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Systematic Errors on δCP

• T2HK: 10 year run
with a 750 kW beam

• With a 5% systematic 
error on the event 
rate, δCP 
measurement will be 
systematics limited 

• To exploit the full 
physics potential of 
T2HK, need to reduce 
the systematic error 
to 2%
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Challenges to Get to 2%
• Relating lepton kinematics to neutrino 

energy

• nuclear effects (Fermi motion of target 
nucleons, off-shell effects, mixing of 
exclusive final states, multi-nucleon 
correlations)

• Relying on models (with the help of 
external cross section measurements)
may not be sufficient to reach 2%

• Constraining νe cross sections

• νe cross section data is scarce

• νμ and νe are impacted differently by 
nuclear form factors

• Affects can be different for neutrinos 
and anti-neutrinos (and at 2% level)

• Could mimic CP violation

• May be able to constrain form factors 
with precise νμ/νμ measurements as well
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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
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FIG. 8. Top: Changes in the difference between the muon and
electron neutrino cross sections due to including F 3

A; Bottom:
the change in muon neutrino cross-sections due to including
F 3
A.

icantly smaller than the effect of the vector second class
current because the limits on these currents are more
stringent.

IV. CONCLUSIONS

Large differences between the electron and muon neu-
trino quasi-elastic cross-sections exist at low neutrino en-
ergies from the presence of different kinematic limits due
to the final state lepton mass and due to the presence
of the pseudoscalar form factor, FP , derived from PCAC
and the Goldberger-Treiman relation. These differences
are typically accounted for in modern neutrino interac-
tion generators.
There are also significant differences due to radiative

corrections, particularly in diagrams that involve photon
radiation attached to the outgoing lepton leg which are
proportional to logQ/m. These differences are calcula-
ble, but are typically not included in neutrino interaction
generators employed by neutrino oscillation experiments.
If our estimate of these differences, of order 10%, is con-
firmed by more complete analyses, then this is a cor-
rection that needs to be included as it is comparable to
the size of current systematic uncertainties at accelerator
experiments[2, 3].
Modifications of the assumed FP from PCAC and the

Goldberger-Treiman relation and the effect of the form
factors F 3

V and F 3
A corresponding to second class vector
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FIG. 9. Top and Middle: For the form factors not well con-
strained and not accounted for in neutrino generators, a sum-
mary of the magnitude of the fractional size of differences in
the total charged-current quasi-elastic cross-sections between
electron and muon neutrinos and anti-neutrinos as a func-
tion of neutrino energy. For FP the average of the magnitude
of the PCAC violating effects are summed linearly with the
magnitude of the Goldberger-Treiman violation effect. Bot-
tom: The magnitude of the difference between ν and ν̄ of the
fractional differences which illustrates the size of apparent CP
violating asymmetries in oscillation experiments.

and axial currents, respectively, are not included in neu-
trino interaction generators. A summary of the possible
size of these effects, as we have estimated them, is shown
in Fig. 9.

These differences, particularly from the second class
vector currents, may be significant for current[2–4] and
future[39] neutrino oscillation experiments which seek
precision measurements of νµ → νe and its anti-neutrino
counterpart at low neutrino energies. Previous work[33]
has demonstrated sensitivity to these second class cur-
rents in neutrino and anti-neutrino quasi-elastic muon

Day & McFarland
arXiv:1206.6745

Martini et al.
arXiv:1211.1523
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Off-Axis Effect

• As the off-axis angle changes, the neutrino 
energy spectrum is modified in a ver

• Measuring event properties at several different 
off-axis angles can provide information about Eν 
without relying on neutrino interaction models 

 Near detectors with a perfectly known, and preferably 

tunable, flux would allow a measurement of neutrino 

energy biases and smearing. 

 How to get this? 

 Observation from 

T2K INGRID team: 

Low and high tails 

of flux similar 

as move off-axis 

 Narrow range of 

neutrino energies 

where flux changes. 

14 January 2013 Hartz-McFarland, Energy and Near Detectors 15 

Can we address the Energy 

Reconstruction Problem? 

M. Hartz &
K. McFarland

2nd Hyper-K
Meeting
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Detector Concept
• A long-tube water Cherenkov

detector

• Tube height depends on
the distance from the
beam target

• Continuous mapping of
off-axis angle from 1° to 4°

• Same target (water) as the
far detector

• T2K uses different targets at
the near and far detector

• Many non-canceling uncertainties

• Nucleon initial state model

• Pionless delta decay

• Final state interactions

• Nuclear modifications to the 
Delta resonance

Beam

If placed at 280m,
Length = 15m

If placed at 1km,
Length = 50m

If placed at 2km,
Length = 100m

or or
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Neutrino Spectrometer I

• Muon p/theta distribution is measured in each 
detector slice

• By taking linear combinations of many different 
slices, can make Gaussian neutrino spectra at 
various energies

• Just for illustration purposes; actual analysis to 
extract muon p/θ vs Eν will be more sophisticated

3.5°

2.5°

1.5°

wgt2.5

wgt1.5

wgt3.5

Linear combination
of 30 slices in
off-axis angle

 Near detectors with a perfectly known, and preferably 

tunable, flux would allow a measurement of neutrino 

energy biases and smearing. 

 How to get this? 

 Observation from 

T2K INGRID team: 

Low and high tails 

of flux similar 

as move off-axis 

 Narrow range of 

neutrino energies 

where flux changes. 

14 January 2013 Hartz-McFarland, Energy and Near Detectors 15 

Can we address the Energy 

Reconstruction Problem? 
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Neutrino Spectrometer II

• Gaussian spectra can be produced for any choice 
of neutrino energy (between ~0.25 and ~1 GeV)

• High energy flux tail is canceled in all cases

500 MeV 700 MeV 1 GeV

zoom zoom zoom
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Systematic Uncertainties

• Question: How do beam uncertainties affect ability to use off-axis angle to 
determine neutrino energy?

• Apply T2K π+ production variations to flux linear combinations

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

• Spread in neutrino energy due to + production uncertainty is ~0.1%

• More detailed study needed, but first look is 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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High Energy Flux Cancelation

• It may be more important to precisely cancel the high energy 
flux, since ν cross sections grow vs Eν

• Can weight flux by Eν to get a rough idea

• Still able to remove almost all contribution from high energy

500 MeV 700 MeV 1 GeV
F

lu
x*

E
ν

F
lu

x
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νμ Backgrounds
• For the T2HK δCP measurement, we wish to measure 

momentum vs angle distribution of single-ring muon 
events for each neutrino energy

• Including, e.g., CCπ+ events where the π+ is below 
Cherenkov threshold

• (some additional separation based on decay 
electrons may also be useful)

• This relationship can then be inverted at Hyper-K 
to produce energy spectrum

• Electrons are rarely misidentified as muons in Super-
K (~0.1%)

• Main background is from pion rings

• At Super-K, we now have a method to separate 
some π+ background from μ signal

• We can also now select a pure π+ sample to 
constrain this background

• (These same tools can also be applied to
single-proton backgrounds)

• More details in the fiTQun reconstruction talk 
tomorrow
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Figure 27: Momentum resolutions(top) and biases(bottom) for single-ring atmospheric ν
e

CCQE(left) and ν
µ

CCQE(right) events, as a function of true outgoing lepton momentum.
The red markers indicate the performance of fiTQun, and the black markers are for APfit.
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Figure 28: Likelihood separation of single-ring electron(left) and muon(right) particle gun events.
The vertical axes are ln (L

e

/L
µ

), and the horizontal axes are the reconstructed single-ring elec-
tron fit momentum. The black lines indicate the cut criteria for electron-muon separation.
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Figure 27: Momentum resolutions(top) and biases(bottom) for single-ring atmospheric ν
e

CCQE(left) and ν
µ

CCQE(right) events, as a function of true outgoing lepton momentum.
The red markers indicate the performance of fiTQun, and the black markers are for APfit.
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Figure 28: Likelihood separation of single-ring electron(left) and muon(right) particle gun events.
The vertical axes are ln (L

e

/L
µ

), and the horizontal axes are the reconstructed single-ring elec-
tron fit momentum. The black lines indicate the cut criteria for electron-muon separation.
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Figure 29: Misidentification rate of single-ring electron(left) and muon(right) particle gun events,
binned by APfit visible energy. The red markers indicate the performance of fiTQun, and the
black markers are for APfit.
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Figure 30: Likelihood separation of single-ring atmospheric ν
e

CCQE(left) and ν
µ

CCQE(right)
events. The vertical axes are ln (L

e

/L
µ

), and the horizontal axes are the reconstructed single-ring
electron fit momentum. The black lines indicate the cut criteria for electron-muon separation.
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Figure 31: Misidentification rate of single-ring atmospheric ν
e

CCQE(left) and ν
µ

CCQE(right)
events, binned by APfit visible energy. The red markers indicate the performance of fiTQun,
and the black markers are for APfit.
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Figure 29: Misidentification rate of single-ring electron(left) and muon(right) particle gun events,
binned by APfit visible energy. The red markers indicate the performance of fiTQun, and the
black markers are for APfit.
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Figure 30: Likelihood separation of single-ring atmospheric ν
e

CCQE(left) and ν
µ

CCQE(right)
events. The vertical axes are ln (L

e

/L
µ

), and the horizontal axes are the reconstructed single-ring
electron fit momentum. The black lines indicate the cut criteria for electron-muon separation.
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Figure 31: Misidentification rate of single-ring atmospheric ν
e

CCQE(left) and ν
µ

CCQE(right)
events, binned by APfit visible energy. The red markers indicate the performance of fiTQun,
and the black markers are for APfit.
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νe Backgrounds
• Good separation of electrons from 

muons

• Recent significant improvement to e/π0 
separation

• 70% reduction in T2K π0 background

• Water Cherenkov detectors are a very 
good technology for measuring and 
constraining NC π0 production

• More susceptible to entering neutral 
particles than the νμ measurement

• Significant distance between the 
upstream wall and the FV may be 
required
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Figure 39: The efficiency for rejecting a π0 with a π0 mass < 105 MeV/c2 is shown for both
fiTQun and APFit as a function of the smaller of the two photon energies. The extra rejection
power of fiTQun is largely due the improved ability to find lower energy photons.

Figure 40: The log-likelihood ratio is shown for both ν
e

-CC signal (left) and any background
containing a π0 (right) for T2K Monte Carlo events after all other ν

e

selection cuts. The
2-dimensional line shows the cut used to remove the π0 background in the ν

e

appearance mea-
surement.
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Figure 39: The efficiency for rejecting a π0 with a π0 mass < 105 MeV/c2 is shown for both
fiTQun and APFit as a function of the smaller of the two photon energies. The extra rejection
power of fiTQun is largely due the improved ability to find lower energy photons.

Figure 40: The log-likelihood ratio is shown for both ν
e

-CC signal (left) and any background
containing a π0 (right) for T2K Monte Carlo events after all other ν

e

selection cuts. The
2-dimensional line shows the cut used to remove the π0 background in the ν

e

appearance mea-
surement.
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Setting the Tube Diameter
• Main requirement is the maximum muon 

momentum that can be measured (fiducial volume

• Tube Diameter > Muon range (i.e. max mom.) +
                                Distance between FV and wall

• Main upstream FV requirement is to separate 
fully contained muons from entering muons

• Driven by the vertex resolution

• Particle ID also degrades if the particle is to 
close to the wall at which it is pointing
(need a “to wall” cut)

• Electrons are more sensitive to entering 
backgrounds

• For the electron measurement, the fiducial 
volume can begin further downstream because 
electron path length is shorter

• A 2 GeV electron emits all of its light
within 4-5 m
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Multi-Channel Plates
• Better timing resolution = better vertex 

resolution

• With better vertex resolution, the muon 
fiducial volume can be expanded closer to the 
tank wall

• Large area picosecond photon detectors 
(LAPPDs) can provide single photon hit time 
resolution of ~50 psec 

• See talk tomorrow by Mayly Sanchez

• Vertex resolution of few centimeters

• Can use almost the whole tube volume as FV

• Also see substructure in rings

• Time and position of every photon is recorded

• More information than just adding total 
charge

7716

Big Picture
32”

24”

SNS Neutrino Workshop 2012

Supermodule:
•Multiple MCP detectors share a single 
delay line anode.
•Reduced channel count (slight loss of 
bandwidth)
•Fully integrated electronics
•Minimal cabling
•Thin!
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we can measure single PE timing and gain characteristics

With large signals from many photoelectrons 
(approaching those expected in collider applications), 
differential timing approaches few picosecond levels.
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Detector Size

5 m 7 m 8 m 10 m

15 m 0.3 0.6 0.8 1.2

50 m 1.0 1.9 2.5 3.9

100 m 2.0 3.8 5.0 7.8

Tube Diameter

Tu
be

 L
en

gt
h

The table gives the mass of water in kton

Typical size = few kton
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Other Design Considerations
• Water pressure

• If the water pressure is too high at 100 m, it is 
possible to break the detector into pieces

• Water quality

• No need for a Super-K caliber water filtration 
system

• Super-K has 80m optical transparency

• This detector has typical photon transmission 
distances of ~10-15m

• Event pile-up

• May be able to reconstruct 2 simultaneous events, 
especially if the vertices are well separated

• Michel-tagging efficiency/accuracy is reduced as 
pile up increases

• Both problems are helped by moving to the 2 km 
site

15



Detector Limitations

• The proposed detector does not provide lepton sign selection

• Cannot separate the wrong-sign background in the anti-ν beam

• Measurements from ND280 to separate these components will be useful

• Some separation power may be available by looking at μ + π events with and 
without a Michel tag

• Little information is provided about low energy hadrons exiting the nucleus

• Not required for the δCP measurement (this is main principle motivating this 
detector design)

• However, more information could, in principle, better constrain residual effects 
from cross section models

Masashi Yokoyama (U. Tokyo) LBL and p-decay with Hyper-K1st open meeting for Hyper-K project, Aug.22-23 2012

Background sources
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For anti-neutrino running, ‘wrong sign’ (ν) BG ~ anti-ν
because of cross section difference.

In addition, ‘wrong sign’ appearance significant (~20%)

νμ originate background (mostly neutral current π0) and
intrinsic beam νe are dominant background. 

sin22θ13=0.1,δ=0, normal MH

Eν (GeV) Eν (GeV)

Reconstructed energy spectrum of BG is rather flat.

Wednesday, August 22, 12

ν & anti-ν backgrounds 
for T2HK

M. Yokoyama
1st Hyper-K Meeting
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Summary
• Neutrino interaction cross section uncertainties may be the 

dominant error in a T2HK δCP measurement

• Need 2% uncertainty on event rate to match statistical 
precision

• Our understanding of neutrino interactions may not reach 
this level in time for Hyper-K

• A tall water Cherenkov detector that spans ~1° to ~4° off-axis 
angles can be used to measure muon kinematics vs Eν without 
relying on a neutrino cross section model

• Initial look at systematics suggests this method may be 
robust to beam uncertainties

• Water Cherenkov detectors are also very good at measuring pure 
samples of electrons

• Can constrain νe/νμ cross section ratio
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Backups
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Electron and Muon Ranges in Water

• Muon range has ~linear dependence on momentum

• Electron range does not strongly depend on momentum 
above 1 GeV
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