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R E C A L L :  N E U T R I N O  E C O N O M I C S
• The ability to precisely study neutrino interactions depends heavily on statistics 

• i.e. how many neutrino interactions you observe

N(να→νβ) = φ x σ x V x n x ε x P(να→νβ)

• N = number of neutrino interactions 

• φ =  flux of neutrinos (neutrinos/cm2) 

• σ = neutrino interaction cross section on target (e.g. electron, nucleon, nucleus) 

• V = volume of detector (cm3) 

• n = number of density of targets 

• ε = detection efficiency

Lecture 1: how do we produce large 
number of neutrinos with accelerators

Thanks, Minerba!

Thanks, David!
Lecture 2: How do we make massive detectors 
that can efficiently detect neutrino interactions

neutrino  
oscillations
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L E C T U R E  3 :   
L O N G - B A S E L I N E  E X P E R I M E N T S
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“ L O N G - B A S E L I N E ”  E X P E R I M E N T S

• Accelerator-based neutrino beams have been sent to 
detectors hundreds of km away on three continents

K2K (KEK to Kamioka): 250 km

T2K (Tokai to Kamioka): 295 km

MINOS: FNAL to Soudan (732 km) 
NOvA: FNAL to Ash River (812 km)

OPERA: CERN to Gran Sasso (732 km)
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R E C A L L :

!5
• Can we study this with an accelerator-based neutrino beam?



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
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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)

⇥

• Challenges 

• Making an intense enough neutrino beam for a 
detector 250 km away 

• Alignment of the neutrino beam 

• Timing between near and far detector 



F E AT U R E 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 

• 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: 158±9  

• 58 single ring muon events used for spectrum analysis 

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

!8
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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

!9



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.

!10
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• 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 ντ 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
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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 

• UPDATE: Final results with 10 observed events  
• 2 background events expected, 6.1 σ significance
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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.



N E U T R I N O  O S C I L L AT I O N S  C .  2 0 1 0
Established 

• νµ disappearance due to neutrino oscillations in both atmospheric and accelerator neutrinos 

• large, possibly maximal: θ23 ~π/4  

• mass splitting of Δm2 ~ 2.5 x 10-3 eV2 

• These νµ are transitioning primarily to ντ 
•  no νe excess in atmospheric data (or accelerator) where we observe νµ deficit 

• explicit observation of ντ appearance in SK and OPERA 

• Next question for accelerator-based neutrinos 

• do some of these νµ oscillate to νe? 

• this would be evidence for θ13 ≠ 0
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F R O M  B O R I S
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29

cij º cos qij
sij º sin qij

The leptonic mixing matrix U is —
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Majorana phases
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S A N I T Y  C H E C K
• Can P(νµ→ νe)≠0 if θ13 =0 

• How can we determine if θ13 ≠ 0

!16



T H E  T 2 K  E X P E R I M E N T
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T O K A I - T O - K A M I O K A

• 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

!18



O F F - A X I S  B E A M  C O N C E P T
• Tune neutrino energy 

spectrum by pointing the 
beam away from your 
detector 

• Also reduce “feeddown” 
backgrounds from higher 
energy

3

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

PACS numbers: 24.10.Lx,14.60.Lm

I. INTRODUCTION

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

T2K (Tokai-to-Kamioka) [5][6] is a long-baseline neu-
trino oscillation experiment that uses an intense muon
neutrino beam to measure the mixing angle ✓13 via the
⌫e appearance [7] and the mixing angle ✓23 and mass dif-
ference �m2

32
via the ⌫µ disappearance [8]. The muon

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

The T2K experiment employs the o↵-axis method [10]
to generate a narrow-band neutrino beam and this is the
first time this technique has been used in a search for neu-
trino oscillations. The method utilizes the fact that the
energy of a neutrino emitted in the two-body pion (kaon)
decay, the dominant mode for the neutrino production,
at an angle relative to the parent meson direction is only
weakly dependent on the momentum of the parent. The
parent ⇡+(�)’s are focused parallel to the proton beam
axis to produce the (anti-)neutrino beam. By position-
ing a detector at an angle relative to the focusing axis,
one will, therefore, see neutrinos with a narrow spread

⇤ also at J-PARC Center
† also at Institute of Particle Physics, Canada
‡ also at JINR, Dubna, Russia
§ deceased
¶ also at BMCC/CUNY, New York, New York, U.S.A.

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

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

ues of sin2 2✓13 down to 0.006 and to measure the neu-

Off-Axis Beam Concept

• Tune angle to maximize flux at 
oscillation maximum

• Reduce high energy neutrinos (GeV/c)
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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 �m2

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-

15Sunday, January 19, 14

Off-Axis Beam Concept

• Tune angle to maximize flux at 
oscillation maximum

• Reduce high energy neutrinos (GeV/c)
π

p
0 1 2 3 4 5 6 7 8 9 10

 (d
eg

)
θ

0

0.5

1

1.5

2

2.5

3

3.5

4
 (G

eV
)

νE

0

0.5

1

1.5

2

2.5

3

3.5

4

 (GeV/c)
π

p
0 1 2 3 4 5 6 7 8 9 10

 (d
eg

)
θ

0

0.5

1

1.5

2

2.5

3

3.5

4
 (G

eV
)

νE

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ve
rti

ca
l a

xi
s 

re
sc

al
ed

 0
-1

 G
eV

p(30GeV) + C� ⇥+ + X
⇤� �µ + µ+

2.0° off-axis

• Neutrinos from π+ decay have a wide 
energy spectrum

• “right” energy is 600 MeV@295 km

• kinematics can be used to “focus” 
neutrinos to right energy

3

production, from the interaction of primary beam protons in the T2K target, to the decay of hadrons
and muons that produce neutrinos. The simulation uses proton beam monitor measurements as
inputs. The modeling of hadronic interactions is re-weighted using thin target hadron production
data, including recent charged pion and kaon measurements from the NA61/SHINE experiment.
For the first T2K analyses the uncertainties on the flux prediction are evaluated to be below 15%
near the flux peak. The uncertainty on the ratio of the flux predictions at the far and near detectors
is less than 2% near the flux peak.
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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 �m2

32
via the ⌫µ disappearance [8]. The muon

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

The T2K experiment employs the o↵-axis method [10]
to generate a narrow-band neutrino beam and this is the
first time this technique has been used in a search for neu-
trino oscillations. The method utilizes the fact that the
energy of a neutrino emitted in the two-body pion (kaon)
decay, the dominant mode for the neutrino production,
at an angle relative to the parent meson direction is only
weakly dependent on the momentum of the parent. The
parent ⇡+(�)’s are focused parallel to the proton beam
axis to produce the (anti-)neutrino beam. By position-
ing a detector at an angle relative to the focusing axis,
one will, therefore, see neutrinos with a narrow spread

⇤ also at J-PARC Center
† also at Institute of Particle Physics, Canada
‡ also at JINR, Dubna, Russia
§ deceased
¶ also at BMCC/CUNY, New York, New York, U.S.A.

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

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

ues of sin2 2✓13 down to 0.006 and to measure the neu-
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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

ν

N E A R  D E T E C T O R S
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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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O B S E R VAT I O N  O F  ν e  A P P E A R A N C E

νe events observed at SK in T2K νµ beam 

• 2011: 1.4 x 1020 protons-on-target  

• 6 events on background of 1.5 events (2.5 s) 

• 2013: 6.6 x 1020 protons-on-target 

•  28 events on background of 5.0 events
!22



R E A C T O R  E X P E R I M E N T S

• 2012: Daya Bay and RENO definitively observed disappearance of reactor νe on a baseline of ~1 km 

• Patrick will discuss this in detail 

• reactor measurements allow determination of θ13 free of other oscillation parameters 

• precision on both θ13 and Δm2 have increased steadily, and are among the most precisely measured parameters

6

uncertainties were not included in the analysis; the absolute
normalization ε was determined from the fit to the data. The
best-fit value is

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/4. All best estimates of pull parameters
are within its one standard deviation based on the correspond-
ing systematic uncertainties. The no-oscillation hypothesis is
excluded at 5.2 standard deviations.

The accidental backgrounds were uncorrelated while the
Am-C and (alpha,n) backgrounds were correlated among
ADs. The fast-neutron and 9Li/8He backgrounds were site-
wide correlated. In the worst case where they were correlated
in the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic un-
certainty increased by 0.001.

Fig. 4 shows the measured numbers of events in each de-
tector, relative to those expected assuming no oscillation. The
6.0% rate deficit is obvious for EH3 in comparison with the
other EHs, providing clear evidence of a non-zero θ13. The
oscillation survival probability at the best-fit values is given
by the smooth curve. The χ2 versus sin22θ13 is shown in the
inset.
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FIG. 4. Ratio of measured versus expected signal in each detector,
assuming no oscillation. The error bar is the uncorrelated uncertainty
of each AD, including statistical, detector-related, and background-
related uncertainties. The expected signal is corrected with the best-
fit normalization parameter. Reactor and survey data were used to
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The observed νe spectrum in the far hall is compared to
a prediction based on the near hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence of
neutrino oscillation. The ratio of the spectra is consistent with
the best-fit oscillation solution of sin2 2θ13 = 0.092 obtained
from the rate-only analysis [31].
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In summary, with a 43,000 ton-GWth-day livetime expo-
sure, 10,416 reactor antineutrinos were observed at the far
hall. Comparing with the prediction based on the near-hall
measurements, a deficit of 6.0% was found. A rate-only anal-
ysis yielded sin2 2θ13 = 0.092± 0.016(stat) ± 0.005(syst).
The neutrino mixing angle θ13 is non-zero with a significance
of 5.2 standard deviations.
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uncertainties were not included in the analysis; the absolute
normalization ε was determined from the fit to the data. The
best-fit value is

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/4. All best estimates of pull parameters
are within its one standard deviation based on the correspond-
ing systematic uncertainties. The no-oscillation hypothesis is
excluded at 5.2 standard deviations.

The accidental backgrounds were uncorrelated while the
Am-C and (alpha,n) backgrounds were correlated among
ADs. The fast-neutron and 9Li/8He backgrounds were site-
wide correlated. In the worst case where they were correlated
in the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic un-
certainty increased by 0.001.

Fig. 4 shows the measured numbers of events in each de-
tector, relative to those expected assuming no oscillation. The
6.0% rate deficit is obvious for EH3 in comparison with the
other EHs, providing clear evidence of a non-zero θ13. The
oscillation survival probability at the best-fit values is given
by the smooth curve. The χ2 versus sin22θ13 is shown in the
inset.
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The observed νe spectrum in the far hall is compared to
a prediction based on the near hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence of
neutrino oscillation. The ratio of the spectra is consistent with
the best-fit oscillation solution of sin2 2θ13 = 0.092 obtained
from the rate-only analysis [31].
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In summary, with a 43,000 ton-GWth-day livetime expo-
sure, 10,416 reactor antineutrinos were observed at the far
hall. Comparing with the prediction based on the near-hall
measurements, a deficit of 6.0% was found. A rate-only anal-
ysis yielded sin2 2θ13 = 0.092± 0.016(stat) ± 0.005(syst).
The neutrino mixing angle θ13 is non-zero with a significance
of 5.2 standard deviations.
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Gd-loaded liquid scintillator, and a 229 day exposure to
six reactors with total thermal energy 16.5 GWth. In the
far detector, a clear deficit of 8.0% is found by compar-
ing a total of 17102 observed events with an expectation
based on the near detector measurement assuming no os-
cillation. From this deficit, a rate-only analysis obtains
sin2 2θ13 = 0.113 ± 0.013(stat.) ± 0.019(syst.). The neu-
trino mixing angle θ13 is measured with a significance of
4.9 standard deviation.
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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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A S I D E :

• Good news! νµ→νe oscillation is sensitive to many neutrino oscillation parameters 

• including CP violation and mass ordering 

• Bad news! νµ→νe oscillation is sensitive to many neutrino oscillation parameters 

• needs a joint analysis of 

• νµ disappearance channels (sin2 2θ23, Δm2) 

• neutrino and antineutrino oscillation modes (sin2 θ23, sin θ13, δCP, mass ordering) 

• θ13 measured from reactors
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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
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Far  (L=295 km)

νµ→νe (θ23 , θ13, δCP)

νµ→νµ/τ  (2θ23, Δm232)

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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Neutrino cross section and interaction 
model tuned to external measurements

εFAR

Detector simulation to 
determine efficiencies/
backgrounds

Near detectors observe the neutrinos prior to oscillations 

φν · σν · εNEAR
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A N A LY S I S  S T R AT E G Y
current analysis with 14.7 x 1020 POT ν-mode 

                    7.6 x 1020 POT ν-mode



N E A R  D E T E C T O R  D ATA
• Parameters govern the neutrino flux and cross section predictions 

• some of the relate to parameters within a model 

• e.g. parameters associated with form factors or nuclear model 

• some are “ad hoc” 

• flux of a particular neutrino at a particular energy 

• normalization of a particular neutrino interaction process 

• Parameters have “input” uncertainties from a priori knowledge 

• some parameters have covariance 

• neutrino interaction/flux parameters typically do not have correlations 

• Through the detector simulation, we predict what we should see 
in the near detector 

• parameters are adjusted to give a new “best fit” to the parameters 
and an updated covariance

prefit

postfit

!39



I M PA C T  O N  PA R A M E T E R S

• Flux parameters generally have improved constraint 

• Key “CCQE” parameters are fit with no constraints 

• Additional ad hoc uncertainties where we consider the model 
variations to be insufficient to capture uncertainty

Eν (GeV)

!40



C O R R E L AT I O N  M AT R I X

• Correlations introduced between flux and cross section parameters 

• Generally anticorrelations → reduces variation in observed neutrino interactions

𝜙ν
σν

!41



T 2 K  S E L E C T I O N  S C H E M E  ( S I M P L I F I E D )

!42

1 ring e-like



T 2 K  S E L E C T I O N  S C H E M E  ( C O N T I N U E D )

!43

Decay Electrons 
• ν-mode 

• Separate 0 and 1 decay electron 
(π+ → μ+→e+ ) 

•  ν-mode 
• only 0 decay electron

⌫` + n ! `+ p

• Five samples: 

• ν-mode 
• 1Rμ (0,1 decay electron) 

• 1Re 0 decay electron 

• 1Re 1 decay electron 

• ν-mode 
• 1Rμ (0,1 decay electron) 

• 1Re 0 decay electronAdditional π0 rejection 
• compare 2 ring to 1 ring assumption 
• invariant mass of γ γ

⌫` + p ! `+ p+ ⇡+
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T 2 K  ν µ  E V E N T S

• 1Rμ (νµ / νµ candidates) observed in the SK detector

!44
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T 2 K  ν e  E V E N T S

• 1Re (νe, νe) events observed in SK detector 

• 0 decay electron: targeting CCQE interactions 

• 1 decay electron: targeting CC1π+ events where π+ is below Cherenkov threshold 
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E V E N T  R AT E S

• νµ candidate prefer maximal disappearance 

• sin2θ23 ~0.5 

• νe candidates favor large appearance in νµ→νe 

• normal hierarchy, δCP ~-π/2 (+3π/2)

-π / 2 0 +π / 2 π O B S

ν mode
1Re 0 d.e. 7 3 . 5 6 1 . 4 4 9 . 9 6 1 . 9 7 4
1Re 1 d.e. 6 . 9 6 . 0 4 . 9 5 . 8 1 5

ν mode 1Re 0 d.e. 7 . 9 9 . 0 1 0 . 0 8 . 9 7
ν mode 1Rμ 2 6 7 . 8 2 6 7 . 4 2 6 7 . 7 2 6 8 . 2 2 4 0
ν mode 1Rμ 6 3 . 1 6 2 . 9 6 3 . 1 6 3 . 1 6 8
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C O N T O U R S
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T 2 K  B AY E S I A N  A N A LY S I S

• Posterior probabilities  based on Markov chain Monte Carlo 

• δCP: two priors: 

• flat in δCP 

• flat in sin δCP (amplitude of CP asymmetry) 

• Weak preference for normal hierarchy, upper octant (sin2θ23 >0.5)
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T H E  N O VA  E X P E R I M E N T

!49



NO𝜈A 

Fermilab 

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

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

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

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

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

Using  𝜈𝜇→𝜈𝜇  ,  𝜈͞ 𝜇→𝜈͞ 𝜇 … 

32 

� Neutrino cross sections at 
the NO𝜈A Near Detector 

� Sterile neutrinos 
� Supernova neutrinos 
� Other exotica 

Also … 

Ryan Patterson, Caltech 

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

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

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

• higher neutrino energy 

• larger matter effect, 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 :
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C O S M I C  B A C K G R O U N D

• Unlike Super-Kamiokande, the NOvA far detector is near the surface 

• large flux of cosmic rays passing through the detector 

• rejection of O(107-8) is needed to bring reduce this background to manage level 

• a large part is achieved by the beam timing, but additional analysis is needed to achieve this 

• Results with 8.85 x 1020 protons-on-target in neutrino mode 

• results with antineutrino mode data expected next week!
!51

550 𝜇s exposure of the Far Detector 

Ryan Patterson Accelerator Neutrinos @ INSS 2017 7 

Time-zoom on 10 𝜇s interval during NuMI beam pulse 

Ryan Patterson Accelerator Neutrinos @ INSS 2017 8 



C O N V O L U T I O N A L  N E U R A L  N E T W O R K

• Applications of modern visual recognition techniques: 

• convolution filter/kernel performs basic feature-finding functions 

• subsequent convolution layers can identify hierarchy of features 

• fully connected layers can then combine output generically to 
produce output.

!52

Deep Learning Inspired PID: νe & νμ Selection
20 A. Radovic, JETP January 2018

“A Convolutional Neural Network Neutrino Event Classifier” 
A. Aurisano, A. Radovic, and D. Rocco et al 
Journal of Instrumentation, Volume 11, September 2016

Previously only used for 
our νe analysis, now our 
νμ analysis also features 
the same event selection 
technique based on 
ideas from computer 
vision and deep 
learning. 

Additionally now used to 
reclaim a new class of 
previously rejected νe 
events. 

Deep Learning Inspired PID: νe & νμ Selection
21 A. Radovic, JETP January 2018

“A Convolutional Neural Network Neutrino Event Classifier” 
A. Aurisano, A. Radovic, and D. Rocco et al 
Journal of Instrumentation, Volume 11, September 2016

Previously only used for 
our νe analysis, now our 
νμ analysis also features 
the same event selection 
technique based on 
ideas from computer 
vision and deep 
learning. 

Additionally now used to 
reclaim a new class of 
previously rejected νe 
events. 

image

∗

∗
filter 2

output 1

output 2

Input first convolution layer



ν µ  I N T E R A C T I O N S

• Events are separated based on expected Eν resolution 

• Eν= f(Eµ, Ehad) 

• energy in the muon vs. hadron system

!53
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All Quantiles

νμ FD Selected Sample
45 A. Radovic, JETP January 2018

In the absence of oscillations we expect 763 events.126 were 
observed. 
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best resolution

νμ FD Selected Sample
46 A. Radovic, JETP January 2018
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best resolution

νμ FD Selected Sample
46 A. Radovic, JETP January 2018
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Quantile 3
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Quantile 1
best resolution

νμ FD Selected Sample
46 A. Radovic, JETP January 2018
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Θ 2 3  A N D  Δm 2 R E S U LT
• Previous results with 6.05x1020 protons-on-

target strongly disfavored non-maximal mixing 

• New analysis includes: 

• improvements in detector modelling 

• improvements in neutrino interaction 
modelling (MEC/2p2h) 

• additional data

!54

νμ Result
49 A. Radovic, JETP January 2018

• Full joint fit with appearance analysis. Feldman Cousins corrections in 2D & 1D limits.  
• All systematics, oscillation pull terms shared. 
• Constrain θ13 using world 

average from PDG, sin22θ13 
= 0.082

Best fit:
Δm232 = 
2.444+0.079-0.077 x 10-3 eV2

UO preferred at 0.2σ
sin2θ23 = 
UO: 0.558+0.041-0.033
LO: 0.475+0.036-0.044
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 Analysis, PRL.118.151802µν Atmospheric Mixing and World Constraints
54 A. Radovic, JETP January 2018

•Consistent with world expectation. 
•Competitive measurement             
of Δm232.
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Joint analysis

Best fit:
Δm232 = 
2.444+0.079-0.077 x 10-3 eV2

UO preferred at 0.2σ
sin2θ23 = 
UO: 0.558+0.041-0.033
LO: 0.475+0.036-0.044



ν e  S E L E C T I O N
• CVN-based selection 

• Power checks based on 
functionally identical near 
detector

!55

Muon Removed Electron Added Sample
68 A. Radovic, JETP January 2018

Excellent data/MC agreement in MRE sample. Efficiency 
difference <2%:

νe ND Selected Sample
64 A. Radovic, JETP January 2018
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•Signal prediction from the ND selected νμ spectra used in disappearance analysis. 
•Background prediction from ND selected νe data, data driven breakdown of the 
sample in order to extrapolate each component separately. 

•Final background correction: beam νe up by 1%, NC up by 20%, νμ CC up by 10%.

Muon Removed Electron Added Sample
65 A. Radovic, JETP January 2018
How to check 
our 
performance on 
our signal 
sample using 
the Near 
Detector?  

Try faking 
appeared 
electron 
neutrinos by 
creating hybrid 
data/simulation 
events.

Muon Removed Electron Added Sample
67 A. Radovic, JETP January 2018
How to check 
our 
performance on 
our signal 
sample using 
the Near 
Detector?  

Try faking 
appeared 
electron 
neutrinos by 
creating hybrid 
data/simulation 
events.

• Largest modelling uncertainty comes from hadronic system 

• clip muon from νµ CC interaction in data and MC 

• replace with an MC electron and reanalyze . . .



ν e  C A N D I D AT E S  I N  FA R  D E T E C T O R

• νe candidates are binned according to the particle 
identification variable 

• orthogonal sample rejected by cosmic samples 
also included (“peripheral) 

• 66 candidates observed
!56

νe FD Selected Sample
71 A. Radovic, JETP January 2018

Observe 66 events in FD. Background Expectation 20.5±2.5.
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νe FD Predicted Sample
70 A. Radovic, JETP January 2018
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Signal events 
(±9% systematic uncertainty): 

Background by component  
(±10% systematic uncertainty):

•Extrapolate each 
component in bins of 
energy and CVN output. 

•Expected event counts 
depend on oscillation 
parameters. 



C O N T O U R S
• As expected: 

• inverted hierarchy broadly disfavored 

• only δCP ~ 3π/2 allowed at 2 σ level 

• in normal hierarchy, δCP around π/2 disfavored 2 σ level

Joint Best Fits
72 A. Radovic, JETP January 2018

• Full joint fit with disappearance analysis. Feldman Cousins corrections in 2D & 1D limits. 
• All systematics, oscillation pull terms shared. 
• Constrain θ13 using world average from PDG, sin22θ13 = 0.082
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With constraint on 
θ13 from reactors

Joint Best Fits
73 A. Radovic, JETP January 2018

IH at δcp = π/2 
disfavored at greater 

than 3σ.

Approaching IH 
rejection at 2σ.
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“ B I P R O B A B I L I T Y ”  P L O T S

• We may be in a “favorable” situation where CP violation and 
matter effects are constructively contributing 

• Maybe not . . . . 
!58
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C H A L L E N G E S  M O V I N G  F O R WA R D
• Current analyses are still limited by statistical 

uncertainties 

• However, we hope to accumulate much more 
data in the near future 

• T2K: ~3 x 1021 POT→ 7.8 x 1021 POT → 20 x 1021 POT 

• NOvA: ~9 x 1020 POT→ 36 x 1020 POT 

• Systematics are difficult! 

• neutrino interaction modelling issue that we have 
been discussing 

• detector modelling 

• etc . . .  

• Will require lots of hard work to reduce further

!59

1  R I N G  μ 1  R I N G  e

SOURCE ν mode ν mode ν mode ν mode ν mode 
1 d.e.

ν/ν

SK DETECTOR 1 . 9 1 . 5 3 . 0 4 . 2 1 6 . 7 1 . 6

SK FSI, HAD. 2 . 2 2 . 0 3 . 0 2 . 3 1 1 . 4 3 . 7

ND CONSTR.  Φ, σ 3 . 2 2 . 7 3 . 2 2 . 9 4 . 1 2 . 4

σ(νe)/σ(νμ), σ(νe)/σ(νμ) 2 . 6 1 . 5 2 . 6 3 . 1

NC 1γ 1 . 1 2 . 6 0 . 3 1 . 2

NC OTHER 0 . 3 0 . 3 0 . 1 0 . 3 1 . 0 0 . 1

TOTAL 4 . 4 3 . 8 6 . 1 6 . 5 2 0 . 9 4 . 8

current T2K systematics



M U LT I N U C L E O N  M O D E L I N G  E R R O R
• The 2p-2h processes produce events with lower reconstructed energy 

• Energy mis-reconstruction largest in processes involving coupling to a Δ resonance 

• Model the energy reconstruction error: allow strength of the 2p-2h cross-section to 
vary between all Δ-enhanced and all not-Δ-enhanced 

• Also allow normalization for 2p-2h to vary separately for neutrinos and antineutrinos

!60

21st International Conference on Few-Body Problems in Physics
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Figure 3. Electromagnetic transverse response functions of 4He at q = 500 MeV. Experimental data are from
Ref. [23].

imaginary-time region we have considered, with the implication that excess transverse strength is
generated by two-body currents not only at energies larger than the one corresponding to the quasi-
elastic peak, but also in the quasi-elastic and threshold regions. The full predictions for the transverse
Euclidean response functions is in excellent agreement with the experimental data.

The inversion of a Laplace transform subject to statistical Monte Carlo errors, needed to retrieve
the energy dependence of the responses, is long known to involve severe difficulties. However, there
are techniques developed in condensed matter theory and other contexts, that seem to have success-
fully overcome the inherent ill-posed nature of the problem. One of these is known as the maximum
entropy technique [21, 22]; we have recently used it to perform stable inversions of the 4He electro-
magnetic Euclidean response.

The 4He electromagnetic transverse response function (at q = 500 MeV), obtained from inversion
of the corresponding Euclidean response is shown in figure 3. The inversions are, to a very large
degree, insensitive to the choice of default model response [18] needed by the maximum entropy
method. Results obtained with one-body only (dashed line) and (one+two)-body (solid line) currents
are compared with an analysis of the experimental world data [23] (empty circles). There is excellent
agreement between the full theory and experiment. Two-body currents significantly enhance the trans-
verse response function, not only in the dip region, but also in the quasi-elastic peak and threshold
regions, providing the missing strength that is needed to reproduce the experimental results.

4 Relativistic regime

The dynamical model discussed in section 3 can be also employed to describe the nuclear response
in the kinematical region of large momentum transfer, in which relativistic effects play a major role.
In this regime, the final state includes at least one particle carrying a large momentum ∼ q, and fully
relativistic expressions need to be retained for the transition currents.

The impulse approximation (IA) scheme and the spectral function formalism allow one to cir-
cumvent the difficulties associated with the relativistic treatment of the nuclear final state and current
operator, while at the same time preserving essential features (such as correlations) inherent to the re-
alistic description of nuclear dynamics described in the previous section. The IA scheme is based on
the fact that in the kinematical region of large momentum transfer, in which |q|−1 ≪ d, with d being
the average nucleon-nucleon separation distance in the target, the nuclear scattering can be reason-



W H AT ’ S  " A R O U N D  T H E  C O R E N R ”

• If we believe the 3 flavour model and current preferred values, current significance is a statistical fluctuation 

• we would expect to “converge” back to expected significance 

•  systematic errors will significantly impact results if not improved.

!61

The Future
75 A. Radovic, JETP January 2018
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Figure 3: Sensitivity to CP violation as a function of POT with a 50% improvement
in the e↵ective statistics, assuming the true MH is the normal MH and the true value
of �CP = �⇡/2. The plot on the left compares di↵erent true values of sin2 ✓23, while
that on the right compares di↵erent assumptions for the T2K-II systematic errors with
sin2 ✓23 = 0.50.

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

Figure 4: Expected 90% C.L. sensitivity to �m2
32 and sin2 ✓23 with the 2016 systematic

error. The current POT corresponds to 6.9⇥1020 POT ⌫- + 4.0⇥1020 POT ⌫̄-mode. For
the ultimate T2K-II exposure of 20 ⇥ 1021 POT, a 50% increase in e↵ective statistics is
assumed.
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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

!63



• 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。 
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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
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N E U T R I N O  O S C I L L AT I O N S  AT  H Y P E R - K

• Very high statistics due to enormous volume 

• Like T2K, limited intrinsic sensitivity to mass ordering 

• sensitivity from atmospheric data 

• Precision of ~7 degrees possible for δCP ~0, π 

• precision is significantly worse at δCP =±π/2

!65

δ C P T O TA L
S I G N A L  
ν μ→ν e

S I G N A L  
ν μ→ν e

B E A M  ν e
B E A M  
ν μ

N C

ν  M O D E 0 2 8 8 0 2 3 0 0 2 1 3 6 2 1 0 1 8 8
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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
32

and sin2 ✓23 for true sin2 ✓23 = 0.45, 0.50, 0.55 with reactor constraint on sin2 2✓13 is summarized in



D U N E / L B N F

• MW on-axis beam from FNAL to SURF (1300 km) 

• Higher energy: strong matter effects  

• very powerful capability to  resolve mass ordering  

• Complementarity to Hyper-K from both underlying 
neutrino physics and LArTPC detector technology 

!66

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–11

resolved [14]; hence DUNE, with a baseline of ≥1300 km, will be able to unambiguously determine
the neutrino mass hierarchy and measure the value of ”CP.

The electron neutrino appearance probability, P (‹µ æ ‹e), is shown in Figure 3.1 at a baseline of
1300 km as a function of neutrino energy for several values of ”CP. As this figure illustrates, the
value of ”CP a�ects both the amplitude and frequency of the oscillation. The di�erence in proba-
bility amplitude for di�erent values of ”CP is larger at higher oscillation nodes, which correspond to
energies less than 1.5 GeV. Therefore, a broadband experiment, capable of measuring not only the
rate of ‹e appearance but of mapping out the spectrum of observed oscillations down to energies
of at least 500 MeV, is desirable. Since there are terms proportional to sin ”CP in Equation 3.6,
changes to the value of ”CP induce opposite changes to ‹e and ‹̄e appearance probabilities, so a
beam that is capable of operating in neutrino mode (forward horn current) and antineutrino mode
(reverse horn current) is also a critical component of the experiment.
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Figure 3.1: The appearance probability at a baseline of 1300 km, as a function of neutrino energy, for
”CP = ≠fi/2 (blue), 0 (red), and fi/2 (green), for neutrinos (left) and antineutrinos (right), for normal
hierarchy. The black line indicates the oscillation probability if ◊13 were equal to zero.

The experimental sensitivities presented here are estimated using GLoBES[15, 16]. GLoBES takes
neutrino beam fluxes, cross sections, and detector-response parameterization as inputs. This doc-
ument presents a range of possible physics sensitivities depending on the design of the neutrino
beam, including the proton beam energy and power used. The beam power as a function of proton
beam energy from the PIP-II upgrades and the number of protons-on-target per year assumed in
the sensitivities are shown in Table 3.1. These numbers assume a combined uptime and e�ciency
of the FNAL accelerator complex and the LBNF beamline of 56%.

A conservative estimate of sensitivity is calculated using neutrino fluxes produced from a detailed
GEANT4 beamline simulation that is based on the reference design of the beamline as presented in
Volume 3: The Long-Baseline Neutrino Facility for DUNE. Neutrino fluxes from a simulation based
on an optimized beam design are used to show the goal sensitivity. There is a range of design options
that produce sensitivities in between the sensitivity of the reference beam design and the optimized
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FA R  D E T E C T O R  M O D U L E S

• Towards the largest LAr TPCs in existence (4 x 17 kT modules)

!67

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
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Figure 3.5: ‹e and ‹̄e appearance spectra: Reconstructed energy distribution of selected ‹e CC-like
events assuming a 150 kt · MW · year exposure in the neutrino-beam mode (left) and antineutrino-
beam mode (right), for a total 300 kt · MW · year exposure. The plots assume normal mass hierarchy
and ”CP = 0. The spectra are shown for both the CDR reference beam design and the optimized beam
design as described in Section 3.9.1.
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Figure 3.6: ‹µ and ‹̄µ disappearance spectra: Reconstructed energy distribution of selected ‹µ CC-like
events assuming a 150 kt · MW · year exposure in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total 300 kt · MW · year exposure. The plots assume normal mass hierarchy and
”CP = 0. The spectra are shown for both the CDR reference beam design and the optimized beam
design as described in Section 3.9.1.
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are required to measure ”CP with a resolution of 10¶ for the CDR reference beam design and the
optimized beam design, respectively, for a true value ”CP = 0.
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Figure 3.20: The resolution of a measurement of ”CP as a function of exposure assuming normal MH.
The resolution is shown for a CP-conserving value (”CP = 0) and the value that gives the maximum
CP violation for normal MH (”CP = 90¶). The shaded region represents the range in sensitivity due to
potential variations in the beam design.

The rich oscillation structure that can be observed by DUNE and the excellent particle identifi-
cation capability of the detector will enable precision measurement in a single experiment of all
the mixing parameters governing ‹1-‹3 and ‹2-‹3 mixing. Theoretical models probing quark-lepton
universality predict specific values of the mixing angles and the relations between them. The mix-
ing angle ◊13 is expected to be measured accurately in reactor experiments by the end of the decade
with a precision that will be limited by systematics. The combined statistical and systematic un-
certainty on the value of sin2 2◊23 from the Daya Bay reactor neutrino experiment, which has the
lowest systematics, is currently ≥ 6% (sin2 2◊13 = 0.084 ± 0.005), with a projected uncertainty of
≥3% by 2017 [25]. While the constraint on ◊13 from the reactor experiments will be important
in the early stages of DUNE for determining CP violation, measuring ”CP and determining the
◊23 octant, DUNE itself will eventually be able to measure ◊13 independently with a similar pre-
cision to that expected from the reactor experiments. Whereas the reactor experiments measure
◊13 using ‹̄e disappearance, DUNE will measure it through ‹e and ‹̄e appearance, thus providing
an independent constraint on the three-flavor mixing matrix. Figure 3.21 shows the resolution of
sin2 2◊13 as a function of exposure, assuming the true value is sin2 2◊13 = 0.085 from the current
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Figure 3.15: The variation in the CP sensitivity due to di�erent values of ◊23 within the allowed range.
In this figure, the nominal value of sin2

◊23 = 0.45 provides a significance of at least 3‡ for 75% of ”CP
values. (See Figure 3.14 for the possible range of exposures to achieve this level of significance.) The
significance decreases for all values of ”CP as sin2

◊23 gets larger.
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S E C O N D  O S C I L L AT I O N  M A X I M U M

• We can expect a strong enhancement in CP violation effects at the second oscillation maximum.

!70

Two waves of different frequencies, 

and their CP interference.

(—) (—) (—) (—)

(—)
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O P T I M I Z AT I O N  O F  L B N F  N E U T R I N O  B E A M

• Systematic study to optimize the beam line has resulted 
in a new design 

•  second focussing horn is longer and further downstream 

• more flux at both the first and second oscillation maixmum 

• less wrong-sign background
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Figure 3.29: Neutrino mode muon neutrino fluxes for several beam designs, including the reference, the
enhanced reference, and the optimized beam described in section 3.7.2 (top). The total CC interaction
rate per year at 1300 km from the optimized focusing design with a 195-m decay pipe, and the ratio to
the reference beam design (bottom). All beams use 80-GeV protons.
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resolved [14]; hence DUNE, with a baseline of ≥1300 km, will be able to unambiguously determine
the neutrino mass hierarchy and measure the value of ”CP.

The electron neutrino appearance probability, P (‹µ æ ‹e), is shown in Figure 3.1 at a baseline of
1300 km as a function of neutrino energy for several values of ”CP. As this figure illustrates, the
value of ”CP a�ects both the amplitude and frequency of the oscillation. The di�erence in proba-
bility amplitude for di�erent values of ”CP is larger at higher oscillation nodes, which correspond to
energies less than 1.5 GeV. Therefore, a broadband experiment, capable of measuring not only the
rate of ‹e appearance but of mapping out the spectrum of observed oscillations down to energies
of at least 500 MeV, is desirable. Since there are terms proportional to sin ”CP in Equation 3.6,
changes to the value of ”CP induce opposite changes to ‹e and ‹̄e appearance probabilities, so a
beam that is capable of operating in neutrino mode (forward horn current) and antineutrino mode
(reverse horn current) is also a critical component of the experiment.
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Figure 3.1: The appearance probability at a baseline of 1300 km, as a function of neutrino energy, for
”CP = ≠fi/2 (blue), 0 (red), and fi/2 (green), for neutrinos (left) and antineutrinos (right), for normal
hierarchy. The black line indicates the oscillation probability if ◊13 were equal to zero.

The experimental sensitivities presented here are estimated using GLoBES[15, 16]. GLoBES takes
neutrino beam fluxes, cross sections, and detector-response parameterization as inputs. This doc-
ument presents a range of possible physics sensitivities depending on the design of the neutrino
beam, including the proton beam energy and power used. The beam power as a function of proton
beam energy from the PIP-II upgrades and the number of protons-on-target per year assumed in
the sensitivities are shown in Table 3.1. These numbers assume a combined uptime and e�ciency
of the FNAL accelerator complex and the LBNF beamline of 56%.

A conservative estimate of sensitivity is calculated using neutrino fluxes produced from a detailed
GEANT4 beamline simulation that is based on the reference design of the beamline as presented in
Volume 3: The Long-Baseline Neutrino Facility for DUNE. Neutrino fluxes from a simulation based
on an optimized beam design are used to show the goal sensitivity. There is a range of design options
that produce sensitivities in between the sensitivity of the reference beam design and the optimized
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B E A M  T O  K O R E A
• Neutrino beams don’t die . . . .  

• they can continue on to another detector 

• The neutrino beam from J-PARC remerges out of the 
surface somewhere between Japan and South Korea 

• Clips South Korea at an off-axis angle 

• various sites available for a detector between ~1 to ~3 
degrees off axis 

• Studies initiated over 10 years ago by T. Kajita (ICRR) 
and S.B. Kim (SNU) 

• focussed on having two detectors  

• one in Japan (Hyper-K) 

• one in Korea 

• with identical off-axis angles 

• θ13 not known at the time . . . 

!72

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

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

at a later stage.

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

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

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

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

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

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

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

✓13 [11–18].

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

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

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

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

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

studies, and additional benefits are discussed followed by a summary and conclusion.
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R E V I VA L  O F  T H E  I D E A

• Reoptimization suggests that ~1.5deg off-axis angle is optimal 

• wider beam captures a bit of the first oscillation maximum 

• fully covers the second oscillation maximum 

• available site at ~1100 km and 1.3 deg off-axis 

• Significantly improves relative to 1 (even 2) detectors at 295 km 

• mass ordering sensitivity 

• δCP precision in maximal cases of ±π/2
!73
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FIG. 8: The oscillation probabilities for � = 0,⇡/2,⇡, 3⇡/2 and normal and inverted mass ordering

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

at 1.5� o↵-axis with arbitrary normalization are shown for comparison.
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FIG. 22. The significance for the wrong mass ordering rejection as a function of the true value of

�cp and the true mass ordering (top=normal, bottom=inverted).
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C O N C L U S I O N S
• It’s a golden age for (long-baseline) accelerator-based neutrino experiments 

• it’s been a “golden age” for neutrinos for a while . . . . 

• successive experiments over 15 years have made major milestones in studying neutrinos 

• The future looks very bright: 

• continuation of highly successful ongoing experiments: T2K, NOvA 

• future program with DUNE/LBNF an Hyper-Kamiokande 

• Very rich in scientific opportunities 

• but with significant technical and scientific challenges (opportunities) for you!
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