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O V E R V I E W :

• T2K: Tokai-to-Kamioka neutrino oscillation: 

• Study neutrino oscillations with an intense νµ/νµ beam sent 295 km across Japan to 
the Super-Kamiokande (SK) detector. Near detector (ND) at 280 meters from target. 

• Hyper-Kamiokande: a x25 upgrade to Super-Kamiokande 

• definitive observation and measurement of CPV in neutrinos 

• Test the unitarity of neutrino mixing  

• proton decay, detection of supernova neutrinos, neutrino observatory, etc. 

• NuPRISM 

• unique detector concept to study fundamental properties of neutrino interactions 

• reduce systematics in neutrino oscillation searches, sterile neutrino searches

TokaiKamioka

J-PARC
Super Kamiokande 

“far” detector

295 km

ND280 
“near” detector

~400 collaborators 
from 11 nations
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N E U T R I N O  O S C I L L AT I O N  TA L K S  AT  C A P

• Session: T3-5 (Tuesday, 1545-1715) CAB 235. Chair: Z. Gesce 
• N. Hastings:  

• “Status of Long Baseline Experiments” (1545-1615) 

• F. Shaker:  
• “Electron Neutrino Cross Section Measurements at the T2K Off-Axis 

Near Detector” (1615-1630) 

• C. Nielsen:  
• “Constraining Oscillation Analysis Inputs at the T2K Near 

Detector” (1630-1645) 

• K. Clark: 
• “Deep Core and PINGU - Studying Neutrinos in the Ice” (1645-1700) 

• A. Konaka:  
• “Experimental test of the unitarity of the leptonic mixing (PMNS) 

matrix” (1700-1715)
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N E U T R I N O  O S C I L L AT I O N S

• CP odd phase δ induces ν/ν asymmetries in oscillations (CP violation) 

• x (matter effect) sensitive to mass ordering → mass hierarchy resolution 

• θ23 ~ 45 degrees: possible unknown symmetry in the mixing? 
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H I S T O R Y

Canadian contributions: 

• beam line: OTR monitor, remote handling 

• Near detector tracker 

• fine-grained scintillating detectors (FGDs) 

• time projection chambers (TPCs) 

• slow control, network, services 

• Analysis: 

• near/far extrapolation 

• ND: calibration, reconstruction 

• SK reconstruction algorithm 

• Computing:  

• “Tier 1” storage, ~1/2 of computing  

• website, databases, repositories (TRIUMF)
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The JHF-Kamioka neutrino project
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Abstract

The JHF-Kamioka neutrino project is a second generation long base line neutrino oscillation

experiment that probes physics beyond the Standard Model by high precision measurements of

the neutrino masses and mixing. A high intensity narrow band neutrino beam is produced by

secondary pions created by a high intensity proton synchrotron at JHF (JAERI). The neutrino

energy is tuned to the oscillation maximum at ∼1 GeV for a baseline length of 295 km towards

the world largest water Čerenkov detector, Super-Kamiokande. Its excellent energy resolution

and particle identification enable the reconstruction of the initial neutrino energy, which is

compared with the narrow band neutrino energy, through the quasi-elastic interaction. The

physics goal of the first phase is an order of magnitude better precision in the νµ → ντ oscillation

measurement (δ(∆m2
23) = 10−4 eV2 and δ(sin2 2θ23) = 0.01), a factor of 20 more sensitive

search in the νµ → νe appearance (sin2 2θµe ≃ 0.5 sin2 2θ13 > 0.003), and a confirmation of the

νµ → ντ oscillation or discovery of sterile neutrinos by detecting the neutral current events. In

the second phase, an upgrade of the accelerator from 0.75 MW to 4 MW in beam power and

the construction of 1 Mt Hyper-Kamiokande detector at Kamioka site are envisaged. Another

order of magnitude improvement in the νµ → νe oscillation sensitivity, a sensitive search of the

CP violation in the lepton sector (CP phase δ down to 10◦ − 20◦), and an order of magnitude

improvement in the proton decay sensitivity is also expected.

1

• Founding members of the collaboration in 2001 

• introduced off-axis beam concept 

• Construction: 2004-2009 

• Data-taking from 2010

FGD

TPC
OTR

FGD FGD

TPC TPC TPC

UA, UBC, Regina, UT, UVic, 
Winnipeg, York, TRIUMF
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P R O G R E S S
• 2011: Indication of νe appearance 

• 6 νe candidates (1.5) 

• 2012: Evidence of νe appearance 

• 11 νe candidates (3.3)  

• 2013: Definitive observation  

• 28 νe candidates (4.9)

• 2014: 

•  Most precise measurement of θ23 

with νµ disappearance 

• First constraints on δCP with joint 
analysis of νµ + νe data 

• large range disfavoured @90% CL

chair: S. Oser

chair: D. Karlen

EPS-HEP 2013 M. Wilking (ND280 νµ, TRIUMF) 

Lepton-Photon 2011 
H. A. Tanaka

conveners: K. Mahn (TRIUMF), M. Hartz (York/Toronto),  
A. Hillairet (UVic, ND280 νμ) 

analysis coordinator: H. A. Tanaka

conveners:  
A. Konaka (SK)  
S. Oser (ND280 νμ) 
H. A. Tanaka (ND280, SK)

PRD91 (2015) 7, 072010 

PRL 112 (2014) 18, 181801 

PRL 112 (2014) 061802 

PRL107 (2011) 041801 

PRD 88 (2013) 3, 032002 
chair: M. Hartz, K. Mahn

Moriond EW 2014 
P. de Perio 
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T O D AY:
• Antineutrino Running:  

• 1st antineutrino results with 2.3x10
20

 POT 

• see talks by N. Hastings, C. Nielsen,  
F. Shaker 

• Update soon with 4.0x10
20

 POT 

• new νµ disappearance 

• first νe appearance 

• joint analysis

• Beam power 

• 1/2015: ~240 kW→320 kW 

• 3/2015: ~320 kW→350 kW 

• Maximum: ~375 kW  

• >400 kW possible currently 

• 750 kW (and beyond) possible 
following power supply upgrade

Conveners: M. Scott (TRIUMF), M. Hartz (TRIUMF/IPMU), 
A. Hillairet (UVic), B. Jamieson (Winnipeg), Y. Petrov (UBC) 
Analysis Coordinator: H. A. Tanaka 
B. Jamieson CIPANP 2015
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C A N A D I A N  L E A D E R S H I P  I N  T 2 K / H K
T I M E  ⟹

T2K
Executive J-M. POUTISSOU J. MARTIN D. KARLEN
Run Coordination D. KARLEN (CHAIR) N. HASTINGS N. HASTINGS
Beam M. HARTZ M. HARTZ
ND H. A. TANAKA S. M. OSER
ND νμ S. M. OSER M. WILKING A. HILLAIRET
ND νe B. JAMIESON
ND Calibration F. RETIERE Y. PETROV
software/computing T.LINDNER T.LINDNER T. LINDNER
Near/Far, Oscillation M. HARTZ, K. MAHN M. HARTZ, M. SCOTT
T2K-SK (Far det) A. KONAKA H. A. TANAKA M. WILKING
Analysis H. A. TANAKA
Publication S. M. OSER (CHAIR)
Speakers S. BHADRA M. BARBI, H. A. TANAKA
Election S. BHADRA S. BHADRA (CHAIR)

H K
International Steering J-M POUTISSOU
Institutional Board S. BHADRA, A. KONAKA
Electronics/DAQ T. LINDNER
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2 0 1 7 - 2 1 : T 2 K  ν  O S C I L L AT I O N :

• Search for CP violation in neutrino oscillations 

• would be the second source of CP violation 
in particle physics! 

• Precision measurement of θ23 

• search for non-maximal θ23 

• octant resolution 

• what is the structure of mixing in neutrinos? 

• Resolution of neutrino mass hierarchy with 
other experiments.

Mass Ordering Sensitivity NOνA + T2K 

Gary Feldman                              PAC Meeting                              5 June 2013                              41    

NOvA+ T2K

nominal exposure
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N E U T R I N O  I N T E R A C T I O N S

• neutrino energy reconstruction depends on assuming 
“underlying” mechanism, e.g. 

• Additional multi-nucleon mechanisms contribute to the 
cross section with the same effective final state 

• changes underlying kinematics relation between 
lepton kinematics and neutrino energy 

• Critical to understand for ν-oscillation physics 

• very active area of nuclear theoretical work 

• probe fundamental nature of the electroweak 
interaction in nuclei

A

4

A�3 are stronger than in the deuteron. The two-nucleon
density distributions in deuteron-like (T=0 and S=1)
pairs are proportional to those in the deuteron for sepa-
rations up to ' 2 fm, and this proportionality constant,
denoted as R

Ad

in Ref. [36], is larger than A/2 (in 4He
and 16O the calculated values of R

Ad

are 4.7 and 18.8,
respectively). Similarly, experiments at BNL [37] and
JLab [38] find that exclusive measurements of back-to-
back pairs in 12C at relative momenta around 2 fm�1

are strongly dominated by np (versus nn or pp) pairs.
In this range and in the back-to-back configuration, the
relative-momentum distribution of np pairs is an order of
magnitude larger than that of pp (or nn) pairs because of
tensor correlations induced by pion exchange. The ten-
sor force plays a larger role in np pairs where it can act
in relative S-waves, while it acts only in relative P-waves
(and higher partial waves) in nn and pp pairs [39, 40]. We
find that the enhancement in the weak response due to
two-nucleon currents is dominated by T=0 pairs, much
as was found previously in the case of the electromag-
netic transverse response [28]. For S

xx

and S

xy

, the en-
hancement from T=1 np pairs becomes appreciable for
q

>⇠ 1 fm�1, while still remaining below ' 15% of that
due to T=0 pairs. For S

zz

, contributions from T=1 np

pairs are larger at q ' 1 fm�1, where they are about 30%
of those due to T=0 pairs. As for S0z, at small momen-
tum transfer the T=1 np-pair contributions are negative
and interfere destructively with the T=0 ones.

The increase due to two-nucleon currents is quite sub-
stantial even down to small momentum transfers. At
q ' 1 fm�1, the enhancement is about 50% relative to
the one-body values. In general, the additional contri-
butions of the two-nucleon currents (j2b) to the sum
rules are given by a combination of interference with
one-body currents (j1b), matrix elements of the type
hi | j†1b j2b | ii + hi | j†2b j1b | ii, and contributions of the

type hi | j†2b j2b | ii. At low momentum transfers we find

the dominant contributions are of the latter hi | j†2b j2b | ii
type, where the same pair is contributing in both left and
right operators. One would expect the matrix element of
any short-ranged two-body operator in T, S = 0, 1 np

pairs, like the two-body weak currents under considera-
tion here, to scale as R

Ad

. Enhancements of the response
due to two-nucleon currents could be important in astro-
physical settings, where the neutrino energies typically
range up to 50 MeV. A direct calculation of the 12C re-
sponse functions is required to determine whether the
strength of the response at low q extends to the low en-
ergies kinematically accessible to astrophysical neutrinos.

At higher momentum transfers the interference be-
tween one- and two-nucleon currents plays a more impor-
tant role. The larger momentum transfer in the single-
nucleon current connects the low-momentum components
of the ground-state wave function directly with the high-
momentum ones through the two-nucleon current. For

nearly the same Hamiltonian as is used here, there is a
10% probability that the nucleons have momenta greater
than 2 fm�1 implying that ⇡ 30% of the wave function
amplitude is in these high-momentum components [41].
The contribution of np pairs remains dominant at high
momentum transfers, and matrix elements of the type
hi | [ j1b(l) + j1b(m)]†j2b(lm) | ii+ c.c. at short distances
between nucleons l and m are critical.

0 1 2 3 4

q (fm
-1

)

0.0

2.0

4.0

6.0

8.0

S
x

x
/C

x
x
 (

q
)

VNC, 1b
VNC, 12b
ANC, 1b
ANC, 12b
NC, 1b
NC, 12b

FIG. 3. (Color online) The S
xx

/C
xx

sum rules obtained with
the NC (curves labeled NC) and either its vector (curves la-
beled VNC) or axial-vector (curves labeled ANC) parts only.
The corresponding one-body (one- and two-body) contribu-
tions are indicated by dashed (solid) lines. Note that the
normalization factor C

xx

is not included.

In Fig. 3, we show, separately, for the S

xx

/C

xx

sum
rule the contributions associated with the vector (VNC)
and axial-vector (ANC) parts of the NC. We find that
the ANC piece of the S

xx

sum rule has large two-body
contributions (of the order of 30% relative to the one-
body). Similar results are found for the 0z and zz sum
rules; the xy sum rule is nonzero because of interference
between the VNC and ANC and vanishes in the limit
in which only one or the other is considered. The ANC
two-body contributions in the sum rules studied here are
much larger than the contributions associated with axial
two-body currents in weak charge-changing transitions
to specific states at low-momentum transfers, such as
�-decays and electron- and muon-capture processes in-
volving nuclei with mass numbers A=3–7 [33, 42], where
they amount to a few % (but are nevertheless necessary
to reproduce the empirical data).
In conclusion, the present study suggests that two-

nucleon currents generate a significant enhancement of
the single-nucleon neutral weak current response, even
at quasi-elastic kinematics. This enhancement is driven
by strongly correlated np pairs in nuclei. The presence
of these correlated pairs also leads to important interfer-
ence e↵ects between the amplitudes associated with one-
and two-nucleon currents: the single-nucleon current can
knock out two particles from a correlated ground state,
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FIG. 5: νµ (upper panel) and ν̄µ (lower panel) -12C CC
“quasielastic” cross sections per neutron and per proton with
and without the multinucleon component as a function of neu-
trino energy. The experimental points are taken from [10].

spin-transverse one instead changes considerably between
neutrinos and antineutrinos due to the interference term
with an appreciable reduction in the antineutrino case.
As a consequence the isovector relative contribution to
the total cross section becomes quite significant for an-
tineutrinos which opens the possibility of an experimen-
tal test. Such details are visible in Fig. 4 where the
differential cross section dσ

dω at Eν=700 MeV is shown in
the bare and RPA case, both for neutrinos and antineu-
trinos. In the same figure the axial-vector interference
term is displayed as well as the isovector component il-
lustrating the importance of the latter in the antineutrino
case. A remark on the collective nature is in order at this
stage. One notices the suppression produced by the RPA
which follows from the repulsive character of the residual
interaction. It is more pronounced at small energies. The
interference term which spreads over all the energy range
is therefore less affected by RPA. The antineutrino cross
section which peaks at low energies is instead very sen-
sitive to the suppression by the collective RPA effects.
Once integrated over the energy transfer the reduction
at a typical energy Eν=700 MeV is somewhat larger for
antineutrinos than for neutrinos. A comparison between
the two is affected by this difference. This could lead to
a source of uncertainty in the comparison as the RPA
effects which depend on the residual interaction have not
been tested in this momentum regime. However we will
show below that it does not prevent the comparison to
be significant for our purpose.
We now turn to the generalized “quasielastic” cross

section which includes the multinucleon contribution.
The neutrino and antineutrino genuine and generalized
“quasielastic” cross section are plotted in Fig.5 both in
the bare and RPA case. As was already discussed in
Ref.[11] the agreement with the MiniBooNE experimen-
tal neutrino data [8, 10] is better when the np−nh com-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
E
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[GeV]
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0.1

0.2
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0.4
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σ
np

-n
h/σ

Q
E

ν bare
ν  RPA
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ν  RPA

FIG. 6: Ratio of multinucleon component of “quasielastic”
cross section on 12C to the single nucleon one for νµ and ν̄µ

as a function of neutrino energy.

ponent is added to the genuine QE cross section, whether
in the free or in the RPA case. Our prediction for the
generalized neutrino “quasielastic” cross section shows
only a moderate sensitivity to the collective aspects. For
antineutrinos instead the sensitivity to RPA is somewhat
larger but it does not hide the important point that the
relative importance of the 2p − 2h term is smaller for
antineutrino. This is illustrated in Fig.6 which shows
the ratio of the multinucleon component to the single
nucleon one with and without RPA. In both cases, we
find that the ratio for antineutrino is reduced as com-
pared to the neutrino one by a factor 1.7 at Eν=700
MeV. In order to eliminate the uncertainties related to
the neutrino energy reconstruction, we give in Table 1
values of quasielastic and multinucleon cross sections on
12C, as well as their sum, averaged over the respective
neutrino [10] and antineutrino [17] MiniBooNE fluxes, so
as to provide quantities more in touch with an experi-
mental analysis. We gives these quantities both in RPA
and in the free case and various situations are possible.
For instance, if our RPA description holds, the ratio of
the generalized “quasielastic” cross section, which is the
measured cross section, to a theoretical free Fermi gas
model is 1.22 for neutrinos and 0.99 for antineutrinos,
significantly lower. If the extreme case where RPA ef-
fects are totally absent the corresponding ratios are 1.37
for neutrinos and 1.25 for antineutrinos. In all cases the
antineutrino numbers are smaller and the difference may
be detectable, which offers an experimental test. For
neutrinos the fit to the quasielastic data in a relativistic
Fermi gas description required an appreciable increase of
the axial cut-off mass [10]. For antineutrinos the increase
needed to account for the data in the same model should
be smaller since the relative role of multinucleon ejection
is reduced. This difference offers a possible way to shed
light on the origin of the anomaly. Of course the differ-
ence which occurs owing to the fact that the target is

⌫` + n ! `+ p

M. Martini et al. 
 PRC80 (2009) 065501 

A. Lovato et al. 
PRL 112 (2014) 18, 182502
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S E N S I T I V I T Y  I M P R O V E M E N T S
• Continuous effort to reduce 

systematics 

• neutrino flux prediction 

• ν-interaction model improvements 

• near/far extrapolation with near 
detector samples  

• water target in FGD2 

• reduction of SK errors, backgrounds• Increasing effective statistics  

• include π pion production channels in 
addition to “quasi-elastic” interactions  
in samples at SK by reconstructing 
multi-ring topologies 

• increase fiducial volume

⌫` + n ! `+ p
⌫` + (n/p) ! `+ ⇡ + (n/p)

νe w/ ND νµ w/ ND

% % % %

SK detector 4 . 0 3 2 . 7 2
Hadronic 2 . 9 8 2 . 4 4
uncor. ν 5 . 0 0 4 . 6 9
flux/corr ν 2 1 . 7 5  2 . 7 4 2 6 . 0 4  3 . 1 5
Total 2 3 . 4 5 7 . 6 5 2 6 . 8 0 6 . 7 5

Canadian leadership in all the above

see talks by C. Nielsen, 
F. Shaker

current systematic errors
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AT M O S P H E R I C  N E U T R I N O S
• T2K has minimal sensitivity to matter effects 

• Atmospheric neutrinos in SK: 

• “complementary” sample with large matter 
effects to probe mass hierarchy. 

• reconstruction of multi-GeV neutrinos critical for 
sensitivity→ multi-ring topologies 

• New reconstruction algorithm increases efficiency by 
>x3 in key channels with large improvement in purity. 

• Aim to make SK atmospheric sample competitive 
for near term mass hierarchy determination. 
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APfit νeCC1π0 Selection
0.316GeV<Evis<1GeV
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• Select APfit 3Reee, ndcy=0

• Selection works fine in sub-GeV

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

• At >3GeV, APfit RC&PID 
cannot select the e+π0 event 
topology efficiently

*14a SK4 Atm-ν FCMC 1417days

* w/o(w/) mγγ cut

8
]2[MeV/c

γγ
2nd&3rd-ring Reconstructed m

0 50 100 150 200 250 300 350 4000

2

4

6

8

10

12

14

16 : 65.44(50.83) evts.±π 00π CC 1eν
       Signal purity: 51.9(58.1) %

: 13.7(16.0) %±π n0π CC 1eν     

]2[MeV/c
γγ

2nd&3rd-ring Reconstructed m
0 50 100 150 200 250 300 350 4000

2

4

6

8

10 : 47.56(37.96) evts.±π 00π CC 1eν
       Signal purity: 45.5(60.7) %

: 17.6(22.5) %±π n0π CC 1eν     

]2[MeV/c
γγ

2nd&3rd-ring Reconstructed m
0 50 100 150 200 250 300 350 4000

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

: 9.24(6.46) evts.±π 00π CC 1eν
       Signal purity: 27.4(51.0) %

: 17.6(24.7) %±π n0π CC 1eν     

fiTQun νeCC1π0 Selection
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3.16GeV<Evis<10GeV
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• Select fiTQun 3Reee, ndcy=0

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

• Clear mπ0 peak is seen, 
even for >3GeV

* w/o(w/) mγγ cut

9

“OLD"

“NEW" 
fiTQun

Potential to significantly improve 
proton decay searches

νe CC π0 reconstruction
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W AT E R - B A S E D  S C I N T I L L AT O R
• Current FGD system includes 

passive water modules in 
one detector (FGD2) 

• Subtraction analysis with 
FGD1 yields  

• First results soon!

FGD1 FGD2

  

finished 1-cell module, 
ready to couple to PMT.

See talk by C. Nielsen

• Tracking is very important for event 
identification 

• fully active detector desired 

• possibly finer granularity 

• New WbLS developed by BNL 

• Single cell prototype under study with 
TRIUMF M11 beam line

Stan Yen (TRIUMF)
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N U P R I S M

• Variation of Eν vs. angle to beam axis 

• “off-axis effect” 

• requires well-known flux 

• Simulate detector response (e.g. 
lepton kinematics) from narrow band 
of Eν 

• Greatly reduce uncertainties from 
modelling uncertainties of neutrino 
interactions 

• Proposal to be presented to J-PARC 
PAC in July.

10
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FIG. 7. The neutrino flux (arbitrary normalization) as a function of o↵-axis angle and energy for each neutrino flavor with the
horn in neutrino-mode operation.

TABLE I. The event rates per 2e13 POT for nuPRISM with horn currents at 320 kA.

O↵-axis Angle (�) Entering ID PC ID FC ID OD Contained Entering OD
0.0-0.6 0.4179 0.2446 0.3075 1.2904 0.7076
1.0-1.6 0.1005 0.0550 0.0741 0.3410 0.1939
2.0-2.6 0.0350 0.0198 0.0230 0.1234 0.0635
3.0-3.6 0.0146 0.0092 0.0156 0.0564 0.0291

in the event. For decay electrons originating from muons
produced outside of the ID, a similar spatial likelihood
may be constructed using OD light, ID light, and hits
from scintillator panels (if they are installed between the
OD and ID) from the entering particle. Since the muon
mean lifetime (2.2 µs) is shorter than the spill length
( 5 µs), there will also be statistical power to match de-
cay electrons to their primary vertex based on the time
separation of the decay electron vertex and primary ver-
tex. On the other hand, the muon lifetime may provide
a cross-check for the spatial matching of primary and de-
cay electron vertices since significant mismatching would
tend to smear the time separation distribution beyond
the muon lifetime. Studying the matching of decay elec-

trons to primary interactions is a high priority and work
is underway to address this issue with a full simulation
of nuPRISM and the surrounding rock.

The rate of events producing light in the OD is 0.690
per bunch. Hence, the probability that an FC ID event
will have OD activity in the same bunch is 50%. Ne-
glecting out of time events, the rejection rate of FC ID
events would be 50% if a veto on any OD activity in the
bunch is applied. This rejection rate falls to 21% and
10% in the 2.0-2.6 and 3.0-3.6 degree o↵-axis positions
respectively. Of the OD events, about 30% are enter-
ing from the surrounding earth, and most of those are
muons. The scintillator panels may be used to relax the
veto on these types of pile-up events by providing ad-
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FIG. 4. Three “pseudo-monochromatic” spectra centered at
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bars show the 1 � uncertainty for flux systematic variations,
while the black error bars show the flux systematic variation
after the overall normalization uncertainty is removed. The
tan error bars show the statistical uncertainty for samples
corresponding to 4.5⇥ 1020 protons on target.
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FIG. 5. The reconstructed energy distributions for 1-
ring muon candidate events produced using “pseudo-
monochromatic” spectra centered at 0.6 (top), 0.9 (middle)
and 1.2 (bottom) GeV. The aqua error bars show the 1 �
uncertainty for flux systematic variations, while the black er-
ror bars show the flux systematic variation after the overall
normalization uncertainty is removed. The tan error bars
show the statistical uncertainty for samples corresponding
to 4.5 ⇥ 1020 protons on target. The red and blue his-
tograms show the contributions from non-quasi-elastic and
quasi-elastic scatters respectively.
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FIG. 5. The reconstructed energy distributions for 1-
ring muon candidate events produced using “pseudo-
monochromatic” spectra centered at 0.6 (top), 0.9 (middle)
and 1.2 (bottom) GeV. The aqua error bars show the 1 �
uncertainty for flux systematic variations, while the black er-
ror bars show the flux systematic variation after the overall
normalization uncertainty is removed. The tan error bars
show the statistical uncertainty for samples corresponding
to 4.5 ⇥ 1020 protons on target. The red and blue his-
tograms show the contributions from non-quasi-elastic and
quasi-elastic scatters respectively.
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H Y P E R - K A M I O K A N D E

• 20x upgrade to SK:  

• 50 (22.5) kT→990 (560) kT, 99K 20” PMT 

• >3 (5) σ CPV for 76(58)%  δCP values 

• Combination of beam and atmospheric data may allow test 
of neutrino mixing unitarity 

• Mass hierarchy, Lorentz Violation, sterile neutrinos, etc. 

• Extend proton decay limits by an order of magnitude 

• Detect supernova burst neutrinos to >1 Mpc 

• Observatory for neutrino astrophysics 

• indirect dark matter searches, etc.

66 III PHYSICS POTENTIAL
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FIG. 42. Invariant mass distributions of MC events after all cuts except for the mass cut with a

5.6 Megaton·year exposure. The proton lifetime is assumed to be: (a) 1.2⇥1034, (b) 2.5⇥1034, (c) 5.0⇥1034,

and (d) 1.0⇥1035 years. Dots show the combined signal plus background events and the hatched histograms

are atmospheric neutrino background events.

two-body decays. Furthermore, when a proton in an oxygen nucleus decays, the proton hole is

filled by de-excitation of another proton, resulting in � ray emission. The probability of a 6 MeV �

ray being emitted is about 40%. This 6 MeV � is a characteristic signal used to identify a proton

decay and to reduce the atmospheric neutrino background. There are three established methods

for the p ! ⌫K+ mode search [12]: (1) look for single muon events with a de-excitation � ray just

before the time of the muon, since the � ray is emitted at the time of K+ production; (2) search

for an excess of muon events with a momentum of 236 MeV/c in the momentum distribution; and

(3) search for ⇡0 events with a momentum of 205 MeV/c.

In method (1), the p ! ⌫K+(+�⇤),K+ ! µ+ + ⌫ candidate events are selected with the

following criteria: (B-1) a fully contained (FC) event with one ring, (B-2) the ring is µ-like, (B-3)

there is a Michel decay electron, (B-4) the muon momentum is between 215 and 260 MeV/c, (B-5)

the distance of the vertices between the muon and the Michel electron is less than 200 cm, (B-6)

the time di↵erence between the � and the muon is less than 75 ns (⇠ 6⌧K+), and (B-7) the number

of PMTs hit by the � is between 4 and 30 to (select 6 MeV energy). The prompt � hits are searched

see talk by 
A. Konaka
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H K  S TAT U S
• Endorsed by Japanese particle and cosmic ray communities as one of 

two highest priority future projects. 

• One of 27 (/192) projects selected by the Science Council of Japan’s 
2014 Master Plan for Large-scale Research Projects in all fields of 
science. 

• Not included in 2014 MEXT roadmap: 

• Strong support for science program 

• further clarification of international organization/participation 
requested 

• KEK-IPNS/ICRR MOU for cooperation on HK (1/2015) 

• Directors review of project ~end of 2015 

• Baseline design with 20” PMTs (SK experience) and alternatives 

• Formation of proto-collaboration  

• Aiming for inclusion in MEXT roadmap in 2017

16



H K  R & D  I N  C A N A D A

• TRIUMF photosensor test facility 

• detailed measurement/characterization 
of large area photosensors in water 

• Measurements of SK 20” PMT, new 20” 
High QE PMT, and 8” hybrid-PMT in 
progress

The PTF setup

x
y

z

rotation θ

tilt φ

receiver
PMT

gantry 0 gantry 1

photo-
cathode

water-
level

Mechanical two-gantry system with 5 stepper motors per gantry.

Passive (g-iron) and Active (Helmholtz coil) magnetic field cancellation.

Light shielding.

Waterproof optical box with collimator, polarizer, receiver and monitor PMT.

Two single wavelength lasers and Xe lamp with multiple filters.

Water filtering system with two filter and UV sterilizer. Particle counter for water quality.

T. Feusels (UBC) T2K-Canada R&D 19/05/2015 3 / 24

• Readout electronics 

• full waveform digitization of shaped 
PMT pulse 

• optimization/study of: 

• shaping time 

• sampling rate 

• long cable propagation (65/150 m) 

• Data transfer/acquisition 

• RapidIO redundant routing protocol

L: 20” SK PMT at TRIUMF 
R: papier mâché mockup

T. Lindner: HK electronics/DAQ convener 17

CFI funded



N E W  C O N C E P T:  M P M T / M D O M

• Exploring new concepts from PINGU, KM3NET: 

• pressure vessel containing array of 3” PMTs with readout electronics embedded 

• light collection using WLS, dichroic mirrors to increase effective area. 

• Provides existing technical solution for: 

• pressure/implosion risk at high pressures 

• in-water electronics, calibration devices 

• Potential cost reduction: 

• ~no need for magnetic shielding (μ-metal, compensation coils) 

• deployment via strings rather than free-standing frame 

• more useable fiducial volume relative to total volume?

Recent development: multiPMTs

L.Classen (ATSchule 2014)

absorber

reflector

steel

glass (18mm, up to 700 bar) 
L.Classen (ATSchule 2014)

Advantages of Multi-PMTs: direction sensitivity, pressure vessel, no magnetic shielding
needed,...

Large R&D activity by KM3Net (spherical) and PINGU/MICA (cylindrical): learn from
their experience + potential synergies.

Need to have real physics studies to answer its potential in physics, cost, LE and HE
physics, etc.

) Flexible implementation in WCSim for first performance studies with possibility for
optimization later.

T. Feusels (UBC) T2K-Canada R&D 19/05/2015 6 / 24
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• Investigating potential physics 
performance vs. “traditional” 
large (8”-20” PMT) configurations 

• Consider simultaneously with 
cost to see which is optimal (best 
physics/$)

18



I C E C U B E / P I N G U
• Recent HK/PINGU-Canada workshop to investigate 

potential collaboration 

• Both experiments require: 

• large array of photosensors deployed deep in water/ice 

• photosensor readout electronics 

• calibration devices to measure optical properties of the 
bulk media (water/ice) 

• reconstruction using space/time pattern of Č light 

• Large area of overlap in concepts and needs: 

• mDOM/PMT photosensor configuration 

• full waveform readout of photosensor output  

• time/charge resolution, power, cost requirements 

• calibration, reconstruction methods 

• Working towards collaborative R&D effort in anticipation of 
potential approval of either project 

• Potential RTI and future CFI request.

see talks by D. Grant 
K. Clark@CAP
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2 0 1 7 - 2 1 : E X P E C T E D  H Q P

• Also 4-5 undergraduate students/year (USRA, 
Co-op, MITACS, Honours thesis)

F Y 2 0 1 5

FA C U LT Y 1 4  ( 8  F T E )

P O S T D O C 6

S T U D E N T S 1 1

• Expect to maintain ~constant effort for 2017-2020 

• Bare minimum needed to maintain 

• ongoing operation of T2K OTR, FGD, TPC 

• continuing analysis of ND280 and SK data 

• improve sensitivity and reduce systematics towards CPV 

• develop new analysis of atmospheric data towards MH 

• take leading role in NuPRISM and HK R&D 

• photosensor and electronics development 

• simulation and detector design optimization 

• NuPRISM will be proposed to J-PARC PAC in July 

• Formal approval of HK expected in 2017, possible ramp up.

UA, UBC, Regina, UT, UVic, Winnipeg, York, TRIUMF

20



P O S T D O C S :  C U R R E N T  A C T I V I T I E S
• T. Feusels (UBC) 

• neutrino interaction modeling, multi-nucleon studies in ND, FGD operations 

• photosensor development and mDOM/mPMT development for HK 

• A. Fiorentini (York) 
• beam analysis, ND quasi-elastic studies 

• OTR operations and analysis 

• N. Hastings (Regina) 
• ND run coordination 

• ND data quality convener 

• A. Hillairet (UVic) 
• ND νµ convener 

• TPC operations 

• Y. Petrov (UBC) 
• ND calibration convener, reconstruction development 

• TPC operations 

• M. Scott (TRIUMF) 
• ND near/far convener, ND analysis development 

• FGD operations

• Recent postdocs → faculty/staff 

• A. Marino  (CU Boulder) 

• B. Jamieson (Winnipeg) 

• T. Lindner (TRIUMF) 

• M. Hartz (IPMU/TRIUMF) 

• M. Wilking (Stony Brook) 

• K. Mahn (MSU)

All continue on T2K 
with leading roles
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2 0 1 7 - 2 1 :  E Q U I P M E N T  N E E D S
• Continued maintenance of T2K detectors 

• T2K ND280 FGDs, TPCs  

• OTR beam monitor 

• Network, slow control, services for ND280 

• (computing) 

• Photosensor and electronics R&D for NuPRISM and HK (2015-2017) 

• further refinement of requirements and concept 

• prototyping and test setups 

• equipment needs are expected to be modest 

• but need engineering support for design 

• RTI request coordinated with IceCube/PINGU 

• Approval of NuPRISM/HK → proposal for construction funds (2017-) 

• we hope to make major contributions to the readout electronics and 
photosensors in collaboration with other collaborating nations/groups 

• almost certainly a CFI request

22



2 0 1 7 - 2 1 :  C O M P U T I N G
• T2K computing requirements summarized in the IPP/CINP white paper 

• ComputeCanada/TRIUMF and EU-GRID are the two primary sources of 
computing resources for the T2K collaboration 

• databases, repositories, website (t2k.org) supported by TRIUMF 

• critical for our participation and leadership in T2K, HK, NuPRISM. 

• CPU: 

• currently using 610 core-years of computing on Westgrid and Scinet 

• we expect to grow modestly (10-20%) each year as 

•  T2K statistics increases, MC samples increase accordingly 

• additional simulation studies for NuPRISM and HK 

• large fraction is SK control samples which will not increase substantially 

• Storage: 

• 610 TB currently stored on Tier 1 server at TRIUMF 

• expect this to grow significantly (~40%/year) with statistics 

• Additional ~100 TB maintained online on ComputeCanada resources 

• Long term strategy is under discussion
23
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2 0 1 7 - 2 1 :  S U P P O R T  F R O M  T R I U M F
• TRIUMF has always provided a strong foundation for our activities 

• detector design/construction/operation/maintenance 

• beam tests, pion scattering studies, work areas for development 

• user computing, office space, Tier 1 storage 

• visiting scientists, workshops. 

• Ongoing and continuing activities: 

• Detector facility support for ND280 repairs/maintenance 

• Photosensor Test Facility at TRIUMF 

• Beam tests at M11 

• Will look to TRIUMF and MRS for: 

• engineering, machining, and design support for HK/NuPRISM 
photosensor and electronics R&D effort 

• mechanical design concepts for overall HK/NuPRISM detector

24



R E L AT I O N S H I P S
• Canada has a vibrant neutrino program: 

• SNO+: “low” energy solar and 0ν2β 
• (n)EXO: 0ν2β 
• HALO: supernova burst neutrinos (νe) 
• IceCube/PINGU: ultra-high energy neutrino astrophysics, “medium” to“high” energy 

atmospheric. 

• T2K/HK: accelerator-based neutrino oscillation studies, “low” to “medium” energy 
atmospheric neutrinos, astrophysics, SN neutrinos (burst/relic), proton decay. 

• Overall program is highly complementary with small overlaps 

• Related issues in photosensor/electronics may allow coordinated R&D for future development 

• International: 

• T2K and HK are highly international collaborations (11-12 nations) hosted by ICRR and 
KEK/J-PARC in Japan 

• TRIUMF is a “hub” for international collaboration on analysis and R&D 

• NuPRISM has gathered support in Canada, US, and EU, but needs funding and Japanese 
support for new facility. 

• NOvA (now) and DUNE (future) are complementary efforts to probe the same physics with 
different detector technologies.

25



C O N C L U S I O N S
• T2K (and Canadian effort) has been a great success 

• major discoveries/advances in neutrino oscillations with strong contributions from 
Canada (hardware, analysis, leadership)  

• large recent gains in accelerator performance 

• accelerator upgrade to increase rep. rate by ~x2. 

• Next goal: towards initial indications of CPV with ultimate exposure of T2K 

• First antineutrino data and results 

• Canadian-led analysis improvements to enhance sensitivity 

• Mass hierarchy determination in SK atmospheric data and with other experiments 

• Continue a world leading program into the 2020’s! 

• Actively planning future program through NuPRISM and HK 

• new concept for directly measuring relevant properties of neutrino interactions and 
reducing important systematics (NuPRISM) 

• new overall design concepts for HK experiment  

• identifying and exploiting synergies with IceCube/PINGU 

• Continued support from CFI, IPP, NSERC, TRIUMF is critical to continued success 

• new collaborators always welcome!
26



B A C K U P  S L I D E S
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• Select APfit 3Rμee, ndcy≤1

• Selection works fine in sub-GeV

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

• At >3GeV, APfit RC&PID 
cannot select the μ+π0 event 
topology efficiently

*14a SK4 Atm-ν FCMC 1417days
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• Selection works fine in sub-GeV

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

• At >3GeV, APfit RC&PID 
cannot select the μ+π0 event 
topology efficiently
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*14a SK4 Atm-ν FCMC 1417days

• Select fiTQun 3Rμee, ndcy≤1

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

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

• Clear mπ0 peak is seen, even for 
>3GeV
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old algorithm

new algorithm (“fiTQun”)
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• Select APfit 3Reee, ndcy=0

• Selection works fine in sub-GeV

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

• At >3GeV, APfit RC&PID 
cannot select the e+π0 event 
topology efficiently

*14a SK4 Atm-ν FCMC 1417days
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• Select APfit 3Reee, ndcy=0

• Selection works fine in sub-GeV

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

• At >3GeV, APfit RC&PID 
cannot select the e+π0 event 
topology efficiently
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fiTQun νeCC1π0 Selection

*14a SK4 Atm-ν FCMC 1417days

0.316GeV<Evis<1GeV

3.16GeV<Evis<10GeV

1GeV<Evis<3.16GeV

• Select fiTQun 3Reee, ndcy=0

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

• Clear mπ0 peak is seen, 
even for >3GeV

* w/o(w/) mγγ cut
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T 2 K  C O L L A B O R AT I O N  M E M B E R S H I P

• More or less constant since 2009 

• New members join as existing collaborators move on (students, postdocs, etc.)
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Power#upgrade#plan#of#MR#

JFY 2014 2015 2016 2017 2018 2019

Event#
Li. current
30 -> 50 mA

FX [kW] (study/trial)
SX [kW] (study/trial)

240-320
-

>320
24~50

~400
>50

>400
50~100

~750
~100

>750
100

Period of magnet PS
New magnet PS 

2.48#s#  1.3#s#

Present RF system 
High gradient rf system

Ring collimators Back to 
JFY2012 (2kW)

Add.#colli.##
C,D#

Add.#colli.##
E,F#

Injection system
FX system
SX collimator / Local 
shields

Ti ducts and SX devices 
with Ti chamber

Beam  
ducts ESS

R&D 
Mass production

Kicker PS improvement, Septa manufacture /test

Kicker PS improvement, LF & HF septa manufacture /test

Local shields

FX: The high rep. rate scheme is adopted to achieve the design beam intensity, 750 kW.
Rep. rate will be increased from ~ 0.4 Hz to ~1 Hz by replacing magnet PS’s and RF cavities.
SX: After replacement of stainless steel ducts to titanium ducts to reduce residual radiation dose, 
50 kW operation for users will be started. Beam power will be gradually increased toward 100 kW 
carefully watching the residual activity. Local shields will also be installed if necessary. 

Manufacture, installation & test

Low cost R&D 

New PS
Buildings

F Y P O W E R  
( K W )

F X   
M O N T H S

P O T  
( 1 0 2 0 )

T O TA L   
( 1 0 2 0 )

2 0 1 5 3 5 0 3 3 . 5 1 3 . 5

2 0 1 6 4 0 0 5 6 . 7 2 0 . 2

2 0 1 7 4 0 0 5 6 . 7 2 7 . 0

2 0 1 8 4 0 0 5 6 . 7 3 3 . 7



Hyper-K Collaboration

12

• 240 members from 13 countries
• The collaboration governance structure is defined.
• Steering Committee, International Board Representatives, and 
Working Group with project leaders

• R&D fund and travel budget already secured in some countries, and 
more in securing processes. 6

Hyper-Kamiokande International Group

As of April 14, 2014

Europe 106

France

Italy

Poland

Russia

Spain

Switzerland

UK

10
13
4
7
3
22
47

Asia

Japan

Korea

72

64
8

Americas

Brazil

Canada

USA

62

2
19
41

- 240 people and growing!
- Hyper-K Governance Structure has been defined 
    - Steering Committee, International Board Representatives, 
and Convener Board  
- R&D fund and travel budget already secured in some countries, 
and more in securing processes.
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15年4月20日月曜日
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Target Schedule

JFY
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Access tunnels

Cavity excavation

Tank construction

sensor installation

Photo-sensor productionPhoto-sensor development

Survey, Detailed design

-2018   Construction starts
-2025   Data taking start
-2028 Discovery of Neutrino CP violation？
-2030 Discovery of Proton Decay？
-20xx  Detection of supernova neutrinos
-20xx  Discovery of new phenomena

750kW and beyond~240kW

J-PARC Power Upgrade

Construction

water filling

Operation

Prototype detector

T2K will accumulate
approved POT

15年4月20日月曜日


