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Box	  for	  
Japanese	  sweets	  (Wagashi)	

H2O/CH	  detector	  
(3D	  grid-‐like	  structure)	

We	  have	  submiYed	  a	  proposal	  of	  the	  project	  to	  J-‐PARC	  PAC	  	  
as	  an	  independent	  test	  experiment	  from	  T2K.	
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ND280 statistics. This improvement was achieved by
dividing CC events into three categories based on the
number of pions in the final state.
At SK, the rate and energy spectrum of νμ charged

current quasielastic (CCQE) events are used to determine
the oscillation parameters through a maximum likelihood
fit. The fit accounts for uncertainties in the predicted
spectrum not only from the ND280-constrained flux and
interaction models, but also SK detector selection efficien-
cies, final state interactions (FSI) inside the nucleus, and
secondary pion interactions (SI) in the detector material.
Initial neutrino flux model.—Detailed simulations of

hadron production and secondary interactions for primary
beam protons striking T2K’s graphite target predict the
neutrino fluxes at ND280 and SK [15]. The simulation is
tuned to hadron production data such as those from NA61/
SHINE for 30 GeV protons on graphite [23]. Pions and
kaons produced outside the experimentally measured phase
space are modeled using FLUKA2008 [24]. The GEANT3-
based simulations model the horns’ magnetic field, particle
interactions in the horns and decay region, and neutrino
production from hadron decays. Flux uncertainties are
10%–20%, varying with energy, and are dominated by
hadron production uncertainties. Full covariances between
all SK and ND280 energy bins and ν flavors are calcu-
lated [25].
Neutrino interaction simulations and cross section

parameters.—The NEUT Monte Carlo (MC) generator
[26] is used to simulate neutrino interactions in T2K’s
detectors. External data, especially from the MiniBooNE
experiment [27], set the initial parameters and their
uncertainties subsequently used in the fit to the ND280
data [25]. Neutrino interaction parameters fall into two
categories: parameters common between ND280 and SK,
and independent parameters affecting interactions at only
one detector. The common parameters include the axial
masses for CCQE and resonant pion production, as well as
five energy-dependent normalizations; these are included in
the fit to the ND280 data, as discussed in the next section.
Since the ND280 target is mainly carbon while SK’s target
is mainly oxygen, additional independent parameters are
required which describe the nuclear model used for CCQE
simulation (Fermi momentum, binding energy, and spectral
function modeling). Five additional cross section param-
eters relate to pion production, the neutral current (NC)
cross section, the νe=νμ CC cross section ratio, and the ν=ν̄
CC cross section ratio. These independent cross section
uncertainties (11 parameters) produce a 4.9% fractional
error in the expected number of SK events (see Table I).
Multinucleon interactions are thought to lead to an enhance-
ment of the low-energy cross section [28–32] and have been
modeled with a variety of approaches [33–37]. These
effects, not currently included in NEUT, may affect the
oscillation parameter determination [38–43]. The penulti-
mate section presents a study of this potential bias.

ND280 measurements and fits.—The neutrino flux,
spectrum, and cross section parameters are constrained
using νμ CC interactions in ND280. We select the
highest-momentum negatively charged track entering
TPC2 with a vertex inside FGD1’s fiducial volume and
an energy loss in TPC2 consistent with a muon. Events
originating from interactions in upstream detectors are
vetoed by excluding events with a track in TPC1, which
is upstream of FGD1.
The ND280 analysis includes many improvements [44]

over T2K’s previous νμ disappearance measurement [2],
and used a data set with 5.90 × 1020 POT. The selected CC
candidate events are now divided into three samples:
CC-0π, with no identified pions; CC-1πþ, with exactly
one πþ and no π− or π0; and CC-other, with all the other CC
events. The CC-0π are dominated by CCQE interactions;
CC-1πþ are dominated by CC resonant pion production,
and CC-other, a mixture of resonant production and deep
inelastic scattering having final states with π0’s, π−’s, or
multiple pions.
A πþ is identified in one of three ways: an FGDþ TPC

track with positive curvature and a TPC charge deposition
consistent with a pion, an FGD-contained track with a
charge deposition consistent with a pion, or a delayed
energy deposit due to a decay electron from stopped πþ →
μþ in the FGD. A π− is tagged only by a negatively curved
FGDþ TPC track. A π0 is identified from a track in the
TPC with a charge deposition consistent with an electron
from a γ conversion.
The dominant sources of uncertainty are events occur-

ring outside the FGD fiducial volume and pion reinter-
actions in the detector.
We fit these three samples for 25 parameters describing

the beam flux in bins of energy and neutrino type at ND280.
These parameters strongly correlate with flux parameters at
SK. We also fit for 19 cross section parameters and for
nuisance parameters describing correlated detector uncer-
tainties of the data bins (10momentum × 7 angle bins for
each sample).
We observe 17 369, 4047, and 4173 data events in the

CC-0π, CC-1πþ, and CC-other samples, respectively.
Using the best-fit parameters, the simulated numbers of
events are 17 352, 4110, and 4119 for the CC-0π, CC-1πþ,
and CC-other samples. Figure 1 shows distributions of the

TABLE I. Effect of 1σ systematic parameter variation on the
number of 1-ring μ-like events, computed for oscillations with
sin2ðθ23Þ ¼ 0.500 and jΔm2

32j ¼ 2.40 × 10−3 eV2=c4.

Source of uncertainty (number of parameters) δnexpSK =n
exp
SK

ND280-independent cross section (11) 4.9%
Flux and ND280-common cross section (23) 2.7%
SK detector and FSIþ SI systematics (7) 5.6%
sin2ðθ13Þ, sin2ðθ12Þ, Δm2

21, δCP (4) 0.2%
Total (45) 8.1%
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uncertainty for both the FC and the FV selection is 1%. The
decay-electron rejection cut has errors of 0.2%–0.4%,
depending on neutrino flavor and interaction type. The
uncertainties for the single electronlike ring selection and
π0 rejection are estimated by using the SK atmospheric
neutrino data and SK cosmic-ray muons. Electron-neutrino
CC-enriched control samples based on these cuts were
prepared, and the differences between MC predictions and
data are used to extract the systematic uncertainty. The
uncertainty associated with the π0 background is deter-
mined by constructing a hybrid sample with either an
electronlike ring taken from the atmospheric data sample or
from decay-electrons selected in the stopping muon data
sample, and a MC-generated gamma ray assuming π0

kinematics. The selection cut systematic uncertainty is
calculated to be 1.6% for signal events and 7.3% for
background events. The total SK selection uncertainty is
2.1% for the νe candidate events assuming sin22θ13 ¼ 0.1.
Additional SK systematic uncertainties are due to final-

state interactions (FSI) of pions that occur inside the target
nucleus, as well as secondary interactions (SI) of pions and
photonuclear (PN) interactions of photons that occur out-
side of the target nucleus. The treatment of the FSI and SI
uncertainties is the same as in the previous analysis [28].
For this analysis, a new simulation of PN interactions has
been added to the SKMC. In the final νe event sample, 15%
of the remaining π0 background is due to events where
one of the π0 decay photons is absorbed in a PN interaction.
A systematic uncertainty of 100% is assumed for the
normalization of the PN cross section.

Oscillation analysis.—The neutrino oscillation parameters
are evaluated using a binned extended maximum-like-
lihood fit. The likelihood consists of four components: a
normalization term (Lnorm), a term for the spectrum shape
(Lshape), a systematics term (Lsyst), and a constraint term
(Lconst) from other measurements

LðNobs; x⃗; o⃗; f⃗Þ ¼ LnormðNobs; o⃗; f⃗Þ × Lshapeðx⃗; o⃗; f⃗Þ

× Lsystðf⃗Þ × Lconstðo⃗Þ; (3)

where Nobs is the number of observed events, x⃗ is a set of
kinematic variables, o⃗ represents oscillation parameters,
and f⃗ describes systematic uncertainties. In the fit, the
likelihood is integrated over the nuisance parameters to
obtain a marginalized likelihood for the parameters of
interest.
Lnorm is calculated from a Poisson distribution using the

mean value from the predicted number of MC events.
Lsystðf⃗Þ constrains the 27 systematic parameters from the
ND280 fit, the SK-only cross section parameters, and the
SK selection efficiencies. Table II shows the uncertainties
on the predicted number of signal νe events. TheLshape term
uses x ¼ ðpe; θeÞ to distinguish the νe signal from back-
grounds. An alternative analysis uses x ¼ Erec

ν , the recon-
structed neutrino energy. In order to combine the results

presented in this Letter with other measurements to
better constrain sin22θ13 and δCP, the Lconst term can also
be used to apply additional constraints on sin22θ13, sin2θ23,
and Δm2

32.
The following oscillation parameters are fixed in the

analysis: sin2θ12 ¼ 0.306, Δm2
21 ¼ 7.6 × 10−5 eV2 [29],

sin2θ23 ¼ 0.5, jΔm2
32j ¼ 2.4 × 10−3 eV2 [30], and

δCP ¼ 0. For the normal (inverted) hierarchy case, the
best-fit value with a 68% confidence level (C.L.) is
sin22θ13 ¼ 0.140þ0.038

−0.032 (0.170þ0.045
−0.037). Figure 3 shows the

best-fit result, with the 28 observed νe events. The alter-
native analysis using Erec

ν and a profile likelihood method
produces consistent best-fit values and nearly identical
confidence regions. Figure 4 shows the Erec

ν distribution
with the MC prediction for the best-fit θ13 value in the
alternative analysis.
The significance for a nonzero θ13 is calculated to be

7.3σ, using the difference of log likelihood values between
the best-fit θ13 value and θ13 ¼ 0. An alternative method of
calculating the significance, by generating a large number
of toy MC experiments assuming θ13 ¼ 0, also returns a

TABLE II. The uncertainty (rms/mean in %) on the predicted
number of signal νe events for each group of systematic
uncertainties for sin22θ13 ¼ 0.1 and 0. The uncorrelated ν
interaction uncertainties are those coming from parts of the
neutrino interaction model that cannot be constrained with
ND280.

Error source [%] sin22θ13 ¼ 0.1 sin22θ13 ¼ 0

Beam flux and near detector 2.9 4.8
(without ND280 constraint) (25.9) (21.7)
Uncorrelated ν interaction 7.5 6.8
Far detector and FSIþ SIþ PN 3.5 7.3

Total 8.8 11.1
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FIG. 3 (color online). The (pe, θe) distribution for νe candidate
events with the MC prediction using the primary method best-fit
value of sin22θ13 ¼ 0.140 (normal hierarchy).
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Mo3va3on	
•  T2K	  have	  non-‐canceling	  systema3c	  errors	  on	  neutrino	  cross	  

sec3ons	  because	  of	  different	  primary	  nuclear	  targets(*)	  of	  Super-‐K	  
(H2O)	  and	  T2K	  off-‐axis	  near	  detector,	  ND280	  (CH).	  

νe	  appearance	  analysis	  (PRL	  112,	  061802	  (2014))	

5	

Uncertain3es	  on	  the	  predicted	  number	  of	  signal	  ν	  events	

νµ	  disappearance	  analysis	  (PRL	  112,	  181801	  (2014))	

(*)	  The	  ND280	  has	  water	  target	  regions,	  and	  there	  are	  ongoing	  efforts	  to	  measure	  
	  neutrino	  cross	  sec3ons	  on	  water.	  



Mo3va3on	  (con3nue)	
•  Acceptance	  of	  the	  ND280	  is	  smaller	  than	  that	  of	  Super-‐K	  (=	  4π).	  
–  T2K	  need	  to	  reply	  on	  external	  data	  sets	  (MiniBooNE,	  etc.).	  

MiniBooNE	  	  	  
(Phys.	  Rev.	  D81	  092005,	  2010)	  

Acceptance	  of	  	  
the	  ND280	

νµ	  QQCE	  double	  differen3al	  cross	  sec3on	  
discrepancies	  between	  DATA	  and	  Model	

6	



Mo3va3on	  (con3nue)	
•  We	  have	  measured	  an	  Fe	  to	  CH	  neutrino	  cross	  sec3on	  ra3o	  with	  

an	  accuracy	  of	  2.7%	  using	  the	  T2K	  on-‐axis	  near	  detector,	  INGRID.	  
(T.	  Kikawa’s	  talk	  @	  NuInt14	  on	  May	  19)	
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CC inclusive cross section on Fe and CH 
• Fe makes up 96.23% of the standard module by weight. 
• CH makes up 98.57% of the Proton Module by weight. 
• CC inclusive cross section on Fe and CH 

is measured from number of CC events 
in the central standard module and 
the Proton Module. 

• CC inclusive cross section ratio on Fe 
to CH is measured using two detectors. 
→ Large part of the systematic error 
is cancelled between two detectors 
on the same beam axis. 
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H C N O Ti Fe 

Standard module 0.29% 3.42% 0.003% 0.03% 0.03% 96.23% 

Proton Module 7.61% 90.96% 0.07% 0.59% 0.76% 0 

Elemental composition of neutrino target material  by weight. 

ν 

Proton Module 

Central standard module 
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Candidate	  site	
•  The	  B2	  floor	  of	  the	  T2K	  near	  detector	  hall	  as	  a	  test	  facility	  of	  

neutrino	  beam	  
–  Off-‐axis	  angle	  ~	  1.6	  degree	  
–  Neutrino	  energy	  spectrum	  is	  similar	  to	  the	  ND280/Super-‐K.	  
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Figure 6: Neutrino energy spectrum at the candidate detector position(red). The spectrum at
the ND280 site (black) is also shown.

5 Requests

5.1 Beam condition and beam time

The test experiment can run parasitically with T2K, therefore we request no dedicated beam
time nor beam condition.

We request 1 × 1021 POT of ν (not anti-ν) beam data for the test experiment. In order to
achieve the goals discussed in Sec. 3, we would like to use the B2 floor of the near detector hall
of the J-PARC neutrino beam-line as a test facility of the neutrino beam.

5.2 Request of equipment

We request the followings from April 2015 until a long beam shutdown period after the end of
the test experiment.

• Site for the detectors and the readout system (4m × 8m) in the B2 floor of the near detector
hall (Fig. 5)

• Electricity (∼10kW) for the electronics and water circulation system

• Beam timing signal and spill information

• Network connection

The infrastructure for all these is already existing. Equipment such as the detector itself will be
covered by external funds.

References

[1] K. Abe et al., Phys. Rev. Lett. 112, 061802 (2014).
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Expected	  neutrino	  flux	

Neutrino	  beam	  axis	  
(off-‐axis	  angle	  =	  0	  deg.)	

Candidate	  site	  
(off-‐axis	  angle	  ~	  1.6	  deg.)	
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Detector	  configura3on	
•  WAGASCI	  detector	  +	  muon	  range	  detectors	  (MRDs)	  

–  MRDs	  are	  located	  50cm	  away	  from	  the	  WAGASCI	  detector	  to	  iden3fy	  the	  
charged	  par3cle	  direc3ons	  from	  hit-‐3ming	  diff.	  between	  the	  two	  detectors.	
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Figure 3: Schematic view of entire sets of detectors.

• Capability of identifying directions of motion of charged particles from the hit-time differ-
ence between the central detector and the MRDs

• Track reconstruction efficiency of 99% for an isolated track longer than 10cm

• Particle identification capability, especially for protons and pions or muons, with dE/dx
information

Once the performance is confirmed, we will measure the water to hydrocarbon charged current
cross section ratio.

3.2 Water to hydrocarbon charged current cross section ratio mea-
surement

We have studied the water to hydrocarbon charged current cross section ratio measurement by
using the MC simulation in the Geant4 framework. The simulated event display is shown in Fig.
7.

A neutrino charged current interaction in the central detector is identified by a track from
the fiducial volume of the central detector to the MRD located around the central detector,
where the MRD is used to identify a long muon track. First, hits are clustered by timing. Then,
tracks are reconstructed using hit information. Next, tracks joined between the central detector
and the MRD are searched to select long muon tracks which are stopped inside the MRD. After
that, charged particles which originate from neutrino interactions in the material surrounding
the central detector are rejected with VETO layers, and the determination of the direction of
motion of charged particles from hit-time difference between the central detector and the MRD.
Finally, the reconstructed event vertex is required to be inside the fiducial volume (FV) of the
central detector. The FV of the central detector is defined as a volume within ±45cm from the
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WAGASCI	  detector	
•  Dimensions	  

–  100cm	  x	  100cm	  in	  sec3on	  and	  200cm	  along	  the	  beam	  direc3on	  
–  H2O/CH	  target	  mass	  is	  ~2	  ton	  in	  total.	  	  (Total	  weight	  ~	  3	  ton.)	  

•  3D	  grid-‐like	  structure	  (x,	  y,	  grid	  layers	  +	  WLS	  fibers	  +	  MPPCs)	  
–  4π	  angular	  acceptance	  for	  charged	  par3cles	  
–  2.5cm	  grid	  spacing	  enables	  us	  to	  reconstruct	  short	  tracks	  originated	  from	  

protons	  and	  charged	  pions	  with	  high	  efficiency.	  
–  Thin	  plas3c	  scin3llator	  bars	  (thickness	  ~	  0.3cm)	  will	  be	  used	  for	  the	  detector	  

to	  increase	  the	  mass	  ra3o	  of	  H2O	  (signal)	  to	  CH	  (background).	  
–  The	  WAGASCI	  detector	  can	  be	  made	  possible	  if	  we	  have	  high	  light	  yield	  from	  

the	  thin	  scin3llator	  bars	  in	  water	  with	  the	  MPPC	  readout.	
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Figure 4: Schematic view of 3D grid-like structure of plastic scintillator bars inside the central
detector.

detector center in the x and y directions, and ±95cm from the detector center along the beam
direction.

Background events which originate from neutrino interactions in the material surrounding
the central detector are evaluated by using MC simulation, and the dominant background source
is found to be neutral particles, like neutrons and gammas, from neutrino interactions in the
walls of the experimental hall. The distribution of the number of penetrating iron layers in the
MRD in the downstream (side) region, for the νµ charged current event candidates, is shown in
Fig. 8 (Fig. 9). Background originating from neutrino interactions in the material surrounding
the central detector can be rejected using the number of penetrating layers in the MRDs. For
instance, if events with four (two) or more penetrating iron layers in the MRD in the downstream
(side) region are selected, the background contamination fraction can be reduced to a 5% level.

In 1 × 1021 POT of ν beam data, the expected number of the νµ charged current event
candidates which originate from neutrino interactions in water and hydrocarbon target inside
the central detector, after applying the selection on the number of penetrating iron layers in
the MRDs, are 21000 each. So, statistical errors will be less than 1% for this measurement.
Furthermore, a breakdown of neutrino interaction type of the event sample is shown in Table.
2, and charged current interactions are selected with 92% purity.

The flux-averaged νµ CC inclusive cross section is calculated from the number of selected
events using the background subtraction and efficiency correction

σCC =
Nsel − NBG

φT ε
, (1)

where Nsel is the number of selected events from real data, NBG is the number of selected
background events predicted by MC simulation, φ is the integrated νµ flux, T is the number
of target nucleons, and ε is the detection efficiency for CC events predicted by MC simulation.
The νµ CC inclusive cross sections on water and hydrocarbon are measured from the number
of selected events in the water and hydrocarbon regions in the central detector. Finally, we will
cancel the dominant systematic error, the neutrino flux error, by comparing the cross-section
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[本研究の特色]

図 5: 格子状に組んだシンチレータ

•WAGASCI検出器
WAGASCI検出器のシンチレータを格子状に配置する方法は今までに

例がなく、水標的でありながらもニュートリノ反応で生じた二次荷電粒
子がどのような方向に飛んでも飛跡を再構成することができる画期的な
方法である。ミューオン以外の二次粒子を測定することで、ニュートリ
ノ反応モード別の測定も期待できる。
[国内外の関連する研究の中での当該研究の位置づけ、意義]
多くのニュートリノ実験においてニュートリノ反応モデルの不定性は

大きな系統誤差を生んでいる。ニュートリノの反応断面積を測定し、ニュートリノ反応モデルに制限を与えること
は T2Kのみでなく、ニュートリノコミュニティー全体に有益である。
[インパクトと将来の見通し]
• レプトンセクターでの CP対称性の破れは、未解決の問題である”物質優勢宇宙の起源”に迫る非常に重要な
研究である。

• WAGASCI検出器の開発、測定は次世代の計画であるハイパーカミオカンデを用いた長基線ニュートリノ振
動実験の前置検出器をデザインする際に良い材料となる。

（１年目）

• T2K前置検出器のProton Moduleと INGRIDを用いた反ニュートリノの反応断面積の測定の結果をまとめる
• WAGASCI検出器の制作を完了、前置検出器ホールへのインストールをし、ニュートリノのビームデータを
取得する

• WAGASCI検出器で、ビームデータと宇宙線データを収集し、検出効率などの性能を評価する
• WAGASCI検出器のデータから、粒子の単位長さあたりのエネルギー損失、飛程、シンチレータでの光量を
用いた粒子識別の方法を、シミュレーションやビームテストの結果と比較して研究する

(２年目）

• 反応点付近の陽子などの短い軌跡やエネルギー損失から、荷電カレント準弾性散乱 (CCQE)反応のイベント
選択の方法を研究する

• WAGASCI検出器での CCQE反応を選択する手法を確立し、それぞれの反応断面積と反応断面積比を求める

(３年目）(DC２は記入しないこと)

• νe(νe)出現モードと νµ(νµ)消失モードについて、ニュートリノ振動の同時解析を行い、CP非対称パラメー
タ δCP を測定する

• 以上の結果を博士論文にまとめる

林野竜也



Advantages	  of	  the	  WAGASCI	  detector	
•  4π	  angular-‐acceptance	  
•  H2O(signal):CH(BG)	  =	  70:30	  
–  T2K	  ND280:	  H2O:CH	  =	  46:54	  

•  Similar	  detector	  systema3cs	  for	  H2O/CH	  measurements	  
–  Each	  cell	  of	  the	  3D	  grid	  is	  filled	  with	  hydrocarbon	  blocks	  in	  
the	  CH	  target	  regions.	  
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Figure 4: Schematic view of 3D grid-like structure of plastic scintillator bars inside the central
detector.

detector center in the x and y directions, and ±95cm from the detector center along the beam
direction.

Background events which originate from neutrino interactions in the material surrounding
the central detector are evaluated by using MC simulation, and the dominant background source
is found to be neutral particles, like neutrons and gammas, from neutrino interactions in the
walls of the experimental hall. The distribution of the number of penetrating iron layers in the
MRD in the downstream (side) region, for the νµ charged current event candidates, is shown in
Fig. 8 (Fig. 9). Background originating from neutrino interactions in the material surrounding
the central detector can be rejected using the number of penetrating layers in the MRDs. For
instance, if events with four (two) or more penetrating iron layers in the MRD in the downstream
(side) region are selected, the background contamination fraction can be reduced to a 5% level.

In 1 × 1021 POT of ν beam data, the expected number of the νµ charged current event
candidates which originate from neutrino interactions in water and hydrocarbon target inside
the central detector, after applying the selection on the number of penetrating iron layers in
the MRDs, are 21000 each. So, statistical errors will be less than 1% for this measurement.
Furthermore, a breakdown of neutrino interaction type of the event sample is shown in Table.
2, and charged current interactions are selected with 92% purity.

The flux-averaged νµ CC inclusive cross section is calculated from the number of selected
events using the background subtraction and efficiency correction

σCC =
Nsel − NBG

φT ε
, (1)

where Nsel is the number of selected events from real data, NBG is the number of selected
background events predicted by MC simulation, φ is the integrated νµ flux, T is the number
of target nucleons, and ε is the detection efficiency for CC events predicted by MC simulation.
The νµ CC inclusive cross sections on water and hydrocarbon are measured from the number
of selected events in the water and hydrocarbon regions in the central detector. Finally, we will
cancel the dominant systematic error, the neutrino flux error, by comparing the cross-section
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muon	  range	  detectors	  (MRDs)	
•  Side	  MRDs	  

–  Dimensions	  ~	  300cm	  x	  200cm	  x	  100cm	  
–  14	  tracking	  planes	  and	  12	  steel	  plates	  

•  Weight	  of	  a	  steel	  plate:	  1.4	  ton	  
•  Weight	  of	  a	  tracking	  plane:	  160kg	  

–  Total	  weight	  for	  each:	  ~21	  tons	  
–  Can	  measure	  pµ	  up	  to	  ~1	  GeV/c	  

•  Downstream	  MRD	  
–  Dimensions	  ~350cm	  x	  200cm	  x	  220cm	  
–  32	  tracking	  planes	  and	  30	  steel	  plates	  

•  Weight	  of	  a	  steel	  plate:	  1.7	  ton	  
•  Weight	  of	  a	  tracking	  planes:	  190kg	  

–  Total	  weight:	  ~60	  tons	  
–  Can	  measure	  pµ	  up	  to	  ~	  2	  GeV/c	
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Side	  MRDs	

Downstream	  MRD	

WAGASCI	  detector	

Neutrino	  beam	  direc3on	  



Downstream	  muon	  detector	
•  Another	  op3on	  for	  the	  downstream	  muon	  detector	  

–  We	  are	  considering	  the	  possibility	  to	  reuse	  the	  detector	  which	  is	  
developed	  for	  muon	  radiography	  as	  the	  downstream	  muon	  detector.	  

–  Scin3llator	  tracking	  planes	  +	  magne3c	  filed	  using	  permanent	  magnets	  

–  Advantages	  
•  Can	  iden3fy	  muon	  charges	  (Good	  for	  an3-‐ν	  beam	  data.)	  
•  Can	  measure	  pµ	  up	  to	  5	  GeV/c	  	
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Goals	
•  H2O	  to	  CH	  cross	  sec3on	  ra3os	  with	  3%	  accuracy	  	  
–  Neutrino	  interac3on	  models	  predict	  that	  the	  target	  
dependence	  between	  H2O	  and	  CH	  is	  small,	  but	  no	  high	  
precision	  measurement	  so	  far.	  

–  Test	  the	  correctness	  of	  the	  target	  dependence	  in	  the	  
models.	  Then,	  constrain	  the	  target-‐dependent	  neutrino	  
cross	  sec3on	  errors	  by	  the	  ND280	  measurement.	  

–  The	  analysis	  technique	  is	  established	  in	  the	  INGRID	  
measurement.	  	  

–  CC-‐inclusive	  channel.	  Then,	  exclusive	  channels.	  
•  Cross	  sec3ons	  on	  H2O	  and	  CH	  with	  10%	  accuracy.	  
–  Neutrino	  flux	  uncertain3es	  are	  dominant	  errors.	  
–  Double	  differen3al	  cross	  sec3ons	  for	  (Tµ,	  cosθµ)	  
–  CC-‐inclusive	  channel.	  Then,	  exclusive	  channels.	  
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MC	  study	  (CC-‐inclusive)	
•  Neutrino	  flux	  predic3on	  

–  Hadron	  produc3on	  (NA61@CERN)	  &	  Proton/ν	  beam	  monitoring	  

•  Neutrino	  interac3on	  generator:	  NEUT	  
•  Detector	  MC:	  Geant4	  

–  Geometry	  in	  the	  MC	  is	  slightly	  different	  from	  the	  one	  in	  p.	  9.	  (BeYer	  
performance	  is	  expected	  by	  adap3ng	  the	  geometry	  in	  p.9	  to	  the	  MC.	  )	  
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A	  event	  display	  of	  the	  WAGASCI	  detector	  (CCQE	  event)	
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Figure 7: MC event display of a charged current neutrino event in the central detector.

[2] K. Suzuki et al., ”Status of the neutrino cross section measurement in the T2K experiment”,
The XLIX Rencontres de Moriond QCD and High Energy Interactions (2014).

[3] Y Hayato et al., Acta Phys. Polon. B 40 2477 (2009).

[4] C. Andreopouloset al., Nucl. Instrum. Meth. A 614 87 (2010).

10

MC	  study	  (CC-‐inclusive)	  (Con3nue.)	
•  Event	  selec3on	  
–  Reconst.	  tracks/ver3ces	  in	  the	  WAGASCI	  detector	  and	  the	  MRDs.	  
–  Require	  a	  track	  to	  be	  matched	  between	  two	  detectors	  and	  be	  
stopped	  in	  the	  MRDs.	  
•  Select	  a	  long	  muon	  track	  from	  CC	  interac3on.	  

–  Remove	  charged	  par3cle	  BGs	  form	  VETO	  layer	  hits	  &	  TOF	  (t1	  <	  t2).	  
–  Ver3ces	  are	  in	  the	  fiducial	  volume	  of	  the	  WAGASCI	  detector.	  
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Figure 8: Number of penetrating iron layers in the MRD in the downstream region for the
νµ charged current event candidates which originate from neutrino interactions in the material
inside (red) and surrounding (purple) the central detector.

#of penetrating iron layers
0 2 4 6 8 10 12

PO
T

21
ev

en
t/1

0

0

1000

2000

3000

4000

5000

6000

 interactions inside the detectorν

BGs from outside the detector

 range detectorµMatched track in side 

Figure 9: Number of penetrating iron layers in the MRD in the side region for the νµ charged
current event candidates which originate from neutrino interactions in the material inside (red)
and surrounding (purple) the central detector.
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MC	  study	  (CC-‐inclusive)	  (Con3nue.)	
•  BGs	  originate	  from	  neutrino	  interac3ons	  in	  the	  material	  

surrounding	  the	  WAGASCI	  detector	  
–  Dominant	  BG	  source	  is	  found	  to	  be	  neutral	  par3cles	  (n,	  γ)	  from	  neutrino	  

interac3ons	  in	  the	  walls	  of	  the	  near	  detector	  hall.	
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MC	  study	  (CC-‐inclusive)	  (Con3nue.)	
•  Selected	  interac3on	  types	  aver	  applying	  the	  selec3on	  on	  #	  of	  

penetra3ng	  iron	  layers	  in	  the	  MRDs	  

•  The	  expected	  #	  of	  νµ	  CC	  event	  candidates	  in	  the	  WAGASCI	  
detector	  is	  42000	  in	  total	  in	  1x1021	  POT	  of	  ν	  beam	  data.	  
–  Stat.	  error	  will	  be	  less	  than	  1%.	
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MC	  study	  (CC-‐inclusive)	  (Con3nue.)	
•  Analysis	  strategy	  	  
–  Flux	  averaged	  CC-‐inclusive	  is	  calculated	  with	  background	  
subtrac3on	  and	  efficiency	  correc3on.	  

–  This	  calcula3on	  is	  applied	  to	  the	  H2O	  target	  regions	  and	  	  the	  
CH	  target	  regions	  to	  measure	  	  	  	  	  	  	  	  	  	  	  and	  	  	  	  	  	  	  	  	  .	  

–  Then,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  calculated.	  
•  The	  dominant	  systema3c	  error,	  the	  neutrino	  flux	  error	  is	  canceled.	
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Analysis strategy 
• Flux averaged CC-inclusive cross section is calculated with 

background subtraction and efficiency correction. 
 
 
 
 

• This calculation is applied to 
the standard module and the 
Proton Module to estimate 
𝜎ி and 𝜎ு. 

• Then 𝜎ி/𝜎ு is calculated. 
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𝜎 =
𝑁௦ − 𝑁ீ
Φ𝑇𝜀

 

𝑁௦  : Number of selected events (data) 
𝑁ீ  : Number of selected BG events (MC) 
Φ     : Integrated 𝜈ఓ flux (MC) 
𝑇      : Number of target nucleons 
𝜀    : Detection efficiency of CC events (MC) 

𝜎ி  𝜎ு  

NC events 6.44% 4.19% 

�̅�ఓ events 2.04% 2.39% 

𝜈 events 0.99% 0.73% 

Target element 2.67% 1.39% 

External 0.82% 5.87% 

Background fraction (MC) σCC
H2O σCC

CH

σCC
H2O /σCC

CH



Test	  of	  the	  detector	  components	
•  Long-‐term	  durability	  test	  of	  scin3llator	  bars	  &	  WLS	  fibers	  in	  water	  	
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水中での光量安定性
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514年3月25日火曜日
days	  in	  water	  @	  20°C	

Progress&since&Sep.&workshop�
•  Durability&test&of&ScinLllator&&&WLS&fiber&in&water�

水中光量安定性

days in water
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upper scintillator

lower scintillator

• 前回から3回の測定点を追加
• 測定中の平均温度は、最近二回
の測定について、
• 131日目:19.09℃
• 133日目:19.19℃

• 温度が低いとΔVが大きいので光
量は大きくなるはず
➡今のところそういう風になっ
ている

614年1月15日水曜日

水中光量安定性 w/ scintillator and WLS fiber

•先週作った固定台を用いて光量を測定した

• pedestal→LED→宇宙線→LED→pedestalの
順に測定

• PMTの電圧800V、アンプには通さず直に
ADC入れている

• mppc Vbias=69.1V (Vover~1.2V)

• LEDは紙ヤスリで磨いた後キャップをつ
け、clock generatorで光らせている

613年11月27日水曜日
ScinLllator:&INGRID&type&
WLS&fiber&&:&Kuraray&Y11&
T2K&MPPC&(1.3&x&1.3&mm2)�

Light&yield&for&cosmic&ray&muon�

Stable(for(130(days.�
�	�

•  Scin3llator	  bars:	  T2K	  INGRID	  type	  
•  WLS	  fiber:	  Kuraray	  Y11	  
•  MPPCs:	  T2K	  ND	  type	  (1.3	  x	  1.3	  mm2),	  Vover	  =	  1.1V	

Stable	  for	  180	  days	
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Scin3.	  1	  
Scin3.	  2	

Light	  yield	  for	  cosmic	  ray	  muons	



Dark(noise(rate

Much less dark noise rate
compared to T2K version
(actually, improved with experience over a few years)

5

新型MPPC after pulse (古賀)

Afterpulse rate  in 200ns gate 

劇的な改善がみられる 

<   0.005! <   0.05! 

１０ 

0 0 

0.6 

12 

20℃ 

1714年3月25日火曜日

Test	  of	  the	  detector	  components	  (Con3nue.)	
•  Performance	  of	  new	  MPPCs	  developed	  by	  Hamamatsu	  

–  Low	  noise	  (~1/10	  compared	  to	  T2K	  version)	  
–  Much	  less	  aver	  pulse	  
–  Wider	  opera3on	  voltage	  
–  Low	  cross-‐talk	  (op3onal)	  
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Improved	  wafer	  
and	  processing	

Special	  structure	

noise	  rate	 aver	  pulse	  rate	

Vover	  [V]	
Vover	  [V]	

0	 2	 4	 0	 4	 8	 12	0	

0.2	

0.4	

0.6	

0	

0.5	

1	
X	  106	

new	  w/	  cross-‐talk	  suppress.	  
new	  w/o	  cross	  talk	  suppress.	  
old	

	  	  old	  w/	  0.5	  p.e.	  thre.	  
	  	  new	  w/	  0.5	  p,e.	  thre.	  
	  	  old	  w/	  1.5	  p.e.	  thre.	  
	  	  new	  w/	  1.5	  p.e.	  thre.	



新型MPPC relative PDE (古賀)

Relative PDE vs ΔV 

同じΔVでは～20％ほど小さい 

同じΔVでは少し小さい 

1２ 
0 0 

3.5 

12 
1814年3月25日火曜日

新型MPPC crosstalk (古賀)

Crosstalk rateの測定 

Crosstalk rate ≡ Noise rate1.5p.e / Noise rate0.5p.e 
 
 
 
 
 
 
 

Crosstalk 
 suppression  

８ 0 0 12 

1 
20℃ 

1614年3月25日火曜日

Test	  of	  the	  detector	  components	  (Con3nue.)	
•  Performance	  of	  new	  MPPCs	  developed	  by	  Hamamatsu	  

–  Low	  noise	  (~1/10	  compared	  to	  T2K	  version)	  
–  Much	  less	  aver	  pulse	  
–  Wider	  opera3on	  voltage	  
–  Low	  cross-‐talk	  (op3onal)	  

22	

Improved	  wafer	  
and	  processing	

Special	  structure	

PDE	crosstalk	  rate	

new	  w/	  cross-‐talk	  suppress.	  
new	  w/o	  cross	  talk	  suppress.	  
old	

new	  w/	  cross-‐talk	  suppress.	  
new	  w/o	  cross	  talk	  suppress.	  
old	

Vover	  [V]	
0	 4	 8	 12	

Vover	  [V]	
0	 4	 8	 12	0	
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1	

0	

1	

2	

3	

We	  will	  operate	  the	  new	  MPPC	  at	  a	  high	  Vover.	  (High	  PDE	  is	  achieved.)	



Test	  of	  the	  detector	  components	  (Con3nue.)	
•  We	  have	  tested	  3mm-‐thick	  scin3llator	  bars	  which	  have	  the	  

groove/slits	  for	  the	  3D	  grid-‐like	  structure	  by	  using	  positron	  
beam	  at	  Tohoku	  Univ.	  on	  May,	  2014.	  
–  Fermi-‐lab’s	  scin3.	  (maybe	  be	  degraded)	  
–  MPPCs:	  T2K	  ND	  type	  

•  Check	  items	  
–  Hit	  efficiency	  for	  MIP	  
–  Light	  yield	  for	  MIP	  
–  Op3cal	  cross	  talks	  
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Setup

• Avobe-ground

• Under-ground

Trigger-
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5/10 2nd data
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※MPPC’s  vias volatage ΔV  =  1.4V
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5/10 2nd data
measurement with scintillator in water 

※MPPC’s  vias volatage ΔV  =  1.4V
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Schedule	
•  May	  –	  Jun.,	  2014:	  Neutrino	  beam	  measure.	  w/	  an	  exis3ng	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  INGRID	  mod.	  at	  the	  candidate	  site.	  

–  BG	  study	  at	  the	  candidate	  site.	  
•  Oct.,	  2014:	  2nd	  beam	  test	  at	  Tohoku	  Univ.	  

–  Finish	  the	  performance	  test	  of	  the	  detector	  components	  (Scin3llator	  
bars,	  WLS	  fibers,	  MPPCs,	  …)	  

–  Test	  a	  prototype	  of	  the	  WAGASCI	  detector	  (~	  100ch)	  

•  Dec.,	  2014:	  Comple3on	  of	  the	  detector	  design	  
•  Jan.	  –	  May,	  2015:	  Order/delivery	  of	  the	  detector	  components	  
•  Jun.	  –	  Oct.,	  2015:	  Detector	  construc3on/installa3on	  
•  Nov.,	  2015:	  Detector	  commissioning	  
•  Dec.,	  2015:	  Start	  opera3on	
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Summary	
•  We	  propose	  a	  test	  experiment,	  WAGASCI,	  to	  develop	  a	  
3D	  grid-‐like	  neutrino	  detector	  with	  a	  water	  target	  at	  the	  
near	  detector	  hall	  of	  J-‐PARC	  neutrino	  beamline.	  

•  Goals	  of	  the	  project	  
– Measure	  the	  H2O	  to	  CH	  charged	  current	  cross	  sec3on	  ra3o	  
with	  3%	  precision.	  

–  Double	  differen3al	  cross	  sec3ons	  on	  H2O	  and	  CH	  with	  10%	  
precision.	  

•  MC	  studies/test	  of	  the	  detector	  components	  are	  on-‐
going.	  

•  Start	  opera3on	  on	  Dec.,	  2015.	  
25	



Backup	
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