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Defining “Precision δCP Measurements”
σ 
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High Sensitivity to CPV w/ <~5% sys. error
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12年10月5日金曜日• Old sensitivity plots (somewhat out of date)

• Normalization uncertainties only

• Takeaway message: CP violation experiments will likely be 
systematics limited

• Largely due to neutrino interaction uncertainties

Hyper-Kamiokande LBNE

4.3 Measurements of Mass Hierarchy and the CP-Violating Phase 95
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Figure 4.5: The significance with which the mass hierarchy (top) and CP violation (”CP ”= 0 or fi, bottom)
can be determined by a typical LBNE experiment with a 34-kt far detector as a function of the value of
”CP. The plots on the left are for normal hierarchy and the plots on the right are for inverted hierarchy. The
width of the red band shows the range of sensitivities that can be achieved by LBNE when varying the beam
design and the signal and background uncertainties as described in the text.

the muon flux at the near site as described in [13], the expectation of improved hadron production
measurements with the NA61 and MIPP experiments, and the experience of previous ‹e appearance
experiments as summarized in Table 4.4.

The Long-Baseline Neutrino Experiment

2



Can Experiments Measure Eν?
• In 2009, MiniBooNE CCQE data 

showed an excess not predicted by 
any existing neutrino cross section 
model

• ...and inconsistent with NOMAD 
CCQE data at higher energies

• This is now believed to be caused by 
nucleon correlations (and other 
nuclear and even non-nuclear effects)

• If correct, a large fraction of events 
(~20-30%) can have a significant 
bias in reconstructed energy

• No direct data constraint exists

• Oscillation experiments completely 
rely on models that were very 
different just 5 years ago
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FIG. 1: (Color online) The spreading function d(Eν , Eν) of Eq. (4) per neutron of 12C in the

case of electrons evaluated for three Eν values. The genuine quasielastic (dashed lines) and the

multinucleon (dotted lines) contributions are also shown separately.

III. APPLICATIONS

A. T2K

Here the situation is relatively simple as one deals with a long baseline experiment [10, 11]

with oscillation mass parameters already known to a good accuracy. We have pointed out

[4] the interest of the study for T2K of the muon events spectrum both in the close detector

and in the far detector since the two corresponding muonic neutrino beams have different

energy distributions. The study of the reconstruction influence on the electron events in

the far SuperKamiokande detector was performed in our Ref. [4], it is discussed again here

in our new reversed perspective. The two muon beams in the close and far detectors and

the oscillated electron beam at the far detector having widely different energy distributions,

the effect of the reconstruction is expected to differ in all three. The muon neutrino energy

distribution in the close detector, normalized with an energy integrated value of unity,

Φνµ(Eνµ) is represented in Fig. 2 as a function of Eνµ. At the arrival in the far detector it

is reduced by a large factor which depends on the oscillation parameters and its expression

8

Martini et al.
arXiv:1211.1523
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How Well are the New 
Models Understood?

• It is very difficult to answer this question 
without a direct measurement

• However, the two most commonly used 
“new” models can be compared

• J. Nieves, I. Ruiz Simo, and M. J. 
Vicente Vacas, PRC 83:045501 (2011)

• M. Martini, M. Ericson, G. Chanfray, 
and J. Marteau, PRC 80:065501 (2009)

• Cross section differs by a factor of 2 to 3 
over a large range of neutrino energies

• Which model is correct?

• Is either model correct?

• Nuclear physics at 1 GeV is difficult
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Isn’t This is Why Oscillation 
Experiments Build Near Detectors?

• Shouldn’t cross section systematics 
cancel in a near/far fit?

• Some errors, like total 
normalization, will cancel

• However, multi-nucleon effect causes 
feed-down of events into oscillation dip

• Cannot disentangle with near 
detectors

• Energy spectrum is not 
oscillated

• More multi-nucleon = smaller dip

• Multi-nucleon effects are largely 
degenerate with mixing angle 
effect!

at SK

at SKSK Oscillated Flux 
Eν→Erec Smearing  

(Eν=0.8 GeV) 

Eν→Erec Smearing  
(Eν=0.8 GeV) 

ND280 Flux 

Mixing Angle Bias!
Near detectors lack sensitivity

5



Effect on T2K νμ Disappearance
• Create “fake data” samples with flux and cross 

section variations

• With and without multi-nucleon events

• For each fake data set, full T2K near/far 
oscillation fit is performed

• For each variation, plot difference with and 
without multi-nucleon events

• For Nieves model, “average bias” (RMS) = 3.6%

• For Martini model, mean bias = -2.9%, RMS = 
3.2%

• Full systematic = √(2.9%2+3.2%2) = 4.3%

• This would be one of the largest systematic 
uncertainties

• But this is just a comparison of 2 models

• How much larger could the actual systematic 
uncertainty be?

• We need a data-driven constraint!

Nieves Model

Bias = 0.3%
RMS = 3.6%

Hacked-up 
Martini Model

Bias = -2.9%
RMS = 3.2%
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Can the Eν problem be 
solved experimentally?
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νPRISM Detector Concept

ν-Beam
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νPRISM Detector Concept

ν-Beam
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νPRISM Detector Concept
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νPRISM Detector Concept
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νPRISM Detector Concept
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νPRISM Detector Concept
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νPRISM Detector Concept
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νPRISM Detector Concept
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νPRISM Detector Concept
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νPRISM Detector Concept
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νPRISM Detector Concept
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νPRISM Detector Concept
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νPRISM Detector Concept
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Neutrino Spectrometer

• Gaussian-like spectra can be produced for any choice of neutrino 
energy (between ~0.4 and ~1 GeV)

• Depends on off axis angle range (6°→ 0.25 GeV, 0°→ 1.2 GeV)

• High energy flux tail is canceled in all cases

500 MeV 700 MeV 1 GeV

zoom zoom zoom
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Other Uses of νPRISM data
Q�Limitations of Near 

Detectors 
• Limitations of even “perfect” near detectors: 

1. Flux is never identical near and far, because of 
oscillations if for no other reason. 

2. Near detector has backgrounds to reactions of interest 
which may not be identical to far detector (see #1). 

 
• These limitations lead to the need to separate flux 

and cross-sections based on near detector 
measurements. 

7 February 2013 K. McFarland, Neutrino Interactions 12 

K. McFarland, Aspen Conference (2013)

Can νPRISM address this issue as well?
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Removing Near/Far Flux Differences
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Removing Near/Far Flux Differences
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Removing Near/Far Flux Differences
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Removing Near/Far Flux Differences
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Removing Near/Far Flux Differences
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Removing Near/Far Flux Differences
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Removing Near/Far Flux Differences
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νμ disappearance 

analysis
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Interpreting Linear Combinations
• After νPRISM linear combination:

• CC-νμ spectrum should reproduce 
oscillated far detector spectrum:
Good!

• NC-νμ backgrounds will also be oscillated:
Bad!

• NC events are unaffected by 
oscillations at SK

• NC events must be subtracted at both SK 
and νPRISM

• Introduces cross section model 
dependence

• However, NC backgrounds can be very well 
measured using mono-energetic beams

• Significantly reduces cross section model 
dependence

• In current analysis (see later slides), NC 
constraint has not yet been applied

• Conservative errors

ν Energy Spectrum
Flux < 1 GeV is dominated by π+ decay

νμ produced in 2-body decay
νe produced in 3-body decay
☞ Only νμ are subject to off-axis affect

π+ → μ+ νμ
→ e+ νe νμ
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More on Beam Errors
• Haven’t we just replaced unknown cross section errors 

with unknown flux errors?

• Yes! But only relative flux errors are important!

• Cancelation exist between νPRISM and far detector 
variations

• Normalization uncertainties will cancel in the νPRISM 
analysis

• Cancelations persist, even for the νPRISM linear 
combination

• Shape errors are most important

• For scale, 10% variation near the dip means
~1% variation in sin22θ23

• Although this region is dominated by feed down

• Full flux variations are reasonable

• No constraint used (yet) from existing near detector!

• Uncertainties set by NA61 and T2K beam data
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Design Considerations
• Civil construction is expensive!

• Smaller hole = More affordable

• Off-axis angle range

• On-axis flux peaks at 1.2 GeV

• 4° (6°) off-axis peaks at ~380 (~260) MeV

• Beam points 3.63° below horizon, so get ~4° for 
free

• Distance to target

• At 1 (1.2) km , need 54 (65) m deep pit to span 
1°-4°

• Event pileup must be manageable (see later slides)

• Tank diameter

• Determines maximum muon contained

• 4 m (+ FV cut) for 1 GeV/c muon

• PID degrades near the wall

• Important for selecting e-like events

• How much outer detector is necessary?
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The νPRISM νμ 
Disappearance Analysis

Details to be presented in the next talk
by Mark Scott
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Flux Fit

• Fit for coefficients of 30 off-axis νPRISM slices to match a chosen Super-K oscillated 
spectrum

• Fit between 400 MeV and 2 GeV

• Repeat this fit for every set of oscillation parameters

• Notice disagreement at low energy

• The most off-axis flux (4°) peaks at 380 MeV, so difficult to fit lower energies

• Could extend detector further off-axis, but the low energy region is not very 
important to extract oscillation physics

Super-K Flux
νPRISM Flux Fit 

Δm232=2.41e-3
sin2θ23=0.5
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Signal Selection/Definition
• Same signal selection as used at 

Super-K

• Single, muon-like ring

• Signal events are defined as all true 
single-ring, muon-like events

• A muon above Cherenkov threshold

• All other particles below Cherenkov 
threshold

• νPRISM can measure single muon 
response for a given Eν spectrum

• Signal includes CCQE, multi-
nucleon, CCπ+, etc.

• No need to make individual 
measurements of each process and 
extrapolate to T2K flux

1° off-axis

ν

nucleus

μ-

(p > pCh)

π-

(p < pCh)

π+

(p < pCh)

p
(p < pCh)

Example Signal Event

p
n
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Erec Distribution
• For now, collapse 2D muon p,θ 

distribution into 1D Erec plot

• Use CCQE formula

• Arbitrary choice! This introduces 
negligible model dependence

• Eventually, we will just use p,θ bins 
directly

• Notice the νPRISM and SK distributions 
disagree

• If they didn’t, we would have no cross 
section systematic errors (modulo 
previously discussed flux variations)

• Differences are from detector 
acceptance & resolution, and imperfect 
flux fit

• Super-K prediction is now given by 
directly-measured νPRISM spectrum!

• T2K measurements are now largely 
independent of cross section modeling!

directly
measured

component

model-dependent
correction factor
    (systematic
      uncertainty)
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νμ Disappearance Bias

Martini Model
(with Nieves
final states)

Bias = -2.9%
RMS = 3.2%

Standard T2K
Analysis

Nieves Model

Bias = 0.3%
RMS = 3.6%
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νμ Disappearance Bias

Martini Model
(with Nieves
final states)

Bias = -2.9%
RMS = 3.2%

Standard T2K
Analysis νPRISM

AnalysisNieves Model

Bias = 0.3%
RMS = 3.6%

νPRISM
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νμ Disappearance Bias

Martini Model
(with Nieves
final states)

Bias = -2.9%
RMS = 3.2% Nieves Model

Bias = -0.06%
RMS = 1.0%

Standard T2K
Analysis νPRISM

AnalysisNieves Model

Bias = 0.3%
RMS = 3.6%

νPRISM
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νμ Disappearance Bias

Martini Model
(with Nieves
final states)

Bias = -2.9%
RMS = 3.2% Nieves Model

Bias = -0.06%
RMS = 1.0%

Standard T2K
Analysis νPRISM

Analysis

Martini Model
(with Nieves
final states)

Bias = -0.1%
RMS = 1.2%

Nieves Model

Bias = 0.3%
RMS = 3.6%

νPRISM
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νμ Disappearance Bias

Martini Model
(with Nieves
final states)

Bias = -2.9%
RMS = 3.2% Nieves Model

Bias = -0.06%
RMS = 1.0%

Standard T2K
Analysis νPRISM

Analysis

Martini Model
(with Nieves
final states)

Bias = -0.1%
RMS = 1.2%

Nieves Model

Bias = 0.3%
RMS = 3.6%

• νPRISM analysis is largely independent of 
assumed cross section model

• Using conservative systematics

• Without using any information from 
the existing near detector

• Data-driven constraint is possible!

νPRISM
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Electron-like Measurements
• MiniBooNE sees a large excess of electron-

like events from?

• NCπ0

• Single-γ production

• External γ

• Beam νe

• muon misID

• sterile neutrinos

• This must be understood for a precision CP 
violation measurement

• Linear combination of νμ fluxes can be used 
to reproduce BOTH: 

• The SK νe signal+background

• Direct measurement of far 
detector νe response
(excluding σ(νe)/σ(νμ) uncertainty) 

• The νPRISM νe flux

• This will allow direct comparison 
of νμ and νe double-differential xsec

nuPRISM-EOI-v0

LSND and miniBooNE. The o↵-axis position data which maximizes the oscillation for1322

given oscillation parameter would greatly enhance the signal. By comparing di↵erent1323

o↵-axis angle data, we could positively identify the signal by its contribution as a1324

function of neutrino energy without relying on the reconstructed neutrino energy,1325

which has significant uncertainty due to nuclear e↵ect. The o↵-axis information1326

also helps detailed understanding of the backgrounds, which have di↵erent o↵-axis1327

dependence.1328

Figure 28: Reconstructed neutrino energy distribution for the ⌫
e

appearance analysis
of MiniBooNE [9].

Figure 28 shows the single ring e-like events observed by miniBooNE. There are1329

several sources of events:1330

• Beam ⌫

e

from muons and kaons1331

• NC⇡0 with one of the photons missed1332

• NC� (� ! N�)1333

• ”Dirt” events: background � coming from outside1334

• Others, such as CC events with µ misidentified as electron1335

• Possible sterile neutrino contribution causing ⌫

µ

! ⌫

e

oscillation1336

There is a significant discrepancy between data and Monte Carlo. For the precision1337

⌫

e

appearance studies, such as CP violation or sterile neutrino search, it is essential1338

to understand the origin of such discrepancy.1339

51
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νe Event Selection
• νe’s are more sensitive to 

the tank diameter than 
νμ’s

• Large νμ background 
requires good PID

• PID degrades as 
particles approach the 
tank wall

• 6m diameter may be too 
small

• 8m diameter is also 
being investigated

• ( with 10m OD 
diameter kept fixed)

nuPRISM Selection Cuts

"7

1 Ring mu selection:!
Evis>30 MeV 
DWall>100 cm 
ToWall>200 cm 
prec>200 MeV/c 
!
!
!
!

1 Ring e selection:!
Evis>200 MeV 
DWall>200 cm 
ToWall>320 cm 
!
!

• For the 1 ring mu, we want to match the SK selection as much as 
possible 

• Set DWall>100 cm and ToWall>200 cm to maximize statistics 

• For 1 ring e, we are currently not extrapolating to SK, so we can 
optimize the nuPRISM cut for purity and statistics

passes
cuts
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Preliminary Sterile-ν Sensitivity
• Based on half the total T2K statistics (expected after beam upgrade)

• Conservative estimates

• MiniBooNE-style νe+νμ fit not yet used (strong flux correlations)

• ND280 not yet used (2 detector fit can add significant sensitivity)
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ν Cross Section Measurements
• Mono-energetic neutrino 

beams are ideal for 
measuring neutrino cross 
sections

• Can provide a strong 
constraint on new 
models

• T2K νμ disappearance is 
subject to large NCπ+ 
uncertainties

• 1 existing 
measurement

• νPRISM can place a 
strong constraint on 
this process vs Eν
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Figure 27: The NC⇡+ cross section as predicted by NUANCE vs. true neutrino
energy overlaid with the only measurement (on C3H8CF3Br). Figure from Ref. [27]

standing of cross section processes around 1 GeV neutrino energy. In particular,1298

⌫PRISM-Lite will help us understand for CC0⇡ events, if the shape and size of the1299

PDD and mulitnucleon components are modeled correctly. Furthermore, ⌫PRISM-1300

Lite can provide new information on the pion kinematics out of NC interactions1301

relevant to the oscillation analysis and the energy dependence of those cross sec-1302

tions.1303

5.5 ⌫PRISM-Lite 1-Ring e-like Ring Measurements (A. Kon-1304

aka)1305

Single ring e-like events in ⌫PRISM-Lite at an o↵-axis angle of 2.5� in principle1306

provide a reliable estimate of the ⌫

e

appearance background at SK, since the near-1307

to-far extrapolation correction is small. This includes both beam ⌫

e

, NC⇡0, and NC1308

single � (NC�) backgrounds with production cross section and detection e�ciency in1309

water folded in. For a ⌫

e

background study with better than ⇠10% precision, more1310

careful studies are required: for example, the � background from outside the detector1311

scales di↵erently between the near and far detectors due to their di↵erent surface1312

to volume ratio. Contributions from CC backgrounds, e.g. CC⇡0 events created1313

outside the detector, would also be di↵erent between near and far detector due to1314

oscillation. Careful identification of each type of single ring e-like events is required.1315

As described below, the ⌫PRISM-Lite capability of covering wide o↵-axis ranges1316

makes such a study possible. It also enables relative cross section measurements1317

between ⌫

e

and ⌫

µ

, which are considered to be the limiting systematics for measuring1318

CP violation. It also provides a more definitive study of the sterile neutrinos search1319

in ⌫

µ

! ⌫

e

oscillation: The 1km location of nuPRISM for the o↵-axis peak energies1320

of 0.5-1.0GeV matches the oscillation maximum for the sterile neutrinos hinted by1321
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Can We Build This 
Detector Now?

Smaller scale version is currently
being considered for a T2K upgrade:

νPRISM-Lite
• Improve T2K physics program

• Better oscillation measurements

• Sterile neutrino program

• Bridge project between T2K & Hyper-K to keep continuity in 
Japanese neutrino physics program

• Can provide proof-of-principle before Hyper-K is built

• Upgraded T2K beamline = Hyper-K beamline
24



νPRISM-Lite
• Instrument one subsection of the tank at a time with a 

moveable detector

• Cost difference?

• Baseline design:

• Inner Detector (ID): 6 or 8m diameter, 10m tall

• Outer Detector (OD): 10m diameter, 14m tall

• To improve sand muon tagging (precise entering 
position and time), OD is surrounded by scintillator 
panels (not pictured)

10 m
14m

6 m

10m

ID: 8” PMTs
(5” PMTs are also
being considered)

OD: 20” PMTs

25



• Non-rice-field locations at 750m, 1km, and 1.2km

• Many additional sites if rice fields are also considered

• Site acquisition will rely on J-PARC & KEK

• Significant lead time is required

Potential Detector Locations

TargetND280T2K 2 km site  1.2 km  750 m

To Super-K

To Tochibora

 1 km

26



Event Pileup at 1 km
• Full GEANT4 simulation of water and 

surrounding sand

• Using T2K flux and neut cross section 
model

• 8 beam bunches per spill, separated by
670 ns with a width of 27 ns (FWHM)

• 41% chance of in-bunch OD activity during 
an ID-contained event

• Want to avoid vetoing only on OD light 
(i.e. using scintillator panels)

• 17% of bunches have ID activity from 
more than 1 interaction

• 10% of these have no OD activity

• Need careful reconstruction studies

• (but multi-ring reconstruction at 
Super-K works very well)

Pileup Rates at 1 km Look Acceptable!
27



Civil Construction
• Estimates have been acquired for various construction 

methods (see table below)

• Initial estimates are for a 50m deep, 10m diameter pit

• Final options will depend on detailed geological 
survey performed at the chosen site

• Current estimates range from US $5M to $8M

nuPRISM-EOI-v0

3.2.2 Excavation376

There are several techniques to construct the 10 m� and 50 m long vertical “tunnel”;377

Pneumatic Caisson (PC) method, Soil Mixing Wall (SMW) method, New Austrian378

Tunneling (NAT) method, Urban Ring (UR) method. Each of the construction379

methods have pros and cons, and some of the methods are not applicable depending380

on the actual geological condition. The initial cost of the civil construction has381

been evaluated by scaling with the excavation volume based on prior vertical tunnel382

constructions (no detailed design). Table 1 summarizes the initial cost estimation383

for each construction method.

Table 1: Summary of initial cost estimation for civil construction.

(Unit: Oku JPY, roughly corresponds to Million USD)
Method Pneumatic Caisson Soil Mixing Wall New Austrian Tunneling Urban Ring

Survey 0.1 (assume 70 m deep boring survey)
Designing 0.15

Land preparation 0.15
Construction 7.7 5.9 5.3⇠6.1 15

384

3.3 Liner and Tank (M. Shiozawa & S. Nakayama)385

We can utilize the ⌫PRISM-Lite detector for proof-testing various designs and com-386

ponents which will be adopted in the Hyper-Kamiokande (Hyper-K) detector. The387

⌫PRISM-Lite water tank will have the same liner structure as that designed for388

Hyper-K.389

The structure of the ⌫PRISM-Lite tank liner is shown in Figure 6. The innermost390

layer contacting with the tank water must be a water-proofing component to seal the391

water within the tank. We use High-Density Polyethylene (HDPE) sheets, which are392

commonly used as a water-proofing tank liner material. The sheets have extremely393

low water permeability and also are resistant to long-term damages from the ultra394

pure water. The adjoining sheets are heat-welded, and the welded part also keeps395

the water-proof functionality.396

We select the HDPE sheet with a number of studs protruding from one side.397

These studs work for anchoring the sheet firmly on the backside concrete layer. To398

build this ”HDPE on concrete” liner, a HDPE sheet is fastened to the inside of399

a concrete form beforehand, then the concrete is poured into the form for making400

the backfill concrete layer. While the thickness of the HDPE liner is 5-10mm, the401

thickness of the backfill concrete layer is yet to be determined.402

Though we aim to construct the HDPE sheet liner such that the tank water can403

not leak, an additional water-proof layer is made between the backfill concrete layer404

and the shotcrete. This layer works as a catcher and a guide for the water by the405

unexpected leakage through the HDPE liner (and also the sump water through the406

shotcrete). This leaked water is drained via pits placed under the water tank.407

15

7.5
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Detector Frame
• Initial proposal for ID/OD frame and lifting 

mechanism has been produced

• Careful consideration given to water flow 
rate while in motion

• 4 towers allow the entire detector to be 
lifted out of the water tank for maintenance

Top View

29



PMTs
• For the ID, both 8” and 5” 

PMTs are being considered

• Perhaps with high-
quantum-efficiency (HQE) 
coating

• Also considering Hyper-K-
style hybrid 
photodetectors (HPD)

• Initial Hamamatsu estimate 
for basic 8” R5912 PMT is 
much more expensive that 
assumed for 2km detector

• US $4.3M for 3,000 PMTs

• UK/Texas company ETEL/
ADIT has also been consulted

• Basic 8” PMT is $1775

• No HQE or HPD option 
available

Name Type QE% Quantity Price/PMT Total Cost Delivery Year

5” PMT R6594-WPassy 25 8000 103,500 828M

5” PMT HQE 35 5714 123,700 707M

8” PMT R5912-WPassy 25 3215 143,000 460M

8” PMT HQE 35 2296 170,500 391M

8” HPD HQE R12112-WPmodule 35 2296 264,000 606M 2014

35 2296 236,500 543M 2015

35 2296 209,000 480M 2016

20” PMT HQE R12860-WPassy 30 508 604,500 307M 2014

30 508 572,000 291M 2015

30 508 539,500 274M 2016

20” HPD HQE R12850-WPmodule 30 508 715,000 363M 2014

30 508 617,500 314M 2015

30 508 520,000 264M 2016

20” HPD HQE R12850-WPmodule 30 140 770,000 108M 2014

30 140 665,000 93M 2015

30 140 560,000 78M 2016

20” PMT R12860-WPassy 30 140 651,000 91M 2014

30 140 616,000 86M 2015

30 140 581,000 81M 2016

Hamamatsu Estimates
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νPRISM-Lite Timescales
• Water Cherenkov construction 

was studies for a T2K near 
detector proposed in 2005

• νPRISM could perhaps be built 
faster

• Same pit depth as the 2km 
detector, but no excavation of a 
large cavern at the bottom of 
the pit

• Smaller instrumented volume

• No LAr or MRD detector

• ~3 year timescale from approval 
to completion

• Goal is to start data taking in time 
for the J-PARC 700kW beam 
upgrade expected in 2019

• Ground breaking in 2016

Preparation
Excavation
MRD detector preparation
Liquid Argon Assembly
MRD Installation
Water tank construction
Liquid Argon installation
Surface facilities
PMT module preparation
Liqid Argon (surface)
Liquid Argon (Cryogenic)
Water system
Water Ch. (PMT etc)
MRD electronics
L.Ar. filling and purifying
Water filling and purifying

Pure water and liquid Argon production

Facility construction
Detector construction (on site)
Detector construction (off site, i.e., @J-PARC)

       Year 1        Year 2 Year 3        Year 4

Figure 63: Expected schedule of the 2 km facility and detector complex construction. It is assumed that
the construction will start on the first month of Year 1.

80

and resonance modeling, quasi-elastic modeling including interaction form factors, and the study of nuclear
effects such as binding, Fermi-motion, Pauli exclusion, NN-correlations, PDF modifications, rescattering,
etc.

For the reasons outlined above, we propose to build a detector complex 2 km away from the neutrino
source. The detectors will include a water Cherenkov detector which is the same target material as Super-K
in order to cancel the neutrino interaction effects, a liquid argon tracking detector and a muon ranger. 2 km
was chosen as the distance by optimizing for the measured event rate and the similarity of the near/far
fluxes. Fig. 8 shows a perspective representation of the 2KM detector complex.

Figure 8: A schematic view of the 2KM detector complex composed of a liquid argon TPC, a water
Cherenkov Detector and a muon ranger.

15
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Current Status
• A detailed Expression of Interest 

(EoI) document has been written

• Detailed νμ disappearance results

• Discussion of other physics 
applications (CP violation, anti-nu, 
sterile neutrinos, etc.)

• Preliminary detector design

• First step is formal approval from 
T2K

• Next step is to gain support from
J-PARC/KEK & international funding 
agencies

• νPRISM can provide a mechanism by 
which new collaborations can join 
T2K to perform CP violation and 
sterile neutrino measurements

nuPRISM-EOI-v0

Expression of Interest: The ⌫PRISM-Lite T2K

Near Detector

Sampa Bhadra14, Christophe Bronner7, Javier Caravaca2,
Michal Dziewiecki13, Guillermo Fiorentini-Aguirre14, Megan Friend5,
Mark Hartz6, Robert Henderson8, Taku Ishida5, Asher Kaboth3,

Akira Konaka8, Yury Kudenko4, Thomas Lindner8, Kendall Mahn8,
John Martin12, Kevin McFarland11, Shoei Nakayama1,

Kimihiro Okumura1, Andrzej Rychter13, Federico Sanchez2,
Mark Scott8, Tetsuro Sekiguchi5, Masato Shiozawa1, Roman Tacik10,

Hide-Kazu Tanaka1, Hirohisa Tanaka9, Shimpei Tobayama9,
Mark Vagins6, John Vo2, Morgan Wascko3, Michael Wilking8,

Stan Yen8, and Marcin Ziembicki13

1ICRR, Tokyo University
2IFAE, Barcelona

3Imperial College, London
4INR, Moscow
5J-PARC/KEK
6Kavli IPMU

7Kyoto University
8TRIUMF

9University of British Columbia
10University of Regina

11University of Rochester
12University of Toronto

13Warsaw University of Technology, Institute of Radioelectronics
14York University

1
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Next Steps
• Need to extend physics studies beyond νμ disappearance

• νe measurements & CP violation sensitivity

• Anti-neutrinos (w/ wrong-sign background)

• Joint analyses using ND280

• Detailed detector MC development is underway

• Much of this work has already been done for Hyper-K

• Full MC and reconstruction software are available

• More detailed design and engineering work is needed

• Full cost estimates for all detector components are 
underway

• Plan to submit a full proposal at the end of the summer
33



Summary
• Accelerator-based neutrino oscillation 

experiments require precision measurements of Eν

• Currently, must rely on models to related Eν to 
experimental observables

• Models are rapidly evolving, and large 
disagreements exist between available models

• The νPRISM detector concept can provide a direct, 
data-driven constraint on Eν reconstruction

• Far detector response is measured for any 
oscillated spectrum

• Hope to have a working example for T2K in 2019

• This concept should be useful for any accelerator-
based neutrino experiment
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Measuring Eν

9

4. adjustment of the CC1π+ model in the event sim-
ulation to reproduce the measured rate; and

5. subtraction of this adjusted CC1π+ background
(along with other predicted backgrounds) from the
CCQE signal to produce a a measurement of the
CCQE interaction cross section.

The details of this procedure are provided in the following
subsections.
In this analysis, the reconstruction of the CC1π+ sam-

ple is for the sole purpose of background estimation. Ded-
icated measurements of the CC1π+ and CC1π0 channels
in MiniBooNE have been reported elsewhere [48–50] in-
cluding detailed reconstruction of the π+ and π0 kine-
matics.

A. Event reconstruction

For this analysis, it is crucial to identify and measure
the muon in the CC interaction. This is accomplished
with an “extended-track” reconstruction algorithm [51]
which uses the charge and time information from all PMT
hits in the first subevent to form a likelihood that is maxi-
mized to determine the best single track hypothesis quan-
tified by the track starting point, starting time, direction,
and kinetic energy. This is performed with both a muon
and electron particle hypothesis from which a (log) like-
lihood ratio is formed to enable particle identification.
The muon kinetic energy, Tµ, and muon scattering

angle, θµ, are extracted from the track reconstruction
assuming a muon hypothesis. These are used to form
the fundamental observable reported here, the double-
differential cross section. For additional reported observ-
ables, the reconstructed neutrino energy EQE

ν and recon-
structed four-momentum transfer Q2

QE are obtained via,

EQE
ν =

2(M ′
n)Eµ − ((M ′

n)
2 +m2

µ −M2
p )

2 · [(M ′
n)− Eµ +

√

E2
µ −m2

µ cos θµ]
, (1)

Q2
QE = −m2

µ + 2EQE
ν (Eµ −

√

E2
µ −m2

µ cos θµ), (2)

where Eµ = Tµ +mµ is the total muon energy and Mn,
Mp, mµ are the neutron, proton, and muon masses. The
adjusted neutron mass, M ′

n = Mn −EB , depends on the
binding energy (or more carefully stated, the separation
energy) in carbon, EB , which for this analysis is set to
34± 9 MeV.
The subscript, “QE”, on these reconstructed quanti-

ties is to call attention to these specific definitions and to
distinguish them from quantities obtained in other ways
such as fits to the underlying true kinematic quantities.
These are kinematic definitions that assume the initial
nucleon (neutron) is at rest and the interaction is CCQE
(“QE assumption”). While these quantities certainly dif-
fer from the underlying true quantities, they are well-
defined, unambiguous, and easily reproduced by others.

B. CCQE and CC1π+ event selection

The CCQE and CC1π+ candidate events are selected
for this analysis and separated with a sequence of cuts
summarized in Table II.
The first five cuts are designed to efficiently select a

high-purity sample of CCQE and CC1π+ events. Cut 1
rejects events with incoming particles such as cosmic rays
or neutrino-induced events produced in the surrounding
material. It also eliminates events where any of the neu-
trino interaction products escape the main detector vol-
ume. This is important for an accurate muon energy
measurement and to avoid missing muon decays which
leads to higher backgrounds. Cut 1 does reduce the effi-
ciency substantially (Tab. II), however, it is necessary to
reduce background (together with the subsequent cuts).
Cut 2 requires that the primary (muon) is in-time with
the BNB spill window. Cut 3 ensures that the recon-
structed primary muon vertex is located within a fidu-
cial region in the main detector volume sufficiently far
from the PMTs for accurate reconstruction. Cut 4 pro-
vides a minimum muon kinetic energy for reliable recon-
struction and reduces backgrounds from beam-unrelated
muon-decay electrons.
Cut 5 requires that the candidate primary muon is

better fit as a muon than as an electron. Misrecon-
structed and multi-particle events tend to prefer the elec-
tron hypothesis so this cut reduces such contamination.
This also substantially reduces the efficiency for selecting
CC1π+ events as can be seen in Figure 5 where the µ/e
log-likelihood ratio distribution is shown for each of the
2- and 3-subevent samples. This bias is intended as it
selects a sample of CC1π+ with muon kinematics more
closely matched to those CC1π+ that are background
to the CCQE sample. As is shown in Fig. 5, data and
Monte Carlo simulation (MC) agree fairly well to within
the detector errors. The log-likelihood ratio distribution
is quite sensitive to details of an event such as scintil-
lation from hadron recoil via the PMT charge and time
information [51]. The data-MC difference in the number
of events passing Cut 5 in both the 2- and 3-subevent
samples is covered by the full systematic errors consid-
ered in this analysis.
Cut 6 separates the samples into CCQE (2 subevents)

and CC1π+ (3 subevents) candidates. For this analysis,
the second and third subevents are required to contain at
least 20 tank hits to reduce the probability of accidental
coincidences with the initial neutrino interaction (first
subevent). This requirement reduces the efficiency for
identifying the muon-decay electron by ≈ 3%.
Cut 7 utilizes the muon-electron vertex distance, the

measured separation between the reconstructed muon
and electron vertices. This cut requires that the decay-
electron is correctly associated with the primary muon
and is applied to the CCQE (2-subevent) sample only.
This eliminates many CC1π+ events where the second
subevent is a decay-positron from the π+ decay chain and
not the electron from the decay of the primary muon.

direction
known

ν
n
at

rest?

μ
fully

reconstructed

p

not observed
(but mass
is known)

• The neutrino energy is determined from the final state particle kinematics

• If only the outgoing muon 4-momentum is measured, Eν is determined assuming:

• The neutrino direction is known (good assumption)

• Detectors are far from the beam source

• The target nucleon is at rest (marginal assumption)

• Adds an irreducible smearing to the neutrino energy resolution

• The recoiling nucleon mass is known (problematic assumption)

• This is only correct for interactions on a single nucleon (next slide)

• LBNE will attempt to measure the energy of the outgoing hadrons

• Requires knowledge of neutron production (problematic assumption)
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More Model Comparisons!
• P. Coloma, P. Huber, C.-M. Jen, and C. Mariani, arXiv: 1311.4506 (Dec, 2013)

• Goal was to understand biases in oscillation parameters from neutrino event 
generators

• Try to approximate the T2K near/far setup

• Uses two well-established generators: GENIE & GiBUU

• Treat one model as true, and fit with the other

• Full near + far fit with some simplifying assumptions

• Same near/far flux, same near/far detectors and performance

• Since the actual situation is not as nice, these estimates are likely conservative

15

True Fitted θ23,min ∆m2
31,min[eV

2] χ2
min σa Fig. no.

GENIE (16O) GENIE (12C) 44◦ 2.49×10−3 2.28 – 4

GiBUU (16O) GENIE (16O)
41.75◦ 2.69×10−3 47.64 – 5(a)

47◦ 2.55×10−3 20.95 5% 5(b)

GiBUU (16O) GiBUU (16O) w/o MEC 42.5◦ 2.44×10−3 22.38 – 6(a)

GENIE (16O) GENIE (16O) w/o MEC 44.5◦ 2.36×10−3 19.54 – 6(b)

TABLE III: Summary of the main impact on the oscillation parameters for the different scenarios

studied in this work. The true values for the disappearance oscillation parameters are θ23 = 45◦

and ∆m2
31 = 2.45× 10−3 eV2. The number of degrees of freedom in the fit is n− p = 16, where n is

the number of energy bins and p is the number of oscillation parameters that are being estimated
from the fit. Here, σa represents the prior uncertainty assumed for an energy calibration error,
whose implementation is described in Sec. VB.

Fit results for true values θ23=45° & Δm231= 2.45*10-3

Fit has 16 d.o.f.

Biases due to 
cross section 

modeling can be 
significant!
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• P. Coloma, P. Huber, arXiv:1307.1243

•
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FIG. 3: Left: Confidence region in the ✓ ��m2 plane for 2 d.o.f. for di↵erent scenarios. Gray shaded areas show
the results assuming the nuclear model is perfectly known. The lines depict the 1, 2 and 3� regions for a fit taking
↵ = 1, where ↵ represents the amount of migration due to nuclear e↵ects that is being neglected in the fit, see text
for details. A near detector is included in both cases. The triangles indicate where the best fit lies for the region
enclosed by the colored lines as ↵ is increased from 0 (red dot, corresponding to the true input value) to 1 (filled
black triangle). Right: Minimum �2 as a function of ↵. For each line, the minimum value of the �2 is computed
as the value of ↵ is progressively increased from 0 to 1. The dashed (solid) line shows the result with(out) a near
detector (ND). For illustration purposes, some of the triangles in the left-hand panel (which correspond to the results
including a near detector) are explicitely shown in this panel as well.

is shown in Fig. 3. The position of the best fit for
di↵erent values of ↵ is shown in the left panel by
the empty triangles. As it can be seen from the fig-
ure, the deviation of the best fit from the true input
value is progressively increased with the value of ↵.
In the right hand panel of Fig. 3 the increase of the
minimum �2 as function of ↵ is shown: clearly, an
“error” in the nuclear model would make the min-
imum �2 get worse. A su�ciently large value of
the minimum of the �2 (with respect to the e↵ec-
tive number of degrees of freedom) could eventually
force to reject the fit. Note, that rejecting the fit
at the end of the experiment would still indicate
its failure. The right hand panel also indicates the
e↵ect of a near detector: the solid line shows the
result without a near detector, whereas the dashed
line shows the one with a near detector. Generally,
the near detector adds more tension to the fit if the
nuclear model is wrong and thus, serves as an indi-
cator that something is wrong. However, even for
relatively large values of ↵ ⇠ 0.3�0.4 the minimum
value of �2 would still be low enough so that the fit
may be accepted, even if a near detector is included
in the analysis. A value ↵ = 0.3 still corresponds,
according to the left hand panel, to a 1� bias in
the determination of the mixing angle. Therefore,
it stands to reason that adding a near detector may

not be su�cient to completely cure the problem: a
successful experiment requires an accurate nuclear
model, where the accuracy of the model has been
independently verified.

Our results indicate that, for an experiment observ-
ing only QE-like events, a 1� bias in the determi-
nation of ✓23 could result from errors on the nu-
clear model even when taking full advantage of the
near detector. This is a first study on the quanti-
tative impact of nuclear e↵ects on the determina-
tion of oscillation parameters. This type of study
should be extended to experiments which can ob-
serve hadronic activity in the detector, as well as to
appearance experiments, in particular in the context
of leptonic CP violation measurements.

We are particularly indebted to O. Lalakulich and
U. Mosel for many useful discussions relating to
GiBUU. We would also like to thank C. Mari-
ani, K. McFarland and J. Morfin for useful discus-
sions. This work has been supported by the U.S.
Department of Energy under award number DE-
SC0003915.

Nuclear Effects
are perfectly

known

Nuclear Effects
are completely

ignored

38

http://arxiv.org/find/hep-ph/1/au:+Coloma_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Coloma_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Huber_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Huber_P/0/1/0/all/0/1


T2K νμ Disappearance

• Largest backgrounds are from CCπ+ and NCπ+

• NCπ+:  pion is misidentified as a muon

• Uncertainty on NCπ+ is large (>100%)

• CCπ+:  pion is unobserved

• Neutrino energy is misreconstructed

• Fills in the oscillation “dip”
(big impact on θ23 measurement)

2.7. Nominal GENIE and NEUT expectations under various oscillation hypotheses

In this section we present plots and tables comparing the GENIE and NEUT SuperK predictions (after extrapola-

tion) under various oscillation hypotheses. Figs. 4 and 5 show, respectively, the GENIE and NEUT predicted (after

extrapolation) non-oscillated reconstructed-energy spectrum of 1-ring µ-like events passing the tight cuts (see Tab. 1).
The contributions from various true neutrino reaction modes are also shown. The corresponding oscillated predictions

(sin22θ23=1.0 and ∆m2
23=2.4×10−3 eV 2/c4) are shown in Fig. 6 for GENIE and Fig. 7 for NEUT. In Tab. 2 we

summarize Figs. 4 - 7.

In Fig. 8 we show the GENIE predicted 1-ring µ-like event reconstructed energy spectrum (after extrapolation) for
a fixed ∆m2

23 and various sin22θ23 values. The corresponding plot for NEUT is shown in Fig. 9. Tab. 3 summarizes

Figs. 8 and 9. In Fig. 10 we show the GENIE predicted 1-ring µ-like event reconstructed energy spectrum (after

extrapolation) for a fixed sin22θ23 and various∆m2
23 values. The corresponding plot for NEUT is shown in Fig. 11.

Tab. 4 summarizes Figs. 10 and 11.

In Fig. 12 we show the GENIE predicted integrated number of 1-ring µ-like events (after extrapolation) for a grid
of sin22θ23 and ∆m2

23 values. The corresponding plot for NEUT is shown in Fig. 13. Finally, in Fig. 14 we show

(for the same grid of sin22θ23 and ∆m2
23 values) the percentage difference of the NEUT and GENIE predictions of

integrated number of 1-ring µ-like events (after extrapolation).
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Figure 4: Predicted non-oscillated reconstructed-energy spectrum of 1-

ring µ-like events (after extrapolation) and contributions from various
true neutrino reaction modes (GENIE).
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Figure 5: Predicted non-oscillated reconstructed-energy spectrum of 1-

ring µ-like events (after extrapolation) and contributions from various
true neutrino reaction modes (NEUT).
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Figure 6: Predicted oscillated (sin22θ23 = 1.0 and ∆m2
23 =

2.4×10−3 eV 2/c4) reconstructed-energy spectrum of 1-ring µ-like
events (after extrapolation) and contributions from various true neutrino

reaction modes (GENIE).
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Figure 7: Predicted oscillated (sin22θ23 = 1.0 and ∆m2
23 =

2.4×10−3 eV 2/c4) reconstructed-energy spectrum of 1-ring µ-like
events (after extrapolation) and contributions from various true neutrino

reaction modes (NEUT).
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Figure 8: Predicted reconstructed-energy spectrum of 1-ring µ-like
events (after extrapolation) for ∆m2

23 = 2.4×10−3 eV 2/c4 and

sin22θ23 = 1.0, 0.8, 0.6, 0.4. The non-oscillated spectrum is also

shown (GENIE).
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Figure 9: Predicted reconstructed-energy spectrum of 1-ring µ-like
events (after extrapolation) for ∆m2

23 = 2.4×10−3 eV 2/c4 and
sin22θ23 = 1.0, 0.8, 0.6, 0.4. The non-oscillated spectrum is also

shown (NEUT).
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Design Considerations: 
Energy Spectrum Ratio

• At 280 m, the flux shape has 20-30% differences below 1 GeV

• Uncertainty in the ratio is noticeably larger, but mostly above 1 GeV

• The difference between 1km and 2km is small in both shape and shape 
uncertainty

T2HK-ND Meeting Flux Generation 6

Neutrino Mode F/N Ratios

Still up to 10% 
deviation from 
 flat

Due to line vs. 
point source 
or finite extent 
of ND plane?

Hadpro Errors  6

F/N Error, Nu Mode

SK/280 m
SK/1 km
SK/2 km

From kaon 
error in 
overlap region 
between pion 
and kaon 
production

νμ Flux Ratio (SK/ND) νμ Flux Ratio Error (SK/ND)
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Physics Capabilities
• Direct measurement of the 

relationship between lepton 
kinematics and neutrino energy

• No longer rely solely on models

• 4π detector (like Super-K)

• Target material is water (like Super-K)

• Can directly measure NC 
backgrounds

• Very good e/μ separation

• Can make a precise measurement of 
beam νe

• π0 background is well separated

• Can also constrain νe cross sections

Fraction of muons misIDed as electrons
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νPRISM Prediction for Super-K
• Efficiency correction is still needed for both νPRISM and Super-K

• νPRISM and Super-K have different detector geometries

• Particles penetrate ID wall (and get vetoed) more often in νPRISM

• Particle ID degrades near the tank wall

• The efficiency correction is performed in muon momentum and 
angle to be as model independent as possible

• This should be nearly a pure geometry correction

• For now, fit in Super-K Erec distribution (in future, just use muon p,θ)

weight for
off-axis slice, i

# events in
muon p,θ bin

in slice, i

background
subtraction

efficiency
ratio

translation
matrix

p,θ ➞ Erec

predicted
Super-K Erec
distribution

ESK
rec,j(�m2

32, ✓23) =
X

p,✓

"
OAanglesX

i

ci(�m2
32, ✓23)

�
Nobs

p✓i �Bp✓i

� ✏SK
p✓

✏⌫PRISM
p✓i

#
⇤Mp✓j
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New ν-Flux Fits

• Fits are not perfect

• However, very small 
increase to 
systematic 
uncertainties

• Flux systematic 
variations are 
large

• Fits can be improved

• Smoothness can 
be relaxed near 
fast-changing 
features

• Off-axis angle 
bins need not be 
equal size

Δm232=2.56e-3
sin2θ23=0.61

Δm232=2.41e-3
sin2θ23=0.48

Δm232=2.26e-3
sin2θ23=0.41

ν-Fluxes

Δm232=2.56e-3
sin2θ23=0.61

Erec

Δm232=2.41e-3
sin2θ23=0.48

Δm232=2.26e-3
sin2θ23=0.41
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Beam Systematics

• Apply T2K π+ production variations to flux linear combinations

• This is expected to be the dominant normalization uncertainty for T2HK

• Spread in neutrino energy due to π+ production uncertainty is O(0.1%)

• More detailed study needed, but so far looks promising

500 MeV 700 MeV 1 GeV

Variation in
in fit means

Variation in
in fit means

Variation in
in fit means

Apply T2K Beam π+ Production Systematic Uncertainty
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Detector Systematics

• Efficiency was randomly varied by 5% in each slice

• The resulting variations in the fit means are still all below 1%

• Continuous variations across the detector can cause problems

• Need homogeneous detector, and good monitoring & calibration

Variation in
in fit means

Variation in
in fit means

Variation in
in fit means

500 MeV 700 MeV 1 GeV

Apply T2K Beam π+ Production Systematic Uncertainty

45



Erec Binning

• Last bin (10-30 GeV) is not shown
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1 proton beam measurement

4. Horn current & field

5. Beam direction2. Hadron production

Super-K

p π µ
ν

3. Alignment error on target/horn

1. Measurement error on 
monitoring proton beam 

2. Hadron production

3. Alignment error on the 
target and the horn 

4. Horn current & field

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

ν Flux Uncertainties
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Constraining the ν Flux
• The dominant flux uncertainties are in π/K 

production from p+C interactions

• “Sweet spot” for producing neutrinos at Super 
K (due to horn focusing)

• The NA61 experiment at CERN has taken data 
on a thin C target and a T2K replica target

• Good particle separation from combined 
time-of-flight and dE/dx measurements

• T2K flux has been tuned to match 
differential pion production cross sections

NA61 Particle ID NA61 Data vs FLUKA
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T2K Near Detector Constraints
CC Interaction in the Tracker

Tracker

0.2 T
Magnetic

Field

Fine-Grained Detectors
(FGDs)

- Scintillator strips
- Provides neutrino target
- Detailed vertex information

FGD1 FGD2TPC1 TPC2 TPC3

Time Projection Chambers
(TPCs)

- Gas ionization chambers
- Track momentum from curvature
- Particle ID from dE/dx

Side Muon Range
Detector (SMRD)

FGD2 has water layers to
constrain interactions on
same target as Super-K

Not yet used;
planned 2014 

analysis 
improvement
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Near Detector Constraints

The νμ spectrum at the near detector is 
fit to extract flux and cross section 

constraints at the far detector

Goal: Constrain ν-flux and cross section parameters
(used for T2K far detector MC prediction)

ν-Flux
νμ and νe fluxes are correlated

Can use νμ measurement to
constrain the νe flux

External constraints from NA61

Cross Sections
Main CC interactions relevant to T2K 

are CCQE and CCπ+

Need to constrain the parameters of 
these interactions: MAQE, MARES, etc.

External constraints from MiniBooNE

π+ → μ+ νμ
→ e+ νe νμ

νl
n p

l-
W±

νl

N

l-
W±

N
π+
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T2K Cross Section Model (2013)
Parameter E⌫ Range Nominal Error Class

M

QE
A all 1.21 GeV/c

2 0.45 shape

M

RES
A all 1.41 GeV/c

2 0.11 shape

pF
12C all 217 MeV/c 30 shape

EB
12C all 25 MeV 9 shape

SF 12C all 0 (off) 1 (on) shape

CC Other shape ND280 all 0.0 0.40 shape

Pion-less � Decay all 0.0 0.2 shape

CCQE E1 0 < E⌫ < 1.5 1.0 0.11 norm

CCQE E2 1.5 < E⌫ < 3.5 1.0 0.30 norm

CCQE E3 E⌫ > 3.5 1.0 0.30 norm

CC1⇡ E1 0 < E⌫ < 2.5 1.15 0.43 norm

CC1⇡ E2 E⌫ > 2.5 1.0 0.40 norm

CC Coh all 1.0 1.0 norm

NC1⇡0 all 0.96 0.43 norm

NC 1⇡± all 1.0 0.3 norm

NC Coh all 1.0 0.3 norm

NC other all 1.0 0.30 norm

⌫µ/⌫e all 1.0 0.03 norm

⌫/⌫̄ all 1.0 0.40 norm

Table 5: NIWG 2012a cross section parameters for the fit, showing the applicable range of neutrino

energy, nominal value and prior error. The type of systematic (shape or normalization) is also

shown. For the BANFFv2 fit, the NC 1⇡±, NC Coh. and NC other normalization parameters are

combined into a single normalization parameter with a prior uncertainty of 0.3 and the uncertainties

on the ⌫µ/⌫e and ⌫/⌫̄ cross section ratios are neglected since the sample consists almost entirely of ⌫µ

interactions. SF 12C is the uncertainty applied that accounds for the difference between the default

relativistic Fermi gas model of the nucleus and a spectral function model of the nucleus.

21

CCQE

FA(Q
2) =

FA(0)

(1 + Q2

M2
A
)2

However, the vector form factors are
known from electron scattering!

νl
n p

l-
W± Main difficulty is in

understanding the
hadronic current

•Remaining axial vector form 
factor has 2 parameters

•FA(0) is known from beta 
decay experiments

•MA is the only free parameter

•Relativistic Fermi Gas (binding energy + pFermi)
•Can also reweight to a spectral function treatment

Nuclear Model

Other
•Norm. factors are varied for other processes

CCπ+

•More complicated (and ad hoc)
•Has its own MA parameter
•Pion-less Δ decay added by hand
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Summary of Improvements

These are very nice constraints!
(if the current parametrization is to be believed)
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Near Detector Requirements 
for Future ν-Osc. Experiments

• The relationship between lepton 
kinematics (what you measure) and 
neutrino energy (what you want to 
constrain) has an unknown and 
potentially large systematic uncertainty

• A data-driven constraint is required 
for a precision CP violation 
measurement

• Same target as far detector is required

• Nuclear effects are not understood at 
the few percent level, even for C vs O

• Must be able to precisely measure νe

• Constrain beam νe background

• Perhaps a νe cross section constraint

• Must constrain other backgrounds

• CCπ+, NCπ+, multi-π, ...

6

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 = 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 photo-nuclear (PN) interactions of photons
that occur outside of the target nucleus. The treatment
of the FSI and SI uncertainties is the same as in the pre-
vious analysis [26]. For this analysis, a new simulation of
PN interactions has been added to the SK MC. In the fi-
nal νe event sample, 15% of the remaining π0 background
is due to events where one of the π0 decay photons is ab-
sorbed in a PN interaction. A systematic uncertainty of
100% is assumed for the normalization of the PN cross
section.
Oscillation Analysis—The neutrino oscillation param-

eters are evaluated using a binned extended maximum-
likelihood fit. The likelihood consists of four components:
a normalization term (Lnorm), a term for the spectrum
shape (Lshape), a systematics term (Lsyst), and a con-
straint term (Lconst) from other measurements,

L(Nobs, $x,$o, $f) = Lnorm(Nobs;$o, $f)× Lshape($x;$o, $f)

×Lsyst($f)× Lconst($o), (3)

where Nobs is the number of observed events, $x is a set of
kinematic variables, $o represents oscillation parameters,
and $f describes systematic uncertainties.
Lnorm is calculated from a Poisson distribution us-

ing the mean value from the predicted number of MC
events. Lsyst($f) constrains the 27 systematic parameters
from the ND280 fit, the SK-only cross section parame-
ters, and the SK selection efficiencies. Table II shows
the uncertainties on the predicted number of signal νe
events. The Lshape term uses x=(pe, θe) to distinguish

TABLE II. The uncertainty (RMS/mean in %) on the pre-
dicted number of signal νe events for each group of systematic
uncertainties for sin22θ13 = 0.1 and 0.

Error source [%] sin22θ13 = 0.1 sin22θ13 = 0
Beam flux and near detector 2.9 4.8
(w/o ND280 constraint) (25.9) (21.7)
ν interaction (external data) 7.5 6.8
Far detector and FSI+SI+PN 3.5 7.3
Total 8.8 11.1

the νe signal from backgrounds. An alternative analysis
uses x = Erec

ν , the reconstructed neutrino energy. In or-
der 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 con-
straints on sin22θ13, sin2θ23 and ∆m2

32.
The following oscillation parameters are fixed in the

analysis: sin2θ12 = 0.306, ∆m2
21 = 7.6 × 10−5 eV2 [27],
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FIG. 3. The (pe, θe) distribution for νe candidate events with
the MC prediction using the primary method best-fit value of
sin22θ13 = 0.140 (normal hierarchy).
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FIG. 4. The Erec
ν distribution for νe candidate events with

the MC prediction at the best fit of sin22θ13 = 0.144 (normal
hierarchy) by the alternative binned Erec

ν analysis.

sin2θ23 = 0.5, |∆m2
32| = 2.4 × 10−3 eV2 [28] and

δCP = 0. For the normal (inverted) hierarchy case,
the best-fit value with a 68% confidence level (CL) is
sin22θ13 = 0.140+0.038

−0.032 (0.170+0.045
−0.037). Figure 3 shows the

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

ν 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 non-zero θ13 is calculated to be
7.3σ, using the difference of log likelihood values between
the best-fit θ13 value and θ13 = 0. An alternative method
of calculating the significance, by generating a large num-
ber of toy MC experiments assuming θ13 = 0, also returns

T2K νe Appearance PRL

T2K νμ Disappearance

4 SYSTEMATIC PARAMETERS

Table 13: Uncertainty (r.m.s./mean in %) on theNSK

exp

distribution from each group of systematic
error source. Systematic parameters refined by the ND280 fit represent “ND280 fit”. Mean
systematic parameter values after the ND280 fit are used for the both systematic error sets
before/after the ND280 fit.

Error source
(sin2 ✓

23

,�m2

32

) = (0.5, 2.4⇥ 10�3)
Before ND280 fit After ND280 fit

BANFF-constrained Flux and ⌫ interactions 21.6 2.7
Unconstrained ⌫ interactions 5.9 4.9
SK detector + FSI-SI 6.3 5.6
sin2(✓

13

), sin2(✓
12

), �m2

12

, �
CP

0.2 0.2
Total 23.4 8.1

31
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νμ Disappearance Systematics
• From KDI Technote

• “MEC-like” pionless delta 
decay is the largest 
systematic uncertainty

• νPRISM measures 1-ring μ-
like events

• Same as SK νμ selection

• Reduced dependence on 
FSI-SI Uncertainties

•

4 SYSTEMATIC PARAMETERS

Table 12: Summary of the fractional change (in %) of the number of ⌫
µ

candidate events
under a change to each systematic parameter by ±1� error size of before or after ND280 fit at
(sin2 ✓

23

,�m2

32

) = (0.5, 2.4⇥ 10�3). Mean systematic parameter values after ND280 fit are used
for the both error cases.

Systematic uncertainty
(sin2 ✓

23

,�m2

32

) = (0.5, 2.4⇥ 10�3)
Before ND280 fit After ND280 fit

Beam flux ±15.9 ± 7.2

MQE

A

+14.8/-17.9 +2.7/-2.8
MRES

A

+6.7/-6.6 +2.4/-2.3
CCQE norm (Etrue <1.5 GeV) ±4.2 ±3.3
CCQE norm (Etrue=1.5⇠3.5 GeV) ±3.9 ±1.6
CCQE norm (Etrue >3.5 GeV) ±1.2 ±0.5
CC1⇡ norm (Etrue <3.5 GeV) ±4.9 ±2.0
CC1⇡ norm (Etrue >3.5 GeV) ±5.4 ±1.6
CC other shape ±0.8 (same as before fit)
Spectral function -0.9/+0.9 (same as before fit)
E

b

0.1/+0.3 (same as before fit)
p
F

+0.15/0.03 (same as before fit)
CCCoh norm ±0.8 (same as before fit)
NC⇡ norm ±1.1 (same as before fit)
¡NCOth norm ±0.9 (same as before fit)
�
⌫

e

/�
⌫

µ

±0.01 (same as before fit)
W-shape +0.38/-0.43 (same as before fit)
Pi-less delta decay ±6.3 (same as before fit)
�
⌫̄

/�
⌫

±1.2 (same as before fit)
SK e↵. & FSI-SI for ⌫

µ

, ⌫̄
µ

CCQE (Erec <0.4 GeV) ±0.2 (same as before fit)
SK e↵. & FSI-SI for ⌫

µ

, ⌫̄
µ

CCQE (Erec=0.4⇠1.1 GeV) ±0.7 (same as before fit)
SK e↵. & FSI-SI for ⌫

µ

, ⌫̄
µ

CCQE (Erec >1.1 GeV) ±0.9 (same as before fit)
SK e↵. & FSI-SI for ⌫

µ

, ⌫̄
µ

CCnonQE ±4.6 (same as before fit)
SK e↵. & FSI-SI for ⌫

e

CC ±0.3 (same as before fit)
SK e↵. & FSI-SI for All NC ±3.8 (same as before fit)
SK energy scale (unchanged) (same as before fit)

28

Total
Error
= 2.7%

Co
rr

el
at

ed

PDD phase space is
similar to MEC

Effect of FSI-SI
is significant

4 SYSTEMATIC PARAMETERS

Table 13: Uncertainty (r.m.s./mean in %) on theNSK

exp

distribution from each group of systematic
error source. Systematic parameters refined by the ND280 fit represent “ND280 fit”. Mean
systematic parameter values after the ND280 fit are used for the both systematic error sets
before/after the ND280 fit.

Error source
(sin2 ✓

23

,�m2

32

) = (0.5, 2.4⇥ 10�3)
Before ND280 fit After ND280 fit

BANFF-constrained Flux and ⌫ interactions 21.6 2.7
Unconstrained ⌫ interactions 5.9 4.9
SK detector + FSI-SI 6.3 5.6
sin2(✓

13

), sin2(✓
12

), �m2

12

, �
CP

0.2 0.2
Total 23.4 8.1
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Scintillator Panels

nuPRISM-EOI-v0
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Figure 15: Light yield of a scintillator counter with 5 m long WLS fiber vs position
along the fiber. The T2K 667 pixel MPPC’s were used in this measurement.

is to construct the ⌫PRISM-Lite veto system from scintillator counters, each of 0.2617

m2. The geometry of one counter is shown in Fig. 16. One WLS Y11 S-type fiber

WLS fiber

MPPC MPPC

Figure 16: Drawing view of a scintillator counter for the ⌫PRISM-Lite veto system.
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is embedded in the extruded plastic slab of 2000 ⇥ 200 ⇥ 7mm3. Half-circles have619

the radius of 3 cm that allows to keep the performace of the fiber without loosing620

the transmission of the reemitted light along the fiber. A 6 m long Y11 fiber is621

readout on both ends by MPPC’s. Taking into account the improved parameters622

of new MPPC’s, for exmple, higher PDE, as shown in Fig. ??, we can expect to623

obtain miminum light yield of 20-30 p.e./MIP and time resolution of about 1 ns for624

these detectors. More accurate information can be obtained after tests of the conter625

prototypes.626
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2 m

0.2 m

nuPRISM-EOI-v0

Table 2: Rough cost of one extruded scintillator counter of 2000⇥ 200⇥ 7 mm3 with
WLS fiber readout.

Material/labor cost in $US

One extruded slab covered by a reflector 70
WLS fiber Y11, 6 m long, 2$/m 12
Optical glue, 2 g/m, 0.3$/g 3.6
Optical connectors 2times0.25 0.5
MPPC 2⇥ 10$ 20
Labor 14

Total ⇠ 120

3.5.3 Cost estimation627

The rough cost estimation of one counter (2000⇥200⇥7 mm3 is given in Table 2. The628

total surface of the ⌫PRISM-Lite detector (10 m in diameter, 14 m in height) is about629

600 m2. About 3000 counters will be needed to cover the detector surface completely.630

The rough total cost of this veto detector (without mechanics and electronics) is631

estimated to be about 360 k$US. Assuming similar production speed as obtained in632

the SMRD case it will take 12-14 months to extrude 3000 scintillator slabs of suitable633

dimensions and finally make all veto counters at the INR workshop.634

3.6 Photomultiplier Tubes (M. Shiozawa and M. Wilking)635

The original T2K 2 km detector proposal used 8” PMTs to better match the gran-636

ularity of the 20” PMTs used in the much-larger Super-K detector. The baseline637

design for the ⌫PRISM-Lite detector is only 6 m in diameter and 10 m tall, which638

corresponds to 3,120 PMTs for 40% photocathode coverage. This is significantly639

smaller than the 11,129 PMTs used at Super-K, so to improve the granularity of the640

detector, 5” PMTs are also being investigated, of which 7,385 PMTs would be re-641

quired for 40% coverage. Additional options such as avalanche photodiodes and high642

quantum e�ciency coating are also being explored. Table 3 shows a cost comparison643

of the various PMT options from Hamamatsu. The standard 8” PMTs (R5912) are644

a factor of 2.1 times more expensive ($1400/PMT) than what was assumed in the645

2 km proposal, which will have a significant impact on the cost of ⌫PRISM-Lite.646

The ETEL/ADIT company based in the UK and Texas has also been consulted647

for supplying PMTs to ⌫PRISM-Lite. They can provide 8” or 5” PMTs, but they648

do not have the APD or high-QE options available from Hamamatsu. The provided649

quote for 3,000 8” PMTs is $1,775 per tube. This cost is significantly higher than the650
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• To improve the effectiveness of vetoing entering sand 
muons, SMRD-style scintillator panels are being 
considered

• The presence of light in the OD need not veto an 
event if the track does not enter the ID

• Scintillator provides entering & exiting positions in 
time and space

• 3,000 panels are required to surround the entire OD

• Total cost = US $360,000

Cost per PanelPanel Layout

55


