by

Detector
Water Cherenkov

1KT

ν beam

SciFi Detector
SciBar Detector

Muon Range Detector

FIG. 7: The schematic view of the near neutrino detectors
for K2K-IIb period. In K2K-I, the Lead-Glass calorimeter
was located at the position of the SciBar detector.

both the HARP experiment and PIMON measurements,
which will be described in detail in Sec. V.

III. NEUTRINO DETECTORS

A near neutrino detector system (ND) is located 300 m
downstream from the proton target. The primary pur-
pose of the ND is to measure the direction, flux, and the
energy spectrum of neutrinos at KEK before they oscil-
late. The schematic view of the ND during the K2K-
IIb period is shown in Fig. 7. The ND is comprised
of two detector systems; a one kiloton water Cherenkov
detector (1KT) and a fine-grained detector (FGD) sys-
tem. The FGD consists of a scintillating-fiber/water-
target tracker (SciFi), a Lead-Glass calorimeter (LG)
in K2K-I period, a totally active fine-segmented scin-
tillator tracker (SciBar) in K2K-IIb and K2K-IIc peri-
ods, and a muon range detector (MRD). The far detec-
tor is the 50 kiloton water Cherenkov detector, Super-
Kamiokande (SK), which is located 250 km away from
KEK and 1000 m (2700 m water equivalent) below the
peak of Mt. Ikeno-yama in Gifu prefecture.

A. 1 kiloton water Cherenkov detector

A one kiloton water Cherenkov detector (1KT) is lo-
cated in the experimental hall at KEK as the upstream
detector. The 1KT detector is a miniature version of
SK, and uses the same neutrino interaction target mate-
rial and instrumentation. The primary role of the 1KT
detector is to measure the νµ interaction rate and the νµ

energy spectrum. The 1KT detector also provides a high
statistics measurement of neutrino-water interactions.

The cylindrical tank, 10.8 m in diameter and 10.8 m
in height, holds approximately 1000 tons of pure water.
The center of the water tank is 294 m downstream of the
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TABLE XIV: Results of the spectrum measurement. The best fit value of each parameter is listed for the fits with all the
detectors’ data, with the 1KT data, with the SciFi data and with the SciBar data, respectively. The reduced χ2 (χ2

total/DOF)
and the averaged χ2 of each detector (χ2/Nbin) are also shown.

parameter Combined 1KT only SciFi only SciBar only

f1 (0.00-0.50 GeV) 1.657 ± 0.437 2.372 ± 0.383 ≡ 1 ≡ 1
f2 (0.50-0.75 GeV) 1.107 ± 0.075 1.169 ± 0.072 0.882 ± 0.317 1.166 ± 0.251
f3 (0.75-1.00 GeV) 1.154 ± 0.061 1.061 ± 0.065 1.157 ± 0.201 1.145 ± 0.134
f4 (1.00-1.50 GeV) ≡ 1 ≡ 1 ≡ 1 ≡ 1
f5 (1.50-2.00 GeV) 0.911 ± 0.044 0.709 ± 0.151 0.980 ± 0.107 0.963 ± 0.070
f6 (2.00-2.50 GeV) 1.069 ± 0.059 ≡ 1 1.188 ± 0.096 0.985 ± 0.086
f7 (2.50-3.00 GeV) 1.152 ± 0.142 ≡ 1 1.062 ± 0.230 1.291 ± 0.283
f8 (3.00- GeV) 1.260 ± 0.184 ≡ 1 1.323 ± 0.203 1.606 ± 0.749
RnQE 0.964 ± 0.035 0.589 ± 0.071 1.069 ± 0.060 1.194 ± 0.092

P1kt
Norm 0.948 ± 0.024 1.172 ± 0.046 — —

P1kt
energy 0.984 ± 0.004 0.993 ± 0.007 — —

PSF
Norm 1.009 ± 0.029 — 0.925 ± 0.058 —

PSF
Escale 0.980 ± 0.006 — 0.980 ± 0.007 —

PSF
LG−density 0.929 ± 0.012 — 0.928 ± 0.012 —

PSF
LG−cluster [GeV] −0.001 ± 0.002 — −0.002 ± 0.003 —

PSF
2nd−track−eff 0.959 ± 0.014 — 0.932 ± 0.017 —

PSF
rescattering 1.048 ± 0.055 — 0.993 ± 0.062 —

PSB
Norm 0.998 ± 0.010 — — 1.003 ± 0.011

PSB
p−scale 0.976 ± 0.004 — — 0.972 ± 0.004

PSB
2trk/1trk 0.953 ± 0.021 — — 0.961 ± 0.023

PSB
nonQE/QE 1.066 ± 0.032 — — 0.978 ± 0.040

χ2
total/DOF 687.2 / 585 46.8 / 73 328.7 / 273 253.3 / 228

χ2
1kt/Nbin 85.4 / 80 47.7 / 80 — —

χ2
SciFi/Nbin 335.6 / 286 — 328.7 / 286 —

χ2
SciBar/Nbin 266.1 / 239 — — 253.3 / 239

TABLE XV: The error matrix for fi and RnQE. The square
root of error matrix (sign [Mij ] ·

p

|Mij |) is shown here in the
unit of %.

f1 f2 f3 f5 f6 f7 f8 RnQE

f1 43.86 -3.16 7.28 -2.21 -0.76 -3.48 0.81 -8.62
f2 -3.16 7.51 1.97 1.90 0.62 1.29 2.43 -5.68
f3 7.28 1.97 6.00 3.38 1.63 3.44 1.71 -2.99
f5 -2.21 1.90 3.38 4.04 -1.86 4.53 2.20 1.65
f6 -0.76 0.62 1.63 -1.86 5.28 -5.85 5.11 0.94
f7 -3.48 1.29 3.44 4.53 -5.85 13.67 -10.14 4.09
f8 0.81 2.43 1.71 2.20 5.11 -10.14 18.35 -11.77
RnQE -8.62 -5.68 -2.99 1.65 0.94 4.09 -11.77 20.30

TABLE XVI: SK event reduction summary.

Reduction step K2K-I K2K-II
|∆T| < 500µsec, 107892 470469
no pre-activity
total number of p.e. within 36560 16623
300 n sec timing window
>200(K2K-I),94(K2K-II)
Fully contained event 153 99
flasher cuts 97 88
visible Energy >30MeV 95 85
fiducial volume cut 56 59
|∆T| = −0.2 − 1.3µsec 55 57
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FIG. 34: The ∆T distribution at each reduction step. Clear,
hatched and shaded histograms are after pre-activity cut, to-
tal p.e. cut, and fiducial volume cut, respectively.



K 2 K  R E S U LT S

• Total observed interactions at SK in K2K beam: 112 

• expected based on simulation and near detector data: 158±9  

• 58 single ring muon events used for energy spectrum analysis 

• Confirmation of atmospheric muon neutrino deficit with 
accelerator-based beam at 4.3 σ level 

• combined rate and shape information
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FIG. 46: Allowed region of oscillation parameters evaluated
with the number of events only (left) and the Erec

ν spectrum
shape only (right). Both information allow the consistent
region on the parameters space.
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FIG. 47: Allowed region of oscillation parameters evaluated
with partial data of K2K-I-only (left)/K2K-II-only (right).
Both data allow the consistent region on the parameter space.

a statistical fluctuation with no neutrino oscillation is
0.0015% (4.3σ). In a two flavor oscillation scenario, the
allowed ∆m2 region at sin2 2θ = 1 is between 1.9 and
3.5 × 10−3 eV2 at the 90 % C.L. with a best-fit value of
2.8 × 10−3 eV2.
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D. Results

The likelihood is maximized in the ∆m2 – sin2 2θ space
and the best fit point within the physical region is found
to be at (∆m2, sin2 2θ) = (2.8 × 10−3eV2, 1.0). The val-
ues of all systematic parameters at the best fit point
are within 1σ of their estimated errors. At this point,
the expected number of events is 107.2, which agrees
well with the 112 observed within the statistical uncer-
tainty. The observed Erec

ν distribution is shown in Fig. 43
together with both the expected distributions for the
best-fit parameters, and the expectation without oscil-
lations. The consistency between the observed and the
best-fit Erec

ν distributions is checked using a Kolmogorov-
Smirnov (KS) test. For the best fit parameters, the KS
probability is 37 %, while for the null oscillation hypothe-
sis is 0.07 %. The observation agrees with the expectation
of neutrino oscillation. The highest likelihood is found at
(∆m2, sin2 2θ) = (2.6×10−3eV2, 1.2), which is outside of
the physical region. The probability that we would get
sin2 2θ ≥ 1.2 if the true parameters are at our best fit
point is 26.2%, based on the virtual MC experiments.
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FIG. 43: The reconstructed Eν distribution for the 1-ring µ-
like sample. Points with error bars are data. The solid line is
the best fit spectrum with neutrino oscillation and the dashed
line is the expectation without oscillation. These histograms
are normalized by the number of events observed (58).

The probability that the observations can be explained
equally well by the no oscillation and by the oscillation
hypotheses is estimated by computing the difference of
log-likelihood between the null oscillation case and the
best fit point with oscillation. The null oscillation prob-
ability is calculated to be 0.0015 % (4.3σ). When only
normalization (shape) information is used, the probabil-
ity is 0.06% (0.42%).

TABLE XX: Summary of the null oscillation probability.
Each row is classified by the likelihood term used, and each
column represents the data set.

K2K-I+II K2K-I only K2K-II only
Shape + Norm. 0.0015% (4.3σ) 0.18% (3.1σ) 0.56% (2.8σ)
Shape only 0.42% (2.9σ) 7.7% 5.2%
Norm. only 0.06% (3.4σ) 0.6% 2.8%

TABLE XXI: Effect of each systematic uncertainty on the
null oscillation probability. The numbers in the table are null
oscillation probabilities when only the error written in the
first column is turned on.

Norm-only Shape-only Combined

Stat. only 0.01% 0.22% 0.0001%
FD spectrum 0.01% 0.24% 0.0002%
nQE/QE, NC/CC 0.01% 0.23% 0.0002%
Far/Near 0.02% 0.23% 0.0003%
ϵ1Rµ — 0.23% 0.0002%
Energy scale — 0.38% 0.0002%
Normalization 0.03% — 0.0005%

All errors 0.06% 0.42% 0.0015%

The null oscillation probability calculated separately
for each sub-sample or each likelihood term is shown in
Tab. XX. In addition, Tab. XXI shows the effect of each
systematic uncertainty on the null oscillation probability.
The effect is tested by turning on the error source written
in the first column in the table. As shown in the table,
the dominant contributions to the probabilities for the
normalization information are from the F/N flux ratio
and the normalization error, while the energy scale is
the dominant error source for the probability with the
Erec

ν shape information consistent with the results found
using the MC test described in Sec. IXB2.

The allowed region of oscillation parameters are eval-
uated based on the difference of log-likelihood between
each point and the best fit point:

∆lnL(∆m2, sin2 2θ) ≡ ln

(

Lphys
max

L(∆m2, sin2 2θ)

)

= lnLphys
max − lnL(∆m2, sin2 2θ),

(28)

where Lphys
max is the likelihood at the best-fit point and

L(∆m2, sin2 2θ) is the likelihood at (∆m2, sin2 2θ) with
systematic parameters that maximize the likelihood at
that point.

The allowed regions in the neutrino oscillation param-
eter space, corresponding to the 68%, 90% and 99% con-
fidence levels (CL) are shown in Fig. 44. They are de-
fined as the contour lines with lnL = lnLphys

max − 1.37,
−2.58 and −4.91, respectively. These regions are derived

νµ + n→ µ- + p



M I N O S

• Fermilab-based neutrino beam sent 730 km to Minnesota 

• Neutrinos generated using 120 GeV FNAL Main Injector



M I N O S  D E T E C T O R :

• Magnetized steel plates alternating with scintillator strips 

• 2.54 cm thick steel plates, 1 cm x 4.1 cm scintillator bars 

• Functionally identical Near (0.98 ton) and Far (5.4 ton) detectors 

• Very clean identification of muon neutrinos with sign of muon 
identified.



• Very intense beam gives precise measurement of oscillation probability 

• Confirm large νµ disappearance consistent with maximal mixing 

• eventually many channels were studied: 

• νµ disappearance with antineutrino beam 

• atmospheric neutrinos 

• νe/νe events (more on this later)

M I N O S  R E S U LT S
νµ Charged-Current

 Disappearance Results

For 0 < Ereco < 200 GeV
Prediction, No Oscillations: 3564 events
Observed: 2891 events 

Effect of Systematics

νµ Charged-Current
 Disappearance Results

For 0 < Ereco < 200 GeV
Prediction, No Oscillations: 3564 events
Observed: 2891 events 

Effect of Systematics

ν̄µ Charged-Current
 Disappearance Results

For 0 < Ereco < 200 GeV
Prediction, No Oscillations: 313 events
Observed: 226 events 

Effect of Systematics

MINOS Allowed Regions 
Compared to Other Experiments

MINOS makes the leading measurement of |Δm2atm| with 4.1% precision.

MINOS Best Fit Parameters
∣∣∆m2

∣∣ = 2.41+0.09
−0.10 × 10−3eV2

sin2(2θ) = 0.950+0.035
−0.036

sin2(2θ) > 0.890 (90%C.L.)



O P E R A

• Experiment to look explicitly for the “appearance” of nt due 
to νµ→ντ oscillations 

• 450 GeV CERN SPS protons used to produce a “wide-band” 
high energy muon neutrino beam 

• Significant flux above τ production threshold of ~3.5 GeV

brick consists of 56 1-mm thick lead plates interleaved with 57 emulsion films for a total

weight of 8.3 kg. Its thickness along the beam direction corresponds to about 10 X0, which

is optimized to detect νµ → ντ oscillations. Tightly packed removable doublets of emulsion

films, called Changeable Sheets (CS) [12], are placed on the downstream face of each brick.

They serve as interfaces between the TT planes and the bricks to facilitate the location of

the neutrino interactions.

Charged particles from a neutrino interaction in a brick cross the CS and produce

signals in the scintillator strips of the TT. These signals are used to trigger the read-out

and identify the brick where the interaction occurred. The brick is then extracted by

an automated system. After development, the emulsion films are sent to the scanning

laboratories.

The CNGS νµ beam, to which the OPERA detector is exposed, contains a small

contamination of νµ, νe , and νe. The energy spectra at the detector, as obtained from a

Monte Carlo simulation [13], are shown in figure 1. The integrated contamination of νe and

νe CC interactions at Gran Sasso, relative to the integrated number of νµ CC interactions,

is 0.88% and 0.05%, respectively.

OPERA collected data corresponding to 17.97 × 1019 protons on target (pot) by De-

cember 2012 with 18941 events recorded. The analysis reported in this paper uses the data

collected in 2008 and 2009, corresponding to 5.25×1019 pot (1.73×1019 and 3.52×1019 pot,

respectively) and to 5255 events recorded. The details of data taking and a comparison

with Monte Carlo (MC) simulations for the 2008 and 2009 runs are reported in [5, 14].
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Figure 1. Neutrino fluxes of the different components at Gran Sasso in log scale.

3 Emulsion scanning and search for νe interactions

Bricks that are candidates for containing neutrino interactions are analysed following a

complex procedure described in detail in [4, 5]. Here we just recall the main steps of the

– 2 –



ν τ  D E T E C T I O N
• Look for “kinks” arising from τ decay 

• Typical τ decay modes 

• τ → ντ + (e/µ) + νe/µ  (~17% each) 

• τ → ντ + π- + π0 (~25%) 

• τ → ντ + π-  (~11%) 

• τ = 2.9x10-13 sec → cτ ~10-2 cm 

• requires extremely precise tracking 

• extremely large emulsion-based tracker. 

• 5 candidate events observed in 5 year run 

• Expected background in absence of oscillations: 0.25 events 

• charm particle production 

• hadronic interaction of pions 

• Significance: 5.1 σ
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Figure 1: Display of the τ− candidate event. Top left: view transverse to the neutrino
direction. Top right: same view zoomed on the vertices. Bottom: longitudinal view.
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DISCOVERY OF ⌫⌧ APPEARANCE AND RECENT RESULTS FROM OPERA 5

of the decay daughter is large for all kink events and no nuclear fragments is associated
at the decay vertex in all the ⌫⌧ events. The scalar sum of the momenta of all particles
measured in the ECC, psum, measured for the five events are compatible with the Monte
Carlo distribution as shown on the right of fig.2.

Fig. 2. – The interaction vertex of the 5th ⌫⌧ event in the ECC (left). (right) Data-MC compar-
ison of the scalar sum of the momenta of all particles measured in the ECC for five ⌫⌧ candidate
events.

5. – Backgrounds

5

.1. Main sources of background . –
The three main sources of background for the ⌫⌧ appearance search are charmed particle
decays, hadronic interactions and large-angle muon scattering (LAS). The corresponding
contributions are estimated by simulation studies validated with real data [20,27,28].

• Charmed particles have similar masses and lifetimes as those of the ⌧ lepton. If a
muon at the primary vertex is not identified, a charm production and decay event
represent a background. The charm background is estimated by a Monte Carlo tuned
on CHORUS data and the uncertainty has been estimated to 20%. This includes a
contribution from the experimental uncertainty on the charm cross section (8%), the
hadronization fraction(10%), and the statistical error of the OPERA charm control
sample (15%) which is used to validate decay detection e�ciency.

• The hadronic interactions become a background for the ⌧ lepton decay in case the
hadrons originated from the primary vertex in ⌫µNC event immediately interact. The
hadronic background has been estimated by a FLUKA-based MC simulation bench-
marked on systematic measurements of pion interactions in the OPERA ECC bricks.
A good agreement between data from the complemental beam experiments and simu-
lation is obtained and the uncertainty on hadronic background has also been estimated
to 30%.

• The estimation of the LAS background for ⌧ ! µ decay channel has been given by
a GEANT4-base simulation take into account the e↵ect of the nuclear form factor at
the involved transferred momenta. The simulation has been validated with data in
literature.



C O M P L E T I N G  T H E  P I C T U R E



T O WA R D S  3 - F L AV O R  F R A M E W O R K

• We’ve probed the θ12/solar sector 

• also θ23 with atmospheric/accelerator experiments 

• How do we probe θ13? 

• If we multiply out the above, we find that: 

• |Ue3|2 = sin2θ13 

• “electron neutrino content of the third neutrino mass eigenstate”
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“standard” parametrization
sij = sin θij 
cij = cos θij

• Three rotation angles (θ12, θ13, θ23) 

• One complex phase δCP 
• additional phases possible if neutrinos are 

“Majorana” 

• changes sign for antineutrino oscillations



E L E C T R O N  N E U T R I N O  S U R V I VA L

• Oscillation has two components 

• one oscillating with Δm2
31 ~ 2.5 x 10-3 eV2 

• the other oscillating with Δm2
21 ~ 7.5 x 10-5 eV2 

• the “wavelengths” are different by a factor of 30 

• This means that the oscillation is maximum at: 

• L/E ~ 0.5 km/MeV for the Δm2
31 driven component 

• L/E ~ 15 km/MeV for the Δm2
21 driven component 

• Motivates measurement of reactor electron antineutrino disappearance at distance of ~1 km

P (⌫e ! ⌫e) ⇠ 1� sin2 2✓13 sin
2(1.27�m2

31L/E)� sin2 2✓12 sin
2(1.27�m2

21L/E)



“ S H O RT  B A S E L I N E ”  R E A C T O R  E X P E R I M E N T S

• Daya Bay 
• ~50 km from Hong Kong 17.4 

GW of thermal power from 
two reactor complexes 

• multiple detectors at 3 sites 

• RENO 
• west coast of South Korea 

• 16.5 GW thermal power from 
Yonggwang complex 

• near and far detector 

• Double Chooz 
• Eastern France near Belgium 

• 2.9 GW from two reactor 
cores 

• near and far detector



D E T E C T O R S

• Basic detection principle: inverse beta decay 

• Liquid scintillator detectors (primarily hydrocarbons) 

• provide free proton target 

• large light yield from scintillator 

• Gadolinium doping to aid neutron capture detection 

• “buffer” regions to isolate Gd-loaded region

⌫̄e + p ! e+ + n



R E S U LT S

• sin22θ13 = 0.085±0.005
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independent of these values. Consistent results were obtained
when our previous methods [1, 9] were applied to this larger
dataset. Under the normal (inverted) hierarchy assumption,
|�m

2

ee

| yields �m

2

32

= (2.37± 0.11)⇥ 10

�3

eV

2 (�m

2

32

=

�(2.47± 0.11)⇥ 10

�3

eV

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

disappearance [10, 11]. Using only the
relative rates between the detectors and �m
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32

from Ref. [10]
we found sin
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= 0.085 ± 0.006, with �
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/NDF =

1.37/3.
The reconstructed positron energy spectrum observed in the

far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%

C.L. allowed regions in the |�m

2

ee

|-sin2 2✓
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plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin

2

2✓

13

and
|�m

2

ee

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

13

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

2

ee

| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.
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FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
sin
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ee|. The error bars are statistical only. hE⌫i
was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
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| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GW
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-ton-days exposure.
Improvements in calibration, background estimation, as well
as increased statistics allow this study to provide the most
precise estimates to date of the neutrino mass and mixing
parameters |�m
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Daya Bay is supported in part by the Ministry of Science

and Technology of China, the U.S. Department of Energy,
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.
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FIG. 5. Electron antineutrino survival probability versus effective
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hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
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uncertainty of O
F/N

i

. The expected ratio T
F/N

i

is cal-
culated using the reactor ⌫

e

spectrum model and the
IBD cross section and folding the ⌫

e

survival probabil-
ity and the detector effects. The systematic uncertainty
sources are embedded by pull parameters (bd, f

r

, ✏, and
e) with associated systematic uncertainties (�d

bkg

, �r

flux

,
�
eff

, and �
scale

). The pull parameters bd and e intro-
duce deviations from the expected IBD spectra account-
ing for the effects of the associated energy-dependent sys-
tematic uncertainties. The uncorrelated reactor-flux un-
certainty �r

flux

is 0.9%, the uncorrelated detection uncer-
tainty �

eff

is 0.2%, the uncorrelated energy scale uncer-
tainty �

scale

is 0.15%, and the background uncertainty
�d

bkg

is 4.7% and 7.3% for near and far detectors, re-
spectively. The �2 is minimized with respect to the pull
parameters and the oscillation parameters.

TABLE II. Systematic errors from uncertainty sources

�|�m2
ee| (⇥10�3 eV2) �(sin2 2✓13)

Reactor +0.018, �0.018 +0.0026, �0.0028
Detection efficiency +0.020, �0.022 +0.0028, �0.0029
Energy scale +0.081, �0.094 +0.0026, �0.0015
Backgrounds +0.084, �0.106 +0.0030, �0.0028
Total +0.115, �0.133 +0.0055, �0.0052

The best-fit values obtained from the rate and spectral
analysis are sin

2
2✓13 = 0.082±0.009(stat.)±0.006(syst.)

and |�m2
ee

| = [2.62+0.21
�0.23(stat.)

+0.12
�0.13(syst.)] ⇥ 10

�3 eV2

with �2/NDF = 58.9/66. A fit result is also obtained
using an independent pull parameter for each energy bin
to allow maximum variation of the background shapes
within their uncertainties. The total systematic errors
for both sin

2
2✓13 and |�m2

ee

| remain almost unchanged.
The dominant systematic uncertainties are those of the
energy scale difference and the backgrounds as shown in
Table II. The measured value of |�m2

ee

| corresponds to
|�m2

31| = (2.64+0.24
�0.26)⇥10

�3 eV2
((2.60+0.24

�0.26)⇥10

�3 eV2)
for the normal (inverted) neutrino mass ordering, using
measured oscillation parameters of sin

2
2✓12 = 0.846 ±

0.021 and �m2
21 = (7.53 ± 0.18) ⇥ 10

�5 eV2 [15]. The
spectral-only analysis with a free normalization yields
sin

2
2✓13 = 0.066+0.042

�0.046 and |�m2
ee

| = (2.62+0.38
�0.41) ⇥

10

�3 eV2 with �2/NDF = 58.8/67.
Figure 3 shows the background-subtracted, observed

spectrum at far detector compared to the one expected
for no oscillation and the one expected for the best-fit
oscillation at the far detector. The expected spectra are
obtained by weighting the spectrum at near detector with
the oscillation or no oscillation assumptions using the
measured values of ✓13 and |�m2

ee

|. The observed spec-
trum shows a clear energy-dependent disappearance of
reactor ⌫

e

consistent with neutrino oscillations. Figure
4 shows 68.3, 95.5, and 99.7% C.L. allowed regions for
the neutrino oscillation parameters |�m2

ee

| and sin

2
2✓13.
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FIG. 3. Top: comparison of the observed IBD prompt spec-
trum in the far detector with the no-oscillation prediction ob-
tained from the measurement in the near detector. The pre-
diction from the best-fit results to oscillation is also shown.
Bottom: ratio of reactor ⌫e events measured in the far de-
tector to the no-oscillation prediction (points) and ratio from
MC with best-fit results folded in (shaded band). Errors are
statistical uncertainties only.

The results from other reactor experiments [11, 24] are
compared in the figure.

Figure 5 shows the measured survival probability of
reactor ⌫

e

as a function of an effective baseline Le↵ over
⌫
e

energy E
⌫

in the far detector, in a good agreement
with the prediction that is obtained from the observed
distribution in the near detector, for the best-fit oscil-
lation values. This result demonstrates clear Le↵/E⌫

-
dependent disappearance of reactor ⌫

e

, consistent with
the periodic feature of neutrino oscillation. Note that Le↵

is the reactor-detector distance weighted by the multiple
reactor fluxes, and E

⌫

is converted from the IBD prompt
energy. The measured survival probability is obtained
by the ratio of the observed IBD counts to the expected
counts assuming no oscillation in each bin of Le↵/E⌫

.
In summary, RENO has observed clear energy-

dependent disappearance of reactor ⌫
e

using two iden-
tical detectors, and obtains sin2 2✓13 = 0.082±0.010 and
|�m2

ee

| = (2.62+0.24
�0.26)⇥ 10

�3 eV2 based on the measured
periodic disappearance expected from neutrino oscilla-
tions. Several improvements in energy calibration and
background estimation have been made to reduce the sys-
tematic error of sin2 2✓13 from 0.019 [1] to 0.006. With
the 500 day data sample together, RENO has produced
a precise measurement of the mixing angle ✓13. It would
provide an important information on determination of
the leptonic CP phase if combined with a result of an
accelerator neutrino beam experiment [6].
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Figure 2. Left: Observed rate vs reactor flux dependent expected rate and best fit (dotted
line) using as input the background estimate and the reactor o↵ data. The dotted line is the
no-oscillation expectation. Right: The ratio of the IBD candidates visible energy distribution,
after background subtraction, to the corresponding distribution expected in the no-oscillation
hypothesis. The red points and band are for the hydrogen capture data and its systematic
uncertainty described in this publication and the blue points and band are from the Gd capture
data. Red solid line show the best fit from the R+S analysis.

with previous Double Chooz results based on neutron capture on hydrogen [10]. Note that the
spectrum distortion above 4 MeV is observed and has similar feature as previously reported [2].
Nevertheless it does not a↵ect the oscillation results.

5. Conclusions
The Double Chooz reported a new analysis based on neutron capture on hydrogen capture. This
leads to improved results [10], consistent with previous analyses. Based on 462.72 days of data,
a value of sin2 2✓13 = 0.095+0.039

�0.038 is being determined. When combined with the Gadolinium-

based analysis this leads to sin2 2✓13 = 0.088+0.033
�0.033. The near detector is now operating in data

taking mode since 2014. First results with two detectors are expected by middle of 2016. With
both detectors, the sensitivity to ✓13 is expected to improve significantly due to the cancellation
of reactor induced systematics.
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B A C K  T O  L O N G  B A S E L I N E

• New long baseline experiment 

• accelerator-based neutrino beam using new J-PARC Main Ring 

• design power of 750 kW (50 times more intense than K2K) 

• 295 km distance from J-PARC (in Tokai) to Kamioka

TokaiKamioka

J-PARC

Super Kamiokande 
“far” detector

295 km

ND280 
“near” detector



I M P R O V E M E N T

• For “forward’ pion decays, neutrino energy is ~linear with pion energy 

• Eν ~ 0.4 x Eπ 

• A neutrino beam aimed directly at a detector will have a broad energy 
spectrum that reflects the pion production spectrum 

37

D. Results

The likelihood is maximized in the ∆m2 – sin2 2θ space
and the best fit point within the physical region is found
to be at (∆m2, sin2 2θ) = (2.8 × 10−3eV2, 1.0). The val-
ues of all systematic parameters at the best fit point
are within 1σ of their estimated errors. At this point,
the expected number of events is 107.2, which agrees
well with the 112 observed within the statistical uncer-
tainty. The observed Erec

ν distribution is shown in Fig. 43
together with both the expected distributions for the
best-fit parameters, and the expectation without oscil-
lations. The consistency between the observed and the
best-fit Erec

ν distributions is checked using a Kolmogorov-
Smirnov (KS) test. For the best fit parameters, the KS
probability is 37 %, while for the null oscillation hypothe-
sis is 0.07 %. The observation agrees with the expectation
of neutrino oscillation. The highest likelihood is found at
(∆m2, sin2 2θ) = (2.6×10−3eV2, 1.2), which is outside of
the physical region. The probability that we would get
sin2 2θ ≥ 1.2 if the true parameters are at our best fit
point is 26.2%, based on the virtual MC experiments.
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FIG. 43: The reconstructed Eν distribution for the 1-ring µ-
like sample. Points with error bars are data. The solid line is
the best fit spectrum with neutrino oscillation and the dashed
line is the expectation without oscillation. These histograms
are normalized by the number of events observed (58).

The probability that the observations can be explained
equally well by the no oscillation and by the oscillation
hypotheses is estimated by computing the difference of
log-likelihood between the null oscillation case and the
best fit point with oscillation. The null oscillation prob-
ability is calculated to be 0.0015 % (4.3σ). When only
normalization (shape) information is used, the probabil-
ity is 0.06% (0.42%).

TABLE XX: Summary of the null oscillation probability.
Each row is classified by the likelihood term used, and each
column represents the data set.

K2K-I+II K2K-I only K2K-II only
Shape + Norm. 0.0015% (4.3σ) 0.18% (3.1σ) 0.56% (2.8σ)
Shape only 0.42% (2.9σ) 7.7% 5.2%
Norm. only 0.06% (3.4σ) 0.6% 2.8%

TABLE XXI: Effect of each systematic uncertainty on the
null oscillation probability. The numbers in the table are null
oscillation probabilities when only the error written in the
first column is turned on.

Norm-only Shape-only Combined

Stat. only 0.01% 0.22% 0.0001%
FD spectrum 0.01% 0.24% 0.0002%
nQE/QE, NC/CC 0.01% 0.23% 0.0002%
Far/Near 0.02% 0.23% 0.0003%
ϵ1Rµ — 0.23% 0.0002%
Energy scale — 0.38% 0.0002%
Normalization 0.03% — 0.0005%

All errors 0.06% 0.42% 0.0015%

The null oscillation probability calculated separately
for each sub-sample or each likelihood term is shown in
Tab. XX. In addition, Tab. XXI shows the effect of each
systematic uncertainty on the null oscillation probability.
The effect is tested by turning on the error source written
in the first column in the table. As shown in the table,
the dominant contributions to the probabilities for the
normalization information are from the F/N flux ratio
and the normalization error, while the energy scale is
the dominant error source for the probability with the
Erec

ν shape information consistent with the results found
using the MC test described in Sec. IXB2.

The allowed region of oscillation parameters are eval-
uated based on the difference of log-likelihood between
each point and the best fit point:

∆lnL(∆m2, sin2 2θ) ≡ ln

(

Lphys
max

L(∆m2, sin2 2θ)

)

= lnLphys
max − lnL(∆m2, sin2 2θ),

(28)

where Lphys
max is the likelihood at the best-fit point and

L(∆m2, sin2 2θ) is the likelihood at (∆m2, sin2 2θ) with
systematic parameters that maximize the likelihood at
that point.

The allowed regions in the neutrino oscillation param-
eter space, corresponding to the 68%, 90% and 99% con-
fidence levels (CL) are shown in Fig. 44. They are de-
fined as the contour lines with lnL = lnLphys

max − 1.37,
−2.58 and −4.91, respectively. These regions are derived

HARP : p+Be at 8.9 GeV/c

θπ = [30, 60, 90, 120, 150, 180, 210] mrad

pπ = [0.75 – 6.5] GeV/c

typical error on point  =  9.8%

error on integral = 4.9%

analysis includes significant improvements relative 
to Al measurement in PID and momentum 
resolution description

EPJ C 52 (2007) 29

p(8.9 GeV/c) + Be  ->  π+ + X

5% λ Be target

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

PACS numbers: 24.10.Lx,14.60.Lm

I. INTRODUCTION

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

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

e

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

2
32 via the ⌫

µ

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

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

+(�)’s are focused parallel to the proton beam
axis to produce the (anti-)neutrino beam. By position-
ing a detector at an angle relative to the focusing axis,
one will, therefore, see neutrinos with a narrow spread
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in energy. The peak energy of the neutrino beam can be
varied by changing the o↵-axis angle as illustrated in the
lower panel of Fig. 1. In the case of T2K, the o↵-axis
angle is set at 2.5� so that the neutrino beam at SK has
a peak energy at about 0.6 GeV, near the expected first
oscillation maximum (Fig. 1). This maximizes the e↵ect
of the neutrino oscillations at 295 km as well as reduces
background events. Since the energy spectrum changes
depending on the o↵-axis angle, the neutrino beam di-
rection has to be precisely monitored.
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FIG. 1: Muon neutrino survival probability at 295 km
and neutrino fluxes for di↵erent o↵-axis angles.

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

ues of sin2 2✓13 down to 0.006 and to measure the neu-
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production, from the interaction of primary beam protons in the T2K target, to the decay of hadrons
and muons that produce neutrinos. The simulation uses proton beam monitor measurements as
inputs. The modeling of hadronic interactions is re-weighted using thin target hadron production
data, including recent charged pion and kaon measurements from the NA61/SHINE experiment.
For the first T2K analyses the uncertainties on the flux prediction are evaluated to be below 15%
near the flux peak. The uncertainty on the ratio of the flux predictions at the far and near detectors
is less than 2% near the flux peak.
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I. INTRODUCTION

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

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

e

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

2
32 via the ⌫

µ

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

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

+(�)’s are focused parallel to the proton beam
axis to produce the (anti-)neutrino beam. By position-
ing a detector at an angle relative to the focusing axis,
one will, therefore, see neutrinos with a narrow spread
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in energy. The peak energy of the neutrino beam can be
varied by changing the o↵-axis angle as illustrated in the
lower panel of Fig. 1. In the case of T2K, the o↵-axis
angle is set at 2.5� so that the neutrino beam at SK has
a peak energy at about 0.6 GeV, near the expected first
oscillation maximum (Fig. 1). This maximizes the e↵ect
of the neutrino oscillations at 295 km as well as reduces
background events. Since the energy spectrum changes
depending on the o↵-axis angle, the neutrino beam di-
rection has to be precisely monitored.
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To determine the oscillation parameters, the expected
observables at the far detector are predicted based on
the flux prediction and the neutrino-nucleus interaction
model. To reduce the uncertainty of the prediction, they
are modified based on the near detector measurements.
For example, the absolute normalization uncertainty is
e�ciently canceled by normalizing with the event rate at
the near detector. Then, it is important to reduce the
uncertainty on the relation between the flux at the near
detector and that at the far detector.
The physics goals of T2K are to be sensitive to the val-

ues of sin2 2✓13 down to 0.006 and to measure the neu-
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production, from the interaction of primary beam protons in the T2K target, to the decay of hadrons
and muons that produce neutrinos. The simulation uses proton beam monitor measurements as
inputs. The modeling of hadronic interactions is re-weighted using thin target hadron production
data, including recent charged pion and kaon measurements from the NA61/SHINE experiment.
For the first T2K analyses the uncertainties on the flux prediction are evaluated to be below 15%
near the flux peak. The uncertainty on the ratio of the flux predictions at the far and near detectors
is less than 2% near the flux peak.

PACS numbers: 24.10.Lx,14.60.Lm

I. INTRODUCTION

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

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

e

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

2
32 via the ⌫

µ

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

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

+(�)’s are focused parallel to the proton beam
axis to produce the (anti-)neutrino beam. By position-
ing a detector at an angle relative to the focusing axis,
one will, therefore, see neutrinos with a narrow spread
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in energy. The peak energy of the neutrino beam can be
varied by changing the o↵-axis angle as illustrated in the
lower panel of Fig. 1. In the case of T2K, the o↵-axis
angle is set at 2.5� so that the neutrino beam at SK has
a peak energy at about 0.6 GeV, near the expected first
oscillation maximum (Fig. 1). This maximizes the e↵ect
of the neutrino oscillations at 295 km as well as reduces
background events. Since the energy spectrum changes
depending on the o↵-axis angle, the neutrino beam di-
rection has to be precisely monitored.
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To determine the oscillation parameters, the expected
observables at the far detector are predicted based on
the flux prediction and the neutrino-nucleus interaction
model. To reduce the uncertainty of the prediction, they
are modified based on the near detector measurements.
For example, the absolute normalization uncertainty is
e�ciently canceled by normalizing with the event rate at
the near detector. Then, it is important to reduce the
uncertainty on the relation between the flux at the near
detector and that at the far detector.
The physics goals of T2K are to be sensitive to the val-

ues of sin2 2✓13 down to 0.006 and to measure the neu-
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ND280: 
• off-axis detector systems comprised of 

tracking, calorimetry and muon detectors 

• 0.20 T field from UA1 magnet 

• scintillator and water targets

INGRID 
• 7x7 grid of scintillator/Fe 

neutrino detectors spanning 
beam axis 

• monitor beam direction and rate

ν
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µ

e/γ

multi ring

• Single μ/e-like ring 

• Eν by energy/direction of lepton, 2-body kinematics

�� + n� ⇥� + p

�� + (n/p)� �� + (n/p) + ⇥0

• π0 → γ + γ: ring counting, 2-ring reconstruction 
• γ misidentified as e from νe CCQE 
• powerful rejection capabilities reduce this by O(102) 

• µ/π+: ring counting, decay electron cut 
• Pure νe samples (S/B~10) obtained with high efficiency

SK MC
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Far  (L=295 km)

νµ→νe (θ23 , θ13, δCP)

νµ→νµ/τ  (2θ23, Δm2

32)

νµ, νe backgrounds

φν · σν · εFAR · Posc

φν

MC simulation of neutrino beam 
line tuned with external data + 
operational parameters

σν

NS61CH15-Gallagher ARI 17 September 2011 7:22

4.3. Experimental Results
With a known neutrino flux, having selected the QE events, assessed the efficiency of their iden-
tification, and removed backgrounds, an experiment can then obtain physics results. Such mea-
surements include a value for MA from the observed Q2 distribution of the events, the neutrino
QE interaction cross section, and differential cross sections. A comparison between modern mea-
surements of these quantities and the theory discussed in Section 3 immediately reveals several
discrepancies.

4.3.1. Low Q2. The first discrepancy is a suppression of events at low Q2 (Q2 < 0.2 GeV2)
when the events’ Q2 shape is compared with standard predictions. This effect is best illustrated
in MiniBooNE data because of their high statistics (Figure 4b), but it has also been observed
in multiple low-energy neutrino experiments (7, 8). Because neutrino oscillation experiments
typically collect a large fraction of their data at low Q2, discrepancies in this region naturally draw
much attention. An initial attempt to better describe the experimental data at low Q2 included
rescaling the amount of Pauli blocking in the impulse-approximation calculations (25). Although
naı̈ve Pauli blocking adjustments were successful, recently improved modeling of the non-QE
backgrounds, which are large in this region, also greatly improves the agreement at low Q2 (26).
Regardless of the chosen remedy, the discrepancy at low Q2 should not have been surprising, given
that at these low values of Q2, the exchanged boson probes a region significantly larger than a
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Figure 4
Quasi-elastic (QE) scattering results. (a) Measurements of the absolute νµ QE scattering cross section on carbon as a function of
neutrino energy from the MiniBooNE (26) and NOMAD (27) experiments. Also shown is a representative collection of theoretical
calculations from a recent complication (66). The theoretical curves are from References 46, 48, and 89 (spectral functions) and from
References 67 and 76 (Martini et al.). (b) An earlier measurement of the Q2 distribution of νµ QE events from the MiniBooNE
experiment (25). The dotted line indicates the contribution from non-QE backgrounds to the sample. The dashed line is the prediction
of a relativistic Fermi Gas Model (RFG) (57) with MA = 1.03 GeV as input. The solid line is the same prediction but with
MA = 1.23 GeV and an adjustment to the amount of Pauli blocking in the simulation (25). Both predictions have been relatively
normalized to the data.
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• 28 νe candidates  

• 5.0 expected in absence 
of oscillation effects 

• definitive observation of 
νμ→νe oscillations sin2 ✓23 = 0.514+0.055

�0.056

�m2
32 = (2.51± 0.51)⇥ 10�3 eV2/c4

2013

Osc. No osc.
νµ 0 . 9 1 . 4
νµ 0 . 1 0 . 1
νe/νe 3 . 3 3 . 5
νµ→νe 1 6 . 6 0 . 0
νµ→νe 0 . 2 0 . 0
Total 2 1 . 1 5 . 0expected number of νe candidates 

 for δCP = 0, sin2θ23 = 0.5, NH
28

O S C I L L AT I O N  R E S U LT S

• 120 νµ candidates observed 

• 446 expected in absence of osc. effects 

• Most precise determination of νμ disappearance



C O N S E Q U E N C E S
• Recall: 

• θ13≠0: 

• νµ oscillating to νe at the “atmospheric” scale 

• νe disappearing at the “atmospheric” scale 

• We now have full 3-flavor mixing 

• The world of neutrino oscillations is a lot more complicated and richer now.
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• CP odd phase δ can result in 

• asymmetry of oscillation probabilities P(νµ→νe) ≠ P(νµ→νe) 

• distortion of νe/νe appearance spectrum 

• θ23 (as opposed to 2θ23) dependence allows “octant” resolution if θ23≠45° 

• Mass hierarchy sensitivity through x: νe/νe enhanced in normal/inverted hierarchy
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• “normal”  hierarchy:  

• enhance νµ→νe 

• suppresses νµ→νe

• CP violating parameter δ 

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

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

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

• increase sin2θ23, sin22θ13 

• enhance both νµ→νe and νµ→νe

• “inverted”  hierarchy:  

• suppress νµ→νe 

• enhance νµ→νe

Q U I C K  S U M M A RY



• With θ13 from reactor experiment, large νe 
appearance slightly prefers: 
• Normal Hierarchy, θ23 > π/4, δCP ~ -π/2 

π / CPδ
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sin2θ13 =0.0243±0.0026 

PDG 2013
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T2K+Reactor Best Fit Point

N H I H S U M
sin2θ23≤0.5 0 . 1 7 9 0 . 0 7 8 0 . 2 5 7

sin2θ23>0.5 0 . 5 0 5 0 . 2 3 8 0 . 7 4 3

S U M 0 . 6 8 4 0 . 3 1 6 1 . 0 0 0
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NO𝜈A 

Fermilab 

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

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

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

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

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

Using  𝜈𝜇→𝜈𝜇  ,  �͞� 𝜇→�͞� 𝜇 … 

32 

� Neutrino cross sections at 
the NO𝜈A Near Detector 

� Sterile neutrinos 
� Supernova neutrinos 
� Other exotica 

Also … 

Ryan Patterson, Caltech 

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

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 11 

• Long baseline neutrino experiment from FNAL to 
Ash Hill with 810 km baseline 

• higher neutrino energy 

• larger matter effect and sensitivity to mass 
hierarchy 

• 14kt fully active scintillating tracking detector

Alex	Sousa,	University	of	Cincinna;NNN15,	Stony	Brook	-	Oct.	30,	2015 4

‣ Long	shutdown	in	2012-2013	to	prepare	for	NOvA	
operaTons	at	700	kW	beam	power	
๏ 5x1013	protons-on-target	(POT)	in	10	μs	pulse	every	1.33	s	
๏ RouTne	operaTon	at	400	kW	during	FY15	
๏ 85%	upTme	
๏ Neutrino	beam	power	World	Record:	521	kW!	
๏ 700	kW	operaTon	expected	in	Spring	2016	

Neutrino mode
Horns focus positives

94%νµ

3.6%νµ

2.1%νe + νe

NuMI	Beam	at	Fermilab

120 GeV 
p+ from MI

‣ Neutrinos	from	the	Main	
Injector	(NuMI)	beam	at	
Fermilab

Poster:	
Kuldeep	Kaur	Maan

N O v A :



• “prefer normal hierarchy” 

• “prefer δCP ~ -π/2”

First results: νμ→νe Appearance 
2.74E20 POT Equivalent

Data recorded through May 2015

• First analysis using a new detector in a new beam 
running on surface: Decided to implement two 
independent particle IDs: “LID” and “LEM” 

• These select 6 (LID) and 11 (LEM) events. All 6 
of the LID events are selected by LEM. Expected 
background is 1 event for each. These are 3.3σ 
and 5.5σ significant excesses over background. 

• LID and LEM have 62% overlap, determined from 
simulation and checked in NOvA near detector. 
The P-value for selecting the combination 
(11:6/5/0) is 7.8%. 

• Top plot shows the ND energy spectrum of e-like 
candidates. Bottom plot shows the energy 
spectrum of the 11 events. LID are in black, LEM 
in gray.

3

arXiv:1601.05022 [hep-ex]

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

N H  
δ c p= -π / 2

I H  
δ C P= +π / 2

E V E N T S

L I D 5 . 6 2 ± 0 . 7 2 2 . 2 4 ± 0 . 2 9 6

L E M 5 . 9 1 ± 0 . 5 9 2 . 3 4 ± 0 . 2 3 1 1

N O v A :  νe E V E N T S



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

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

[2014] 

[2014] 

[2015] 

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

      +2.37       
       –2.40       

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

–0.17 +0.14
 

×10-3 eV2  
[NH] 

[IH] 

+0.16
 

6.5% measurement uncertainty 
Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 37 

FD energy spectrum 

33 events selected 
in Far Detector 

(0 – 5 GeV) 

In the absence of 
oscillations, would 
expect 201 events 

  

(including 2.0 beam bkgnd 
and 1.4 cosmic bkgnd) 

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

32 

Ra
tio

 w
ith

 u
no

sc
ill

at
ed

 
(b

ck
gr

nd
 su

bt
ra

ct
ed

) 

Clear observation of 𝜈𝜇 disappearance 

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

FD energy spectrum 

33 events selected 
in Far Detector 

(0 – 5 GeV) 

Clear observation of 𝜈𝜇 disappearance 

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

𝜒2 / Ndof = 12.6 / 16 

32 

In the absence of 
oscillations, would 
expect 201 events 

  

(including 2.0 beam bkgnd 
and 1.4 cosmic bkgnd) 

Θ 2 3 :  M A X I M A L ?



• T2K, SK, and NOvA see large νμ→νe 
appearance that weakly favours NH, δCP = -π/2

π / CPδ
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First results: νμ→νe Appearance 
2.74E20 POT Equivalent

Data recorded through May 2015

arXiv:1601.05022 [hep-ex]
Submitted to Physical Review Letters 7

Fit (517 dof) c2 q13 dcp q23 Dm23 (x10-3)
SK (NH) 559.8 0.025 3.84 0.57 2.6
SK (IH) 560.7 0.025 3.84 0.57 2.5

Neutrino oscillation studies using atmospheric n

Preliminary 

SK Normal Hierarchy 

SK Inverted Hierarchy 

Offset in these curves shows the difference in the hierarchies 

q13 fixed to PDG average
uncertainty is included as a systematic error

q13 Fixed Analysis (NH+IH)  SK Only 

θ23 δCP Hierarchy

π/4 0 NH IH

-π/2 +π/2

π

NOvA

favored

favored

S U M M A RY:



• 2015 νµ disappearance analysis 

• Competitive measurement with 1 year of data. 

• νe appearance results 

• 3 events observed 

• 3.2 expected with current best-fit values (δCP~ -π/2)
46

4.0x1020 POT

F I R S T  A N T I N E U T R I N O  R E S U LT S  F R O M  T 2 K



W H AT ’ S  N E X T
• Near term: 

• Continued T2K and NOvA running to study  

• mass hierarchy, CP violation 

• whether θ23 is in fact maximal (if not its “octant”) 

• If we are lucky, we may get some indication of the situation with this current round of experiments 

• particularly if the parameters are near “maximal” values that produce the largest and unambiguous effects. 

• It is very likely, however, that a new generation of experiments are needed to definitively resolve these 
questions.



Detector upgrades 
• Super-Kamiokande 
→Hyper-Kamiokande

N / �⌫ ⇥ V ⇥ ⇢⇥ ✏⇥ �⌫

x2

13

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

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

the 3TankLD configuration benefits from a higher target mass.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Spain, and Switzerland, in addition to Japan.

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

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

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

W H AT ’ S  N E X T



• Reconfigured design as two vertical 
cylindrical tanks with staged construction 

• 74 m diameter, 60 m height 

• 258 (187) kT tot. (fid.) volume 

• Construction of 1st tank (2026) followed 
by 2nd tank several years later

A Introduction of the Hyper-Kamiokande detector 47

FIG. 19. Schematic view for the configuration of single cylindrical tank instrumented with high density

(40% photocoverage) PMTs. It is referred as 1TankHD in this report.

The Hyper-K experiment employs a ring-imaging water Cherenkov detector technique to detect

rare interactions of neutrinos and the possible spontaneous decay of protons and bound neutrons.

Table IV summarizes the key parameters of the Hyper-K detector compared with other previous

and currently operating water Cherenkov detectors. These types of detectors are located deep

underground in order to be shielded from cosmic rays and their corresponding daughter particles

and thereby to achieve a very low background environment.

The detector mass – or equivalently the underground detector cavern size or water tank size –

is one of the key detector parameters that determines the event statistics in neutrino observations

and nucleon (proton or bound neutron) decay searches. The detector water plays two roles: a

target material for incoming neutrinos and source of nucleons to decay. We need a detector mass

of at least O(102) kton. in order to accumulate O(103) electron neutrino signal events (as shown

in Table XXIX) from the J-PARC neutrino beam. This is necessary to measure the CP violation

e↵ect with a few % accuracy. This mass of water contains O(1035) nucleons (protons and nucleons)

which would give an unprecedented sensitivity to nucleon lifetime at the level of 1035 years. The

location and detailed designs of the Hyper-K cavern and tank are presented in Section II.2B, II.2 C,

and II.2 D.

The detector is filled with highly transparent purified water, as shown in Section II.2 E. A light

attenuation length above 100m can be achieved which allows us to detect a large fraction of the

• “High Density” photosensor development: 

• same photocathode area as SK (40%) 

• large improvements in detection 
efficiency

94 II.2 HYPER-KAMIOKANDE DETECTOR

Super-K PMT within the 46 cm area, the HQE B&L PMT reaches 95% in the same area and still

keeps a high e�ciency of 87% even in the full 50 cm area. This high CE was achieved by optimizing

the glass curvature and the focusing electrode, as well as the use of a box-and-line dynode. In the

Super-K Venetian blind dynode, the photoelectron sometimes misses the first dynode while the

wide first box dynode of the box-and-line accepts almost all the photoelectrons. This also helps

improving the single photoelectron (PE) charge resolution, which then improves the hit selection

e�ciency at a single PE level. By a measurement at the single PE level, we confirmed the CE

improvement by a factor of 1.4 compared with the Super-K PMT, and 1.9 in the total e�ciency

including HQE. Figure 59 shows that the CE response is quite uniform over the whole PMT surface

in spite of the asymmetric dynode structure.

A relative CE loss in case of a 100mG residual Earth magnetic field is at most 2% in the worst

direction, or negligible when the PMT is aligned to avoid this direction on the tank wall. The

reduction of geomagnetism up to 100mG can be achieved by active shielding by coils.
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各ポジションでのカウントをグラフ化（標準球のカウントを同じにした場合） 

このデータのカウント値は入射光子数が一定になる様補正してあるが、QEとCEの固体差が含まれている。
R12860とR3600では、同一光子数を入射したと仮定した場合のカウント値に歴然と差があることが分かる。 

	

	

FIG. 59. Relative single photoelectron detection e�ciency as a function of the position in the photocathode,

where a position angle is zero at the PMT center and ±90� at the edges. The dashed line is the scan along

the symmetric line of the box-and-line dynode whereas the solid line is along the perpendicular direction of

the symmetric line. The detection e�ciency represents QE, CE and cut e�ciency of the single photoelectron

at 0.25 PE. A HQE B&L PMT with a 31% QE sample shows a high detection e�ciency by a factor of two

compared with normal QE Super-K PMTs (QE = 22%, based on an average of four samples).

H Y P E R - K A M I O K A N D E



• Observation of CP violation for >76 
(57)% of δCP values at > 3 (5) σ 

• Measure δCP with up to ~7○ 
precision

A Accelerator based neutrinos 187
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FIG. 121. Fraction of �CP for which sin �CP = 0 can be excluded with more than 3 � (red) and 5 � (blue)

significance as a function of the running time. For the normal hierarchy case. The ratio of neutrino and

anti-neutrino mode is fixed to 1:3.
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7. Precise measurements of �m2
32 and sin2 ✓23

A joint fit of the ⌫µ and ⌫e samples enables us to also precisely measure sin2 ✓
23

and �m2

32

.

Figure 124 shows the 90% CL allowed regions for the true value of sin2 ✓
23

= 0.5 together with

the 90% CL contour by T2K ⌫µ disappearance measurement [22]. The expected precision of �m2

32

and sin2 ✓
23

for true sin2 ✓
23

= 0.45, 0.50, 0.55 with reactor constraint on sin2 2✓
13

is summarized in
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7. Precise measurements of �m2
32 and sin2 ✓23

A joint fit of the ⌫µ and ⌫e samples enables us to also precisely measure sin2 ✓
23

and �m2

32

.

Figure 124 shows the 90% CL allowed regions for the true value of sin2 ✓
23

= 0.5 together with

the 90% CL contour by T2K ⌫µ disappearance measurement [22]. The expected precision of �m2
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for true sin2 ✓
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= 0.45, 0.50, 0.55 with reactor constraint on sin2 2✓
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L B N F / D U N E

• Neutrino beam from 
Fermilab to Homestake 
(South Dakota) 1300 km 
away 

• 4 x10 kT Liquid Argon Time 
Projection Chambers to 
detector neutrinos

DUNE update
Mark Thomson 
on behalf of the DUNE collaboration

Fermilab PAC, 21st June 2016
30.05.16 André Rubbia | Status of DUNE

LBL oscillation measurements

15

Measure neutrino spectra at 1300 km in a wide-band beam
•  Determine MH and θ23 octant, probe CPV, test 3-flavor paradigm       
a  and search for ν NSI in a single experiment
–  Long baseline:

•  Matter effects are large ~ 40%
–  Wide-band beam:

•  Study νµ→νe (νµ→νe) and νµ→νx  (νµ→νx )  over range of energies
•  MH & CPV effects are separable  
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L A R - T P C
• Exquisite reconstruction 

of details of 
reconstruction 

• Particularly well-suited for 
neutrino interactions at a 
few GeV

30.05.16 André Rubbia | Status of DUNE

DUNE Far Detector: “bubble chamber”

9

Tia$Miceli

May 1, 2011

νWhat)do)collisions)look)like?
! Example$of$an$event$from$Fermilab’s$ArgoNeuT$LArTPC.
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FA R  D E T E C T O R  M O D U L E S

• Build the largest LAr TPCs in existence (4 x 10 kT modules)

The DUNE Far Detector

21/06/2016 Mark Thomson | Fermilab PAC

Cavern Layout at the Sanford Underground Research Facility (SURF) 
developed jointly by LBNF and DUNE

• Four chambers hosting four independent 10-kt FD modules
– Gives flexibility for staging & evolution of LAr-TPC technology design 
• Assume four identical cryostats: 15.1 (W) x 14.0 (H) x 62 (L) m3

• Assume the four 10-kt modules will be similar but not identical

6



P I N G U  A N D  O R C A

• PINGU: "in fill" of IceCube array in 
the South Pole 

• create “small region” of high 
photosensor density to reconstruct 
neutrino with energyies ~several GeV 

• use resonant matter effects of 
neutrinos passing through the core 
and mantle of the earth to resolve the 
hierarchy 

• ORCA: similar effort in the 
Mediterranean Sea
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J U N O

• If we have incredible energy resolution, we can detect a shift that arises from the mass hierarchy

P (⌫e ! ⌫e) ⇠ 1� sin2 2✓13 sin
2(1.27�m2

31L/E)� sin2 2✓12 sin
2(1.27�m2

21L/E)
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• Why are quark and lepton mixings so different? 

• is neutrino mixing “maximal”? 

• Why are neutrino masses so tiny? 

• quarks/charged leptons masses from Higgs mechanism  

• do neutrinos get mass some other way?e-
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S A K H A R O V  C O N D I T I O N S :  
• B A RY O N  N U M B E R  ( B )  V I O L AT I O N  
• V I O L AT I O N  O F  C ,  C P  S Y M M E T RY  ( C P V )  
• D E PA RT U R E  F R O M  T H E R M A L  E Q U I L I B R I U M

               1

MATTER ANTI-MATTER

MATTER

• Extremely small? 

• Extremely large? 

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

HOW DID THIS HAPPEN?

figure courtesy of H. 
Murayama

Challenge to Particle Physics

�B

N�
⇠ O(10�10)

Further exploration and elucidation of possible CPV sources is critical

T H E  M AT T E R  D O M I N AT E D  U N I V E R S E



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

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

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

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

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

0
0.9996 0.9997 0.9998 0.9999 I.OOOO

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

for events with cos0 & 0.9995.

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

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

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

139

123

775

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

Input Value Reference

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

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

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

Input Input value Predicted value

UTfit [#σ]

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

φ2 [◦] 88 ± 5 88.7 ± 3.3 [0.1σ]

φ3 [◦] 67 ± 11 69.7 ± 3.1 [0.2σ]

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

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

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

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

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

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

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

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

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

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

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

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

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

17.6.4.2 B0 → D(∗)±D(∗)∓

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

Eur. Phys. J. C (2014) 74:3026 Page 309 of 928 3026
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There is a most profound and beautiful question associated with the observed coupling constant. It is a simple number that 
has been experimentally determined to be close to 137.03597. It has been a mystery ever since it was discovered more than 
fifty years ago, and all good theoretical physicists put this number up on their wall and worry about it. Immediately you 
would like to know where this number for a coupling comes from: is it related to pi or perhaps to the base of natural 
logarithms? Nobody knows.  
It's one of the greatest damn mysteries of physics: a magic number that comes to us with no understanding by man.
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• “Prince Rupert’s drop” 

• cooled molten glass is extraordinarily strong 

• enormous stresses are pent up from the cooling process 

• explosive release of stress if any part is broken 

• Implosion of single PMT releases shockwave in water 

• induces implosion of adjacent PMTs 

• chain reaction destroys all PMTs in water

courtesy: smartereveryday

P M T  I M P L O S I O N



• “pDOM”: PMT Digital Optical Module 

• Vessel houses PMT, electronics, calibration, etc.  

• Protection from: 

• pressures at ~1 km depth, (re-)freezing process

• Ready-made solution for very deep ice/water deployment of PMTs

IceCube

ANTARES

M O D U L E S



• K2K 1KT WČ detector 

• miniature version of SK 

• 1/50th size 

• R~ 5 m, H ~ 12 m 

• same 20” PMTs with 40% coverage

• Granularity/sampling near the wall suffers 

• SK: events must be > 2 m from the wall 

• Reduces “useable” volume  

• 33 kT → 22.5 kT 

• 1kT: “useable” volume similarly defined  

• only 50 tonnes! 

• Finer granularity needed for events near the wall

G R A N U L A R I T Y



• Large demand for small (~3”) PMTs for medical imaging industry (PET, etc.) 

• Industrialization of production process 

• glass envelopes mass manufactured 

• some other assembly automated 

• Multiple vendors 

• Hamamatsu, ETEL, HZC, etc. 

• Comparable (lower?) cost/area with 20” PMT 

Photomultiplier XP53B20 
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Description 
Window material 
Photocathode 
Refr. Index at 420nm 
Multiplier structure 

Lime glass 
Bi-alkali 
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Box and Linear focused 
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Characteristics with voltage divider A Min Typ Max Unit 
Gain slope (vs supp. Volt., log/log)  6.8   
For an anode blue sensitivity of  10  A/lmF 
Supply voltage * 800 1000 1200 V 
Gain  6.25x105   
Anode dark current *  3 60 nA 
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After change of count rate 
Vs temperature between 0 and +40°C 
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For a supply voltage of : 1000V Min Typ Max Unit 
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Anode pulse: 
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Time resolution at 511 keV with LSO 
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Figure 5. Internal structure of a KM3NeTDOM.

Table 1. Main characteristics required for the 3-inch PMT

Photocathode’s diameter >72 mm
Dynodes 10
Nominal Voltage for Gain 3 ·106 900 1300 V
Gain slope 6.5 min -8.0 max
QE at 404 nm > 23 %
QE at 470 nm > 18 %
Collection efficiency > 87%
Uniformity of QE and Coll. eff. within 20%
TTS (FWHM) < 5 ns
Dark count rate (0.3 s.p.e. threshold) < 2 kHz
Pre-pulses < 1 %
Delayed pulses < 3.5 %
Early afterpulses < 2 %
Late afterpulses < 10 %

level using a clock signal broadcast from shore. Monitoring and real-time correction for the prop-
agation delays between the shore station and each single DOM will be performed using a White
Rabbit application [22]. Also calibration sensors are included inside the optical modules: light
beacons to illuminate groups of DOMs at known time, to monitor individual time offsets, piezo
sensors for acoustic positioning, a tilt meter, a compass and sensors for temperature and humid-

– 7 –

• “mPMT” concept from KM3NET: 

• incorporate 3” PMTs into “DOM” along with readout 
electronics, monitors, calibration devices, etc. 

• enhanced granularity with proven protection against 
deep sea deployment!

M E R G I N G  T H E  I D E A S


