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The T2K Experiment

• The T2K experiment searches for neutrino oscillations 
in a high purity νμ beam

• A near detector located 280 m downstream of the target 
measures the unoscillated neutrino spectrum

• The neutrinos travel 295 km to the Super-Kamiokande 
water Cherenkov detector

• Search for appearance of νe (to measure θ13, δCP)

• Search for disappearance of νμ (to measure θ23, Δm232)
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Near Detector Upgrade Goals
• The largest systematic errors for T2K 

oscillation analyses are from neutrino 
interaction modeling

• These uncertainties will become 
important for the full T2K dataset
(12x current statistics)

• The T2K collaboration is presently discussing 
several potential near detector upgrades to 
address neutrino cross section modeling

• No final decisions have yet been made 
regarding any of these projects

• Two types of upgrades are being considered:

• Improving model inputs

• Event rate measurements on D/H

• Precision final state measurement on Ne

• Direct measurements on H2O

• Water-based liquid scintillator

• νPRISM: an experimental method to 
remove neutrino model uncertainties 
from oscillation experiments
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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

The T2K near detector fit
constrains:

•Neutrino flux parameters
•CCQE (MAQE & norm.)
•CCπ+ (MARES & norm.)

2.9% combined error

The T2K near detector fit
does NOT (yet) constrain:

•Nuclear modeling   (5.9% error)
•0π Δ decay (2p2h) (3.6% error)
•σνe/σνμ                         (2.8% error)
•CC & NC multi-π &
coherent processes   (< 1% error)

3



Tracker

T2K Near Detector (ND280)
0.2 T Magnetic

Field

Fine-Grained Detectors
(FGDs)

- Scintillator strips
- Provides neutrino target
- Detailed vertex information

Side Muon Range
Detector (SMRD)

CC Interaction in the Tracker

FGD1 FGD2TPC1 TPC2 TPC3

FGD2 and the P0D have water layers to measure 
interactions on the same target as Super-K

Note: water layers are not instrumented

Figure 1: Left: PØD schematic diagram. Right: FGD detector configurations. Top: FGD2
with passive water layers alternative with active scintillator layers. Bottom: FGD1 with
composed entirely of active scintillator layers.

2 Previous exploration of Water-based Liquid Scintillator53

Water-based scintillators were investigated previously in 2004-2006 at TRIUMF. A mixture54

of 25% Zinsser Quicksafe A, 70% water, and 5% Triton X-100 surfactant was found to give55

a clear liquid. The light output was measured to be about 25% the light output of pure56

Quicksafe-A liquid scintillator, scaling linearly with the concentration of Quicksafe-A.57

This mixture had the following problems. First, the mixture was only marginally58

stable, and when exposed to temperatures above 30�C would cloud over and eventually59

irreversibly separate into hydrophobic and hydrophilic phases. Secondly, since Quicksafe A60

is biodegradable and thus environmentally “safe”, the mixture was found to be an excellent61

nutrient for bio-organisms, and the mixture would sprout balls of black mold if not mixed62

with biological inhibitors such as Germall Plus. Third, the diisoproplynaphthalene content63

of Quicksafe A chemically attacks most plastics, including polypropylene. Finally, even64

sitting in a glass jar on the shelf, the mixture degrades over time and develops a grey color65

over a period of years. It was therefore deemed not to be a viable solution.66

Recently, a promising Water-based Liquid Scintillator (WbLS) has been developed at67

Brookhaven National Laboratory based on Linear Alkylbenzene (LAB, the scintillator used68

in Daya Bay and SNO+) chemically modified so as to be soluble in water. A 10% con-69

3

Time Projection Chambers
(TPCs)

- Gas ionization chambers
- Track momentum from 
curvature
- Particle ID from dE/dx
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Measurements on D2O
• ν-nucleus models are based on our 

knowledge of ν-nucleon interactions

• Large disagreements exist in available 
experimental data

• Deuterium provides a quasi-free neutron 
target for CCQE interactions

• A “standard candle” that is less 
dependent on nuclear effects

• Measurements of e.g. σ(C)/σ(D) & σ(O)/σ(D) 
can be very useful tools for model builders

• Especially with more precise flux 
modeling, dedicated hadron production 
experiments, etc. 

Issues
• Our understanding of ν-n is relatively poor:

• e.g. ~30-50% ANL/BNL discrepancies in ν-n 1π 
• propagates through ν-A predictions

• Oscillation analysis: can constrain directly with ν-A 
data, but lose contact with the underlying physics
• how to understand “corrections” if “leading order” is 

completely uncertain?

• difficult to apply measurements outside of T2K

• more of an internal “calibration” then measurement
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FIG. 4: Double differential cross section dσ/dEµd cos θµ for

various final states for Eν = 1 GeV, cos θ = 0.6. Contribu-

tions of each diagram (a, c, e), as well as their coherent and

incoherent sums (b, d, f) are shown.

previous theoretical results.

The simplest channel to compare with is the scatter-
ing on a proton target, because only one final state, pπ+,
is possible. The full model calculation (solid line) ap-
pears to be slightly above the Delta pole contribution
(dash-dotted line) and coincides with the previous cal-
culation [9] (dashed line labeled “Leitner 09”) at small
neutrino energies.1 With increasing Eν , the “Leitner 09”
curve, as expected, increases more steeply than the full
model curve because the calculation [9] was done with-
out any kinematical cut, while our calculation implies
W (Nπ) < 1.4 GeV. Comparison with Fig. 5 in [14]
shows, as expected, that the integrated cross sections is
also very close to the original HNV result.

1 This implementation is available in the current open-source ver-
sion of GiBUU [16].
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FIG. 5: The integrated one pion cross section, with kinemati-

cal cut W (Nπ) < 1.4 GeV versus neutrino energy for various

final states. The full model calculations (solid line) are com-

pared with the Delta pole contribution (dash-dotted line) and

previous calculations of Leitner et al [9] (dashed line).

For the reactions on the neutron two final states, nπ+

and pπ0, are possible. For both of them, the full model
cross sections are close to the previous GiBUU results [9],
but have slightly different shapes. Keep in mind, that the
W cuts are different. 2

2 For the pπ0 channel our result is also in agreement with the
original HNV calculation [14] (see Fig. 5 there), while for the
nπ+ channel it is noticeably higher (at Eν = 1.6 GeV our re-
sult 0.12 · 10−38 cm2 versus HNV 0.08 · 10−38 cm2). To un-
derstand this difference we compared our calculations for each
diagram with the corresponding unpublished results of the HNV
group. We found a very good agreement for all diagrams except
cDp, which in our calculations appears to be around 1.7 times

• For CCQE,  ~5-10% uncertainty

• Naive averaging gives O(1%) uncertainty on MA 

• includes MA from ν-A CCQE measurements

• even without referring to recently uncovered 
issues, better understanding is desirable/needed

O. Lalakulich et al. 
hep-ex/1007.0925v2

3Monday, July 8, 13

O. Lalakulich et al.
hep-ex/1007.0925v2
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Depolying D2O in ND280

• Simple solution: replace the P0D and FGD2 water targets with D2O

• Compare event distributions with H2O to those with D2O

• More complicated: simultaneously circulate H2O and D2O in 
alternating layers

• Measurements are less sensitive to changes in beam condition

• Even more complicated: replace scintillator layers entirely with 
active H2O and D2O layers

• Reduces the required statistical subtraction (more precision)

Degrees of modesty

• Meek: replace FGD2 H2O with D2O 

• Perform D2O/H2O subtraction with “historic” FGD H2O data

• more ambitious: alternately circulate H2O/D2O

• more ambitious: alternate H2O/D2O in alternating layers

• Modest:

• above with water-based scintillator to make active targets

• short track (proton) reconstruction for CCQE identification/vertexing

• Moderately audacious:

• replace scintillator layers entirely with active D2O and H2O layers

P0D

FGD1 FGD2

TPC1 TPC2 TPC3

DSEcal

see Stan’s talk on water-based scintillator

9Monday, July 8, 13
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Water-Based Liquid Scintillator
• When using either H2O or D2O targets, it is 

advantageous to measure deposited charge

• Sensitive to short tracks exiting the 
nucleus (vertex activity)

• Mitigates the need to perform a 
statistical subtraction to remove events 
on carbon

• 2x reduction in statistical error is 
possible (few % rate measurement)

• Replacing plastic scintillator (CH) with 
fully active liquid targets requires WBLS

• Possibility to make more finely 
segmented cells (e.g. 1cm2 ➞ 0.1cm2)

• R&D is underway

Figure 3: The schematic diagram of two possible cell designs. The fiber+2 MPPC sensors
is drawn on the left and the SiPM readout (4 cells on opposite ends) is on the right.

width may be wider than 30 mm depending on the light collection e�ciency. A 30 mm cell127

width would require about 100 cells.128

There are many tradeo↵s in optimizing a particular design. In the MPPC design, the129

fiber is able to bring light from the entire length of the long cell, but it loses photon130

e�ciency by shifting the wavelength. However there are new low noise MPPCs that could131

significantly improve the e�ciency if they can operate at higher gain while maintaining the132

same noise levels. For the new blue-sensitive SiPM (SENSL B-series) that peak at ⇠ 420133

nm, the LAB light output may be optimized with the addition of wavelength-shifting fluors.134

The SiPM readout could be facilitated with cell walls that are coated with white Teflon135

to reflect the light. In addition, the ratio of water to LAB should be maximized while136

keeping 100% e�ciency to detecting minimum ionizing tracks. While more LAB relative137

to water increases light output, this reduces the amount of water in the target cell. All138

of the schemes need careful prototyping to optimize the design and to reliably estimate139

the e�ciency of detecting a minimum ionizing tracks. Finally, another factor is the SiPM140

signal-to-noise at room temperature. The photoelectron yield in the photodetector created141

from the minimum ionizing tracks should be su�ciently high relative to the ambient noise142

levels in the photodetectors at room temperatures.143
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Figure 13: Initial Phase 1 test setup. Left: schematic layout of a radoactive source
irradiating a CsI(Tl) crystal on top of a SiPM. Right: A photo of the setup without the
disk source. The sources ( 137Cs and 22Na) have monoenergetic gamma-rays at 662 and
511 KeV, respectively. The output of the SiPM is fed into a x50 charge sensitive preamp
designed and built at CSU. The typical gamma ray signal will produce 250 ns wide signal
out of the preamp. The preamp feds an ORTEC linear shaper amp to widen the pulse
to ⇠ 2 µsec so it an be read by the multichannel analyzer. The Spectech multichannel
analyzer is controlled by a laptop.

5 Conclusions and Outlook368

The availability of a promising WbLS from BNL provides an opportunity to revisit the369

possibility of deploying active water targets in ND280, motivated by the potential to di-370

rectly tag neutrino interactions in the water target and to improve the reconstruction of371

the recoiling hadrons in the neutrino interactions. The former allows us to significantly372

reduce the statistical and possibly systematic uncertainties373

An extensive program of materials compatibility testing has has been initiated by BNL374

and TRIUMF to identify materials and bonding techniques that would be suitable for a375

WbLS detector. First results are expected in April 2014, and, if successful, we can consider376

the construction of small-scale prototypes in 2014. CSU and BNL are also pursuing detailed377

measurements of light yields in two read out configurations, one where the photosensors are378

directly coupled to the WbLS and another where readout occurs via a wavelength-shifting379

17
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High-Pressure Gas TPC

• The ND280 tracker and P0D can be replaced with a high pressure 
time projection chamber

• Sensitive to <100 MeV/c protons

• High momentum particles are measured with a tracker or range 
detector

• Surrounded by a calorimeter for neutral particle containment

• Several different nuclear targets can be used/alternated:

• He, Ne, Ar, CF4 to study A-dependence of cross sections and FSI

⊗ B!
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HPTPC Event Rates

2x2x2 m3!

20ºC! 5 bars! 10 bars!

He!
6.65 kg! 13.3 kg!

520 evt/1021pot! 1040 evt/1021pot!

Ne!
32.5 kg! 67.1 kg!

2543 evt/1021pot! 5086 evt/1021pot!

Ar!
66.5 kg! 133 kg!

5203 evt/1021pot! 10406 evt/1021pot!

CF4!
146.3 kg! 293 kg!

11450 evt/1021pot! 22893 evt/1021pot!

CC events assuming a 8m3 detector & full FV.!

Expected ~1.6 1021 pot/year for ~4 years!X
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Simulated HPTPC Events

x mm!

y mm!

z mm!

x mm!

y mm!

z mm!
μp! μΔ++!

10



HPTPC Physics Goals

• Much to learn from studying low momentum 
final state particles

All!

0 interaction!

1 interactions!

Fermi momentum!
+ Pauli blocking!

2 interactions!

Proton FSI All!

0 interaction!

1 interactions!

2 interactions!

Pion FSI

2p2h!

Θp,p!

1p1h!
Selection: 1 proton + 1 π+!

All!

Δ++ !

Others.!

Δ++!
N

eu
t +

 G
4 

si
m

ul
at

io
n
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νPRISM:
An Experimental Method 

to Remove Neutrino 
Modeling Uncertainties
from Osc. Experiments

For more detail, see νPRISM poster
(The poster session is over, but I would be happy to

explain the details to anyone who is interested)
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νPRISM:
An Experimental Method 

to Remove Neutrino 
Modeling Uncertainties
from Osc. Experiments

re
cis

ion

eacti
on

ndependent

pectr
um

easu
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ment

PRISMν

For more detail, see νPRISM poster
(The poster session is over, but I would be happy to

explain the details to anyone who is interested)
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Multi-nucleon Effects in
Oscillation Analyses

• 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!
(see Peter’s talk from yesterday)

• Near detector energy spectra are 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
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Effect on T2K νμ Disappearance
• Default neut prediction is compared to the 2 multi-

nucleon models

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

• M. Martini, M. Ericson, and G. Chanfray,
PRC 84:055502 (2011)

• Fit many “fake datasets” of each model (systematic 
throws of flux and cross section parameters)

• In all cases, MC used in fit assumes default neut

• 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%

Martini Model
(with Nieves
final states)

Bias = -2.9%
RMS = 3.2%

14

http://arxiv.org/find/nucl-th/1/au:+Martini_M/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Martini_M/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Ericson_M/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Ericson_M/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Chanfray_G/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Chanfray_G/0/1/0/all/0/1


νPRISM Detector Concept

ν-Beam

15



νPRISM Detector Concept

ν-Beam
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νPRISM Detector Concept
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νPRISM Detector Concept

 (GeV)iE
0 0.5 1 1.5 2 2.5 3 3.5

A
rb

. N
or

m
.

0

5

10

15

20

25

1510×

 Off-axis Flux°1.0

 (GeV)iE
0 0.5 1 1.5 2 2.5 3 3.5

A
rb

. N
or

m
.

0

5

10

15

20

25

30

35

1510×

 Off-axis Flux°2.5

 (GeV)iE
0 0.5 1 1.5 2 2.5 3 3.5

A
rb

. N
or

m
.

0

5

10

15

20

25

30

1510×

 Off-axis Flux°4.0

νPRISM

ν-Beam

1° 2.5°

4.0°

15



νPRISM Detector Concept
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νPRISM Detector Concept
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νPRISM Detector Concept

 (GeV)iE
0 0.5 1 1.5 2 2.5 3 3.5

A
rb

. N
or

m
.

0

5

10

15

20

25

1510×

 Off-axis Flux°1.0

 (GeV)iE
0 0.5 1 1.5 2 2.5 3 3.5

A
rb

. N
or

m
.

0

5

10

15

20

25

30

35

1510×

 Off-axis Flux°2.5

 (GeV)iE
0 0.5 1 1.5 2 2.5 3 3.5

A
rb

. N
or

m
.

0

5

10

15

20

25

30

1510×

 Off-axis Flux°4.0

νPRISM

ν-Beam ν Interactions

ν Interactions

ν Interactions

Muon p&θ

Muon p&θ

Muon p&θ

Take linear
combinations!

15



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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Removing Near/Far Flux Differences
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(see later slides)
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Beam Uncertainties
• 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 already reasonable!

• No constraint used (yet) from existing near detectors

• Uncertainties set by NA61 and T2K beam data
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The T2K-νPRISM νμ 
Disappearance Analysis

Most straightforward to perform, and directly
impacts sensitivity to CP violation
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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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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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νPRISM νμ Disappearance Constraint

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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RMS = 3.6%
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νPRISM νμ Disappearance Constraint

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%
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νPRISM νμ Disappearance Constraint

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!
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Other νPRISM Capabilities
• Measurement of σ(νe)/σ(νμ)

• Reproduce νPRISM νe flux 
with νPRISM νμ combinations

• Flux cancels in p,θ ratio

• Recently, large improvements 
in π0 detection in WC detectors

• Unique, redundant sterile 
neutrino measurements

• Good coverage of MiniBooNE 
region

• One “L” but many “E”!

• Much more to come!

5

an inner detector (ID) and an outer detector (OD). The
ID has a water fiducial volume (FV) of 22.5 kt that is
equipped with 11129 photomultiplier tubes (PMT) and
is surrounded by the 2 m wide OD. Neutrino events at
SK are selected if the Cherenkov ring is consistent with
an energy above 30 MeV in the ID with low activity
in the OD to reject any entering background or exiting
events. These events are labeled fully-contained (FC).
The FC fiducial volume (FCFV) sample is obtained by
applying the further cut that the event vertex is at least
2 m away from the ID tank wall. A timing cut of −2 to
10 µs relative to the first beam bunch arrival is applied to
distinguish T2K data from other neutrino samples such
as atmospheric neutrino interactions. The timing cut
reduces the contamination from other neutrino sources
to 0.0085 events in the full sample.
To select νe interaction candidate events in the FCFV

sample, a single electron-like Cherenkov ring is required.
The reconstructed electron momentum (pe) is required
to exceed 100 MeV/c to eliminate decay-electrons from
stopping muons generated by CC interactions and pi-
ons in NC interactions. In addition, events are required
to have a reconstructed neutrino energy (Erec

ν ) below
1250 MeV. Nearly all of the oscillated νe signal events
are below this value, while most of the intrinsic beam
νe background events have higher energies. The Erec

ν is
calculated assuming a CCQE interaction as

Erec
ν =

m2
p − (mn − Eb)2 −m2

e + 2(mn − Eb)Ee

2(mn − Eb − Ee + pe cos θe)
, (2)

where mn (mp) is the neutron (proton) mass, Eb is the
neutron binding energy in oxygen (27 MeV), me is the
electron mass, Ee is its energy, and θe is the angle of the
electron direction relative to the beam direction.
The final selection criterion removes additional π0

background events using a new reconstruction algorithm,
based on an extension of the model described in Refer-
ence [27], to determine the kinematics of all final state
particles. The new algorithm is a maximum-likelihood
fit in which charge and time probability density func-
tions (PDFs) are constructed for every PMT hit for a
given particle hypothesis with a set of 7 parameters:
the vertex position, the timing, the direction and the
momentum. Multiple-particle fit hypotheses are con-
structed by summing the charge contributions from each
constituent particle. Different neutrino final states are
distinguished by comparing the best-fit likelihood result-
ing from the fit of each hypothesis. To separate π0

events from νe CC events, both the reconstructed π0

mass (mπ0) and the ratio of the best-fit likelihoods of
the π0 and electron fits (Lπ0/Le) are used. Figure 2
shows the ln(Lπ0/Le) vs π0 mass distribution for signal
νe-CC events and events containing a π0 in the MC sam-
ple, as well as the rejection cut line. Events that satisfy
ln(Lπ0/Le) < 175 − 0.875 × mπ0 (MeV/c2) constitute
the final νe candidate sample. This cut removes 69% of

the π0 background events relative to the previous T2K
νe appearance selection, with only a 2% loss in signal
efficiency [3].
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FIG. 2. The ln(Lπ0/Le) vs mπ0 distribution is shown for both
signal νe-CC events (boxes) and background events containing
a π0 (blue scale). The red line indicates the location of the π0

rejection cut. Events in the upper right corner are rejected.

A summary of the number of events passing each se-
lection cut is shown in Table I. After all cuts, the to-
tal number of candidate νe events selected in data is 28,
which is significantly larger than the 4.92±0.55 expected
events for θ13 = 0. For sin22θ13 = 0.1 and δCP = 0, the
expected number is 21.6, as shown in Table I.

TABLE I. The expected number of signal and background
events passing each selection stage assuming sin22θ13 = 0.1,
sin2 θ23 = 0.5, |∆m2

32| = 2.4 × 10−3 eV2, δCP = 0, and
∆m2

32 > 0, compared to the observed number in data. In-
teractions in the true FV are based on the MC truth informa-
tion while all other numbers are based on the reconstructed
information and have been rounded off after addition to avoid
rounding error.

Selection
Data

νµ→νe νµ+νµ νe+νe NC
Total

CC CC CC MC
Interactions in FV - 27.1 325.7 16.0 288.1 656.8
FCFV 377 26.2 247.8 15.4 83.0 372.4
+Single-ring 193 22.7 142.4 9.8 23.5 198.4
+e-like PID 60 22.4 5.6 9.7 16.3 54.2
+pe>100MeV/c 57 22.0 3.7 9.7 14.0 49.4
+No decay-e 44 19.6 0.7 7.9 11.8 40.0
+Erec

ν <1250MeV 39 18.8 0.2 3.7 9.0 31.7
+Non-π0-like 28 17.3 0.1 3.2 1.0 21.6

The systematic uncertainty due to the SK selection
cuts is evaluated using various data and MC samples.
The 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 electron-like ring
selection and π0 rejection are estimated by using the SK

Sterile neutrinos search

30

1km,1200MeV
1km,850MeV

1km,600MeV

~1km is a good
distance for sterile 
ν search at T2K
beam energy

23



Upgrade Timescales
• Short term: ~1-2 years

(upgrades that utilize existing hardware)

• Replacing water targets with D2O

• Mid term: ~2-3 years
(upgrades that require significant modifications to existing hardware)

• Instrumenting liquid volumes for use with water-based liquid 
scintillator

• Longer term: ~4-5 years
(upgrades that require new detectors or significant R&D)

• Replacing scintillator bars with bars of finely segmented scintillator-
doped water

• High pressure Neon TPC

• νPRISM

• J-PARC beam upgrade from 300 kW to 700 kW is expected in 2018

• Any chosen project would aim to be ready for the upgraded beam
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Summary
• Several near detector upgrades are currently 

being considered within the T2K collaboration

• Addition of deuterium targets

• Water-based liquid scintillator to measure 
vertex activity in water targets

• High pressure neon TPC

• νPRISM: an experimental method to remove 
neutrino model uncertainties

• Decisions regarding which upgrades will go 
ahead will be made in the next ~1 year
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Supplement
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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
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νPRISM-Lite
• At 1 km, need 50 m tall tank to span 1-4° off-axis angle

• Instrument one subsection of the tank at a time with a 
moveable detector

• Baseline design:

• Inner Detector (ID): 6m 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
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Event Pileup
• 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!
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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

31



Other 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

• Larger = more stats, but also more pileup

• Larger = more PMTs = more expensive

• How much outer detector is necessary?
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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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Reminder: Analysis Concept

• Different slices of νPRISM are combined to 
reproduce an oscillated SK flux

• Flux only! No cross sections or 
detector response at this point

• For simplicity, only 3 slices are shown here

• The default analysis uses 30 slices

(subtract)
(add)

(add)

Reproduction
of SK flux
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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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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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Electron-like Measurements
• MiniBooNE sees a large excess of 

electron-like events

• Sources: NCπ0, single-γ 
production, external γ, beam νe, 
sterile neutrinos, muon misID

• This must be understood for 
precision CP violation 
measurement

• Linear combination of νμ fluxes can be 
used to reproduce νe flux

• This will allow direct comparison 
of νμ and νe cross section

• At large off-axis angle, νμ 

background to νe is reduced

• A large detector with a 1 km baseline 
can give a strong constraint on 
MiniBooNE sterile interpretation

• Sterile neutrino sensitivity 
studies are underway!

Sterile neutrinos search

30

1km,1200MeV
1km,850MeV

1km,600MeV

~1km is a good
distance for sterile 
ν search at T2K
beam energy

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

MiniBooNE
e-like

spectrum

νPRISM
sterile

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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Systematic Covariance Matrices

• Matrices show fractional uncertainties (normalized to bin content)

• At high energies, νPRISM provides no constraint

• Detector acceptance: all muons exit the ID

• Subject to full flux & cross section uncertainties

• Bin 3 (600-700 MeV) has a 11.8% uncertainty (~1.2% on sin22θ23)

zoom

Analysis is performed in 12 unequal-sized Erec bins
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Statistical Uncertainties
• Linear combinations can 

cause very large 
fractional uncertainties

• e.g. a simple statistical 
subtraction

• √(N1+N2) / (N1-N2)

• A naive fit of 30 νPRISM 
slices to an SK flux gives 
nearly 100% errors!

• But, many non-unique 
solutions exist for 
νPRISM flux weights

40



Reducing Statistical Errors
• Flux predictions contain Monte 

Carlo statistical uncertainties

• Strongly affect fit results

• Instead, can enforce that 
neighboring bins must have 
similar weights

• Results in smooth variation of 
weights across off-axis angles

• Variance of weights is reduced 
by an order of magnitude

• Significant reduction in 
statistical uncertainties

Unconstrained Fit

Constrained Fit
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Reduced Statistical Uncertainties

• Statistical errors have been reduced to 10-12%

• Current level of systematic errors

• These can be significantly reduced with slightly larger ID

• Cross checked analytical calculation with 100 Poisson 
throws of each muon p,θ bin ➞ consistent result

Analytical
calculation 

Poisson
throws
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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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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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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)

INGRID
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Figure 122: Fractional error of Run 1-4† flux at Super-K

115

νµ uncertainty at Super-K

ν Flux Uncertainties
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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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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
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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
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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)
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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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Detailed Error Table (%NSK)

Total Errors (%NSK)
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