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Neutrino Mixing

• All 3 neutrino mixing angles are now well known

• Largest uncertainty is in θ23 (may still be maximal)

• Main focus of current and next generation long baseline neutrino 
experiments is to measure δCP

• Additional goals include further improvements to mixing angles 
and mass splitting (e.g. Δm322), and the determination of the 
neutrino mass hierarchy (m3 > m2   or   m2 > m3?)

Note:  cij = cos(θij), sij = sin(θij)

“Atmospheric ν”

(Super-K, K2K, MINOS)
θ23 = 45°±6° (90% C.L.)

“Solar ν”

(SNO, KamLAND)
θ12 = 33.9°±1.0°

“Reactor ν“

(Daya Bay, RENO, 
Double CHOOZ)
θ13 = 9.0°±0.5°

Majorana 
phases;
Not yet 
observed

Flavor States Mass States
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Neutrino Oscillations
• Lowest order oscillations terms 

are only sensitive to m2 differences

• We do not know whether 
Δm231>0 or Δm231<0

• Neutrino Mass Hierarchy

• Flavor composition oscillates as a 
function of distance, L

• Wavelength ∝ E/Δm2

• Amplitude of the oscillation is 
given by the mixing angles

• Oscillation probabilities can be 
greatly simplified by expanding in 
small parameters

• Δm221/Δm231    (≈1/30)

• sin2θ13                (≈1/10)
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Neutrino Interactions @ ~GeV
(Circa 2009)

• Charged Current Quasi-Elastic (CCQE)

• Neutrino flavor is tagged by outgoing lepton

• Often the signal mode for oscillation experiments

• Charged Current Pion Production (CCπ+)

• Comparable cross section to CCQE at 1 GeV

• Background to CCQE-based oscillation searches

NCπ

CCπ+

CCQE

• Neutral Current Pion Production (NCπ)

• NCπ0 produces 2 photons

• Can be misidentified as an electron

• NCπ+ produces a single charged track

• Can be misidentified as either a muon or electron
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+

• Deep Inelastic Scattering (DIS) turns on around 2 GeV

Each of these interactions have only a few free parameters, so 
detectors were designed to simply constrain those parameters
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ν Oscillation Experiments vs 
e- Scattering Experiments

• In ν oscillation experiments, we are trying to 
understand the probe (ν), not the target (p,n,A)

• The physics of the target can be considered a 
nuisance

• Unfortunately, ν experiments require a large 
target mass, so nuclear targets are unavoidable

• ν oscillation experiments consist of a near 
detector (measure unosc. spectrum) and a far 
detector (measure osc. spectrum) 

• Near detector design goal: minimize 
uncertainties at the far detector due to 
uncertainties in neutrino-nucleus interactions

• Especially nuclear effects

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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Near Detector Spectrum
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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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Long-Baseline Neutrino Experiments 
(e.g. T2K)

• 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, Δm231)

T2K setupT2K setup

0.75 MW

30 GeV

decay volume

muon monitor

ingrid
super-Kamiokande

ND280

295 km

Super-K Detector J-PARC Accelerator

Near Detector

ν
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Tracker

T2K Near Detector (ND280)
0.2 T

Magnetic
Field

Time Projection
   Chambers (TPCs)

- Gas ionization chambers
- Momentum from curvature
- Particle ID from dE/dx

Side Muon Range
Detector (SMRD)

CC Interaction in the Tracker

FGD1 FGD2TPC1 TPC2 TPC3

FGD2 has water layers to
constrain interactions on

the same target as Super-K

Fine-Grained Detectors
(FGDs)

- Scintillator strips
- Provides neutrino target
- Detailed vertex information

π0

Detector
(P0D)

- Scintillator 
strips with brass 
to convert 
photons
- Measure π0 
production
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• 50 kton water Cherenkov detector

• 39.3m diameter, 41.4m height

• νμ ➜ μ± detection

• Less scattering ⇒ sharp rings

• νe ➜ e± detection

• More scattering ⇒ fuzzy rings

• νe background ➜ π0

• 2 electron rings (π0→2γ)

• To separate from electrons, 
MUST detect 2nd ring

µ e 

π0 

Far Detector (Super-Kamiokande)

νl

N
Z

N

π0

νl
“ NCπ0 ” (bkgd)

νl

n p

l-
W±

“CCQE” (signal)
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How to Create a Neutrino Beam

Target & horns�

p� π�

νµ�
µ�

Super‐K�

2.5˚�
ND280�

0� 118 m� ~280 m�

Beam 
dump� µ monitor� INGRID�
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How to Create a Neutrino Beam

Target & horns�

p� π�

νµ�
µ�

Super‐K�

2.5˚�
ND280�

0� 118 m� ~280 m�

Beam 
dump� µ monitor� INGRID�

30 GeV protons 
from the J-PARC 

Accelerator
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How to Create a Neutrino Beam

Target & horns�

p� π�

νµ�
µ�

Super‐K�

2.5˚�
ND280�

0� 118 m� ~280 m�

Beam 
dump� µ monitor� INGRID�

30 GeV protons 
from the J-PARC 

Accelerator

Protons interact in a 
90cm graphite target

Target
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How to Create a Neutrino Beam

Target & horns�

p� π�

νµ�
µ�

Super‐K�

2.5˚�
ND280�

0� 118 m� ~280 m�

Beam 
dump� µ monitor� INGRID�

30 GeV protons 
from the J-PARC 

Accelerator

Protons interact in a 
90cm graphite target

Resulting Pions are forward-focused by 
the toroidal B-field within 3  “horns”

Target Horns

Targetp

π+

. ...
. .

B-field
into slide

B-field
out of slide
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How to Create a Neutrino Beam

Target & horns�
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νµ�
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Super‐K�

2.5˚�
ND280�
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dump� µ monitor� INGRID�

30 GeV protons 
from the J-PARC 

Accelerator

Protons interact in a 
90cm graphite target

Resulting Pions are forward-focused by 
the toroidal B-field within 3  “horns”

Pions decay to μ and νμ within 
a 100m decay volume

Target Horns
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B-field
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B-field
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How to Create a Neutrino Beam

Target & horns�

p� π�

νµ�
µ�

Super‐K�

2.5˚�
ND280�

0� 118 m� ~280 m�

Beam 
dump� µ monitor� INGRID�

30 GeV protons 
from the J-PARC 

Accelerator

Protons interact in a 
90cm graphite target

Resulting Pions are forward-focused by 
the toroidal B-field within 3  “horns”

Pions decay to μ and νμ within 
a 100m decay volume

The resulting beam of neutrinos is 
directed at the on-axis detector: INGRID

The off-axis detector, ND280, sits between the target 
and Super-K:  2.5° off the mean beam direction

Target Horns

Targetp

π+

. ...
. .

B-field
into slide

B-field
out of slide
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How to Create a Neutrino Beam

Target & horns�

p� π�

νµ�
µ�

Super‐K�

2.5˚�
ND280�

0� 118 m� ~280 m�

Beam 
dump� µ monitor� INGRID�

30 GeV protons 
from the J-PARC 

Accelerator

Protons interact in a 
90cm graphite target

Resulting Pions are forward-focused by 
the toroidal B-field within 3  “horns”

Pions decay to μ and νμ within 
a 100m decay volume

The resulting beam of neutrinos is 
directed at the on-axis detector: INGRID

The off-axis detector, ND280, sits between the target 
and Super-K:  2.5° off the mean beam direction

Target Horns

Targetp

π+

. ...
. .

B-field
into slide

B-field
out of slide

No fine control over the 
shape of the neutrino 

energy spectrum
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FIG. 25: The flux predictions for the SK far detector and ND280 near detector broken down by the neutrino parent
particle type. The error bars, which are too small to be seen in most energy bins, are due to the MC statistical error.
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FIG. 25: The flux predictions for the SK far detector and ND280 near detector broken down by the neutrino parent
particle type. The error bars, which are too small to be seen in most energy bins, are due to the MC statistical error.

No event-by-event 
knowledge of the incident 

neutrino energy

Must make distribution-
level comparisons of the

near and far spectra
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• Along the beam direction, Eν ∝ pπ

• By pointing the beam slightly off-
axis, Eν ≈ constant
(above some pπ)

Off-Axis Neutrino Flux

The offThe off--axis axis !! beambeam

OA3!

OA0!

OA2!
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"m2=3x10-3eV2

!
#
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0°
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E
!
(G
e
V
)

p$ (GeV/c)

neutrino energy E! almost independent

of parent pion energy

horn focusing cancels partially the pT

dependence of the parent pion

in reality things are more complicated and

the predicted ! spectrum depends on the

hadro-production models used

%Target 3 Horns Decay Pipe

Super-K.

$ decay Kinematics
2.50

ND280 and Super-K are at the same 2.50

off ! beam axis angle

Very narrow energy spectrum with small

high energy tail (almost monochromatic beam)

Neutrino flux at interesting energy region

higher than for on-axis setting

Neutrino beam energy “tuned” to oscillation maximum

Reduces the backgrounds in the electron neutrino

measurements (NC $0 background)

• Can tune ν energy peak by varying the off-
axis angle

• Optimize for oscillation maximum

• Reduces the high Eν tail

• Reduces the NCπ0 background

• Reduces the CC-multi-π and DIS 
backgrounds

• This off-axis effect is the key physics 
principle exploited by NuPRISM
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Nuclear Complications
• Unfortunately, neutrino-

nucleus scattering is not as 
simple as single-nucleon 
knockout

• Quite often (20-30%?), 
more than 1 nucleon is 
ejected from the nucleus

• This affects both the 
reconstructed energy and the 
total cross section of single-
lepton events

• In 2009, our neutrino 
interaction generators 
were unaware of this effect

νμ μ-

??
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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.
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Measuring Eν

• Both effects lead to underestimating the neutrino 
energy (feed down)

• Need to calibrate both leptonic (e & μ) & hadronic 
energy scales and energy tails (variance)

direction
known

ν
n
at

rest?

μ±
fully

reconstructed

p or Δ

not observed
(but mass

    is assumed)

Lepton Only: Must assume
mass of

recoiling
hadron(s)

Problematic!
due to

Multi-nucleon
interactions

Martini et al. arXiv:
1211.1523

Lepton + Hadronic Energy:

ν
Ar μ±

fully
reconstructed

p
Energy

measurement nn
Missing hadronic

energy

π0π±

GEANT4 Simulation of a large LAr volume

(True deposited hadronic energy)/
(True initial hadronic energy)

http://public.lanl.gov/friedland/LBNEApril2014/
LBNEApril2014talks/McGrew_LANL_Apr2014.pdf

Neutrons cause
missing hadronic
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Energy loss
is different for
ν and anti-ν

π±
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• The electron scattering community has long 
known about multi-nucleon interactions

• Nucleons are often found in pairs due to:

• Long-range correlations (LRC; >fm)

• Short-Range Correlations (SRC)

• Electron scattering shows a much higher 
rate of np pairs relative to pp or nn pairs

• This can have large implications for 
calorimetric energy measurements

• Implies differences between neutrinos 
(np->pp) and anti-neutrinos (np->nn)

• How can we understand this effect in 
neutrino interactions? Using electron 
scattering?

• Axial-vector coupling

• Distributed throughout the nucleus

• ...

Correlated Nucleons

Missing Momentum [GeV/c]
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SR
C
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10

210

C(e,e’p) ] /212C(e,e’pp) /12pp/2N from [

C(e,e’p)12C(e,e’pn) /12np/2N from 

C(p,2p)12C(p,2pn) /12np/2N from 

C(e,e’pn) ] /212C(e,e’pp) /12pp/np from [

Figure 2: The fractions of correlated pair combinations in carbon as obtained from the (e,e’pp) and (e,e’pn) reac-
tions, as well as from previous (p,2pn) data. The results and references are listed in Table 1.
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How Well are Multi-nucleon 
ν 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?

• 1 GeV is a particularly difficult regime for 
nuclear theory
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Constraints from Typical Near Detectors

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

• Some errors, like total 
normalization, will cancel

• However, multi-nucleon and pion 
absorption events feed-down 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
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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 is would be one of the largest 
systematic uncertainties for T2K

• But this is just a comparison of 2 models

• How much larger could the actual systematic 
uncertainty be?

• A data-driven constraint is needed

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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NuPRISM Detector Concept

ν-Beam
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NuPRISM Detector Concept
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NuPRISM Detector Concept
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NuPRISM Detector Concept
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NuPRISM Detector Concept
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NuPRISM Detector Concept
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NuPRISM Detector Concept
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NuPRISM Detector Concept
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NuPRISM Detector Concept
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NuPRISM Detector Concept
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NuPRISM Detector Concept
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NuPRISM Detector Concept
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NuPRISM Detector Concept
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Benefits of a Monoenergetic Beam
• Fully specified initial state!

• Electron-scattering-like 
measurements with neutrinos!

• First ever measurements of 
σNC(Eν)

• Much better constraints on NC 
oscillation backgrounds

• First ever “correct” measurements 
of σCC(Eν)

• No longer rely on final state 
particles to determine Eν

• It is now possible to separate the 
various components of single-μ 
events!
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NuPRISM in Oscillation Experiments
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NuPRISM in Oscillation Experiments
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NuPRISM in Oscillation Experiments
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NuPRISM in Oscillation Experiments
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NuPRISM in Oscillation Experiments
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NuPRISM in Oscillation Experiments
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NuPRISM in Oscillation Experiments
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This is the procedure 
used for the

T2K/nuPRISM
νμ disappearance 

analysis
(more later)
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at the Near Detector!

Monday, July 11, 16



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 nuPRISM and far 
detector variations

• Normalization uncertainties will cancel in the 
NuPRISM analysis

• Cancelations persist, even for the NuPRISM 
linear combination

• Variations that affect off-axis angle shape are most 
important

• Horn current, beam direction, alignment, etc.

• First analyses indicate that flux variations do not 
significantly impact NuPRISM analyses (more later)
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• 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): 6 m or 8 m diameter, 10 m tall

• 8” and 5” PMTs are both under study

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

• Default plan is to use HK prototype 20” PMTs

• To improve sand muon tagging (precise entering position and time),
OD is surrounded by scintillator panels

10 m
14m

6 m or 8 m

10m

Detector Design

Monday, July 11, 16



Other Design Considerations
• Civil construction is expensive!

• Need to minimize excavation volume

• Off-axis angle range (i.e. Eν 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

• 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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The nuPRISM νμ 
Disappearance Analysis

Most straightforward to perform, and directly
impacts sensitivity to CP violation
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Reminder: Standard Oscillation 
Experiment Technique

µ 

Observed far
detector signal:

1-ring muon events

CCQE: μ- + p
(p unobserved)

CCπ+: μ- + N + π+

(p, π+ unobserved)

CCDIS: μ- + X
(X unobserved)

NCπ+: π+ + n
(π+ misidentified,

n unobserved)

Composed
Of:

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

Predicted by
poorly understood

models

Nuclear model

...

Simultaneously
constrain flux

and cross section
parameters with
a near detector

Often with a
different nuclear

target and
phase space

SK Oscillated Flux 
Eν→Erec Smearing  

(Eν=0.8 GeV) 
Eν→Erec Smearing  

(Eν=0.8 GeV) 

ND280 Flux Different near and far detector fluxes do 
not allow for a precise feed-down 
constraint at the near detector

Must resort to constraining parameters
in models known to be incorrect
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NuPRISM Technique
• Flux is now the same at the near and far 

detector

• Can just measure observed muon p vs 
θ for any oscillated flux

• 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

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

• No need to make individual measurements 
of each process and extrapolate to 
oscillated Eν spectrum

• Some corrections are needed for 
different detector acceptance, flux fit 
differences, and remaining backgrounds Reconstructed neutrino energy (GeV)
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“Oscillations” in a Near Detector
• Red region is directly 

measured by 
NuPRISM

• Blue region is flux 
difference correction

• Green is SK non-CC0π 
background

• Partially cancels 
with already-
subtracted 
NuPRISM CC0π 
background

• Magenta is 
acceptance 
correction

• (geometric muon 
acceptance)

• SK prediction is 
largely from directly 
measured component
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NuPRISM 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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NuPRISM νμ Disappearance Constraint

Martini Model
(with Nieves
final states)

Bias = -2.9%
RMS = 3.2%

Standard T2K
Analysis νPRISM

AnalysisNieves Model

Bias = 0.3%
RMS = 3.6%
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NuPRISM 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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NuPRISM 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%

• Fake data studies show the bias in θ13 is 
reduced from 4.3%/3.6% to 1.2%/1.0%

Monday, July 11, 16



NuPRISM 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%

• Fake data studies show the bias in θ13 is 
reduced from 4.3%/3.6% to 1.2%/1.0%

• More importantly, this is now based on a data 
constraint, rather than a model-based guess
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NuPRISM 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%

• Fake data studies show the bias in θ13 is 
reduced from 4.3%/3.6% to 1.2%/1.0%

• More importantly, this is now based on a data 
constraint, rather than a model-based guess

• Expect the NuPRISM constraints to get 
significantly better as additional constraints 
are implemented (very conservative errors)

Monday, July 11, 16



NuPRISM CP Violation 
Measurement
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T2K Phase 2
• T2K is plan to extend its run to search for CPV

• With 20 x 1021 POT, T2K-II can achieve 3σ CPV 
sensitivity if:

• 50% increase in νe efficiency

• νe/anti-νe error remains at 5.6%

• δCP = -π/2

• At full POT, systematic errors have a large impact 
on the sensitivity

• Additional improvement is systematic errors 
would allow T2K-II to:

• Reach 3σ sensitivity earlier

• Reach 3σ sensitivity for a wider range of δCP

• Achieve a more robust 3σ discovery

• We have an opportunity to achieve 3σ evidence 
for CPV, so every improvement in statistical and 
systematic uncertainty is critical

• A statistics limited measurement is strongly 
preferred

T2K-II
Sensitivity
Projection
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Constraining δCP with NuPRISM
• The strong constraints on νμ interactions 

provided by NuPRISM will provide a lot of 
information about nuclear effects in νe 
interactions

• However, there may still be some 
differences between νe and νμ cross 
sections (e.g. 2nd class currents?)

• How do we constrain νe events?

• The only tool available is the intrinsic 
νe in beam

• This requires a large detector 
with the same nuclear target and 
acceptance as the far detector

• NuPRISM!

• NuPRISM can also largely remove the flux 
differences between νμ and νe 
(next slide)
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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

Need to measure:

σ(νμ)/σ(νμ)
σ(νe)/σ(νμ)
σ(νe)/σ(νμ)
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NuPRISM νe Appearance (CPV)

• Step 1 is the νe version of the νμ disappearance analysis

• Reduces FSI/SI and SK detector uncertainties, and improves ND280 flux+xsec constraint

• Step 2 uses only NuPRISM to measure σ(νe)/σ(νμ)

• Constrains the σ(νe)/σ(νμ) uncertainty

• Step 3 uses the 2.5° slice of NuPRISM to measure NC backgrounds with the same energy 
spectrum as the far detector (reduces background systematics)

3 step approach:
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Entries     2.27747e+07
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eνSK Beam+Osc. 

 Linear Combo.µνPRISM ν

Step 1: Measure Super-K νe response
with NuPRISM νμ

Step 2: Measure NuPRISM νe response 
with NuPRISM νμ

High-E is above
muon acceptance

If σ(νe)/σ(νμ)=1
this fit is all

that is needed Measure
σ(νe)/σ(νμ)
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Constraining the νe Cross Section
• Water Cherenkov detectors can achieve high νe purities

• In T2K, we can achieve a 77% νe purity at Super-K

• Studies to optimize PMT size/granularity to maximize 
νe purity in NuPRISM are ongoing

• NuPRISM νe analysis uses 2.5°-4.0° in off-axis angle 
range

nuPRISM Status 10

Achieving High νe Purity
• From the T2K analysis, we have an example of the νe purity that can be achieved in 

a WC detector with a 2.5 degrees off-axis flux 

• 3.50 intrinsic νe events vs. 0.96 NC events - 77% νe purity 

• There are challenges in nuPRISM: events are closer to the wall and more muon 
background  

• Optimization of PMT size/granularity for PID is ongoing 

• But, nuPRISM has an advantage due to the more off-axis flux

Off-axis 
angle (º)

νe Flux 
0.3-0.9 GeV

νμ Flux

0.3-5.0 GeV

Ratio 
νe/νμ

2.5 1.24E+15 2.46E+17 0.507%
3.0 1.14E+15 1.90E+17 0.600%

3.5 1.00E+15 1.47E+17 0.679%

4.0 8.65E+14 1.14E+17 0.760%

50% increase 
in νe fraction 
from 2.5 to 
4.0 degrees 
off-axis

50% increase
in νe fraction
from 2.5° to
4.0° off-axis
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More Physics!

NuPRISM can do more than just improve
long-baseline measurements
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Sterile Neutrinos
• A multi-kton detector, ~1 km from a 600 

MeV neutrino beam is well suited to confirm 
or refute the MiniBooNE/LSND event 
excesses

• NuPRISM has the additional benefit of 
continuously sampling a variety of L/E 
values

• Oscillation signal and backgrounds vary 
differently vs off-axis angle

• This provides an additional handle on 
many uncertain backgrounds (e.g. NC 
single-photon production)

MiniBooNE

NuPRISM

nuPRISM Status 13

Short Baseline νe Appearance
• To confirm a measurement of the νe cross section, we need to rule out a short 

baseline νe appearance signal consistent with LSND and MiniBooNE anomalies 

• nuPRISM has a unique approach since the neutrino energy distribution varies with 
off-axis angle 
 
 
 
 
 
 
 
 
 
 

• Any appearance signal must have a consistent dependence across the 
reconstructed energy and off-axis angle distributions
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Sterile-ν Sensitivities
• NuPRISM sterile sensitivity is 

statistics limited

• Significant improvement for 
T2K-II exposure

• Still a very conservative estimate

• No ND280 constraint

• No constraints on 
backgrounds from precise in-
situ measurements

• Not yet using new event 
selection from previous slide

• NuPRISM/T2K-II sterile sensitivity 
already compares favorably to the 
Fermilab short-baseline program

• More importantly, NuPRISM 
has orthogonal capabilities for 
ruling out background-related 
explanations

SBN νe Appearance Sensitivity!

2/4/15!Peter Wilson | Fermilab SBN Program!8!

Fermilab SBN
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NuPRISM

2.3*1021 POT 7.5*1021 POT
Proposal T2K-II
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Probing the Nucleus
• Electron-scattering-like measurements are 

possible at NuPRISM

• First measurements of ω in neutrino 
scattering

• Possible to measure true quasi-elastic 
(single nucleon) from non-quasi-elastic 
events

• Neutrinos are a unique probe of the nucleus

• Axial vector coupling

• Uniform interaction probability 
throughout the nucleus

• Future detector technology may allow for 
measurements of ejected nucleons

• Water-based liquid scintillator

• Gd doping
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Timescales
• Water Cherenkov construction was 

studied for the T2K “2 km detector” 
proposed in 2005

• NuPRISM construction time is 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 MRD or LAr detector

• < 3 year timescale from ground breaking 
to data taking

• Goal is to start data taking soon after the 
J-PARC 750kW - 1 MW beam upgrade 
(2019)

• 75% of the T2K extended run POT 
will be taken after the beam upgrade

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

T2K
2km detector

Old T2K “2 km detector” Schedule
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Current Status
Proposal for the NuPRISM Experiment in the J-PARC Neutrino Beamline
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As long-baseline neutrino experiments enter the precision era, the di�culties associated with understanding neutrino inter-
action cross sections on atomic nuclei are expected to limit experimental sensitivities to neutrino oscillation parameters. In
particular, the ability to relate experimental observables to the incident neutrino energy in all previous experiments has relied
solely on theoretical models of neutrino-nucleus interactions, which currently su↵er from very large theoretical uncertainties.

By observing charged current ⌫
µ

interactions over a continuous range of o↵-axis angles from 1� to 4�, the NuPRISM water
Cherenkov detector can provide a direct measurement of the far detector lepton kinematics for any given set of oscillation
parameters, which largely removes neutrino interaction modeling uncertainties from T2K oscillation measurements. This
naturally provides a direct constraint on the relationship between lepton kinematics and neutrino energy. In addition, NuPRISM
is a sensitive probe of sterile neutrino oscillations with multiple energy spectra, which provides unique constraints on possible
background-related explanations of the MiniBooNE anomaly. Finally, high-precision measurements of neutrino cross sections
on water are possible, including electron neutrino measurements and the first ever measurements of neutral current interactions

⇤

also at J-PARC, Tokai, Japan

†

a�liated member at Kavli IPMU (WPI), the University of

Tokyo, Japan

‡

also at Moscow Institute of Physics and Technology and National

Research Nuclear University ”MEPhI”, Moscow, Russia

§

also at Institute of Particle Physics, Canada

• Full proposal was review at the J-PARC 
PAC in January, 2016

• PAC Response: “In summary, NuPRISM 
is an excellent proposal. However, as 
already stressed in the previous PAC 
meeting, this proposal is intimately 
related to the extension of the T2K 
program, for which only an EOI has 
been submitted. Given the physics 
interest of NuPRISM, the PAC strongly 
encourages the continuation of R&D 
studies in close collaboration with the 
proponents of the T2K-II program. The 
PAC recommends that NuPRISM be 
considered for Stage-1 status following 
an evaluation of the T2K-II proposal.”

• The T2K extended run proposal will be 
submitted for the July, 2016 PAC, and 
we are proposing concurrent approval 
of NuPRISM at that meeting

• Thank you for the letters of support of the 
nuclear physics community:

• J. Carlson (LANL), T.W. Donnelly (MIT),
M. Ericson (IPN Lyon, CERN), S. Gandolfi 
(LANL), A. Lovato (ANL), M. Martini 
(Ghent), S.C. Pieper (ANL), R. Schiavilla 
(JLAB/ODU), R.B. Wiringa (ANL)
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Summary
• We are entering an era where the largest uncertainties in neutrino 

oscillation experiments are due to poorly understood models of 
neutrino-nucleus interactions

• NuPRISM provides an experimental solution for the 
uncertainties in neutrino-nucleus interactions

• NuPRISM will produce a wide variety of other interesting 
measurements

• A unique sterile neutrino search

• Nuclear physics from mono-energetic beams

• A wide variety of unique cross section measurements and 
model constraints

• These physics goals can be achieved with half of the total POT for 
an extended T2K run

• NuPRISM can supply an exciting physics program that bridges the 
gap between T2K and Hyper-K

• Similar to the Fermilab LAr short-baseline neutrino program

• The NuPRISM concept can be applied to any long-baseline neutrino 
experiment (e.g. DUNE)
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Anti-neutrinos
• T2K can switch between ν-mode 

and anti-ν-mode running by 
switching the beam focusing

• Anti-ν-mode analysis is the 
same as for neutrinos

• Except with a much larger 
neutrino contamination

• Can use ν-mode νμ data to 
construct the νμ background in 
the anti-ν-mode anti-νμ data

• After subtracting neutrino 
background, standard  
nuPRISM oscillation analyses 
can be applied to anti-neutrinos

23

 (GeV)νE
0 0.5 1 1.5 2 2.5 3

ν
)*

E
ν

(E
Φ

0

50

100

910×

sk_nom_numode_numu

Entries  8639860
Mean    1.762
RMS    0.6999

 Fluxµν Mode νPRISM Anti-ν

 Linear Combo.µνPRISM ν

°-2.0°=1.0OAθ

 (GeV)νE
0 0.5 1 1.5 2 2.5 3

ν
)*

E
ν

(E
Φ

0

20

40

60

80

910×

sk_nom_numode_numu

Entries  8639860

Mean     1.63

RMS    0.7181

 Fluxµν Mode νPRISM Anti-ν

 Linear Combo.µνPRISM ν

°-3.0°=2.0OAθ

 (GeV)νE
0 0.5 1 1.5 2 2.5 3

ν
)*

E
ν

(E
Φ

0

10

20

30

40

50

910×

sk_nom_numode_numu

Entries  8639860
Mean    1.454
RMS    0.7483

 Fluxµν Mode νPRISM Anti-ν

 Linear Combo.µνPRISM ν

°-4.0°=3.0OAθ

FIG. 22. The nuPRISM anti-neutrino mode wrong-sign ⌫µ
fluxes for 1.0� 2.0� (top), 2.0� 3.0� (middle) and 3.0� 4.0�

(bottom), and the nuPRISM linear combinations of neutrino
mode ⌫µ fluxes.
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parameters for energy bins from 0 to 5 GeV for the neutrino
mode and anti-neutrino mode ⌫µ fluxes.

not know, for a given interaction, the incident neutrino
energy. Any given measurement is always averaged over
the entire flux. The observed rate N in a given observable
bin k depends on the convolution of the cross section, �,
and the flux, �:

N

k = ✏k

Z
�(E⌫)�(E⌫)dE⌫ (9)

where ✏ is the e�ciency. Therefore, our understand-
ing of the energy dependence of neutrino interaction for
a particular experiment is limited by the flux width and
shape. One then attempts to use di↵erent neutrino fluxes
(with di↵erent peak energies) to try to understand the
cross section energy dependence. As discussed later in
this section, for CC interactions we have many examples
of disagreements between experiments, and for NC, we
have a limited number of measurements made, and the
lack of information and conflicting information leaves un-
resolved questions about the true energy dependence of
the cross section.

In addition to providing new measurements on oxygen,
there are two main advantages of nuPRISM over the cur-
rent paradigm. First, we can directly infer the energy de-
pendence of the cross section by combining measurements
at di↵erent o↵-axis angles into a single measurement, as
if we would have had a Gaussian neutrino flux source.
Second, and equally important, we can fully understand
the correlations between energy bins, in a way not possi-
ble previously when comparing across experiments with
entirely di↵erent flux setups.

In CC interactions, previous experiments use the muon
and hadronic system to try to infer the neutrino energy
dependence. nuPRISM has the capability to directly test
if the neutrino energy dependence inferred from the lep-
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Detector Location: 
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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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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νe Appearance Analysis
• 4.92 ± 0.55 background 

events

• 21.6 ± 1.9 events expected

• For sin22θ13=0.1, sin22θ23=1, δCP=0,
and normal mass hierarchy

• 5.5σ sensitivity to 
exclude θ13 = 0

• Oscillation parameters were 
extracted in 2 different ways:

• using the Eν distribution

• using the p-θ distribution

6

Electron-neutrino CC-enriched control samples based on
these cuts were prepared, and the di↵erences between
MC predictions and data are used to extract the system-
atic uncertainty. The uncertainty associated with the
⇡

0 background is determined by constructing a hybrid
sample with either an electron-like ring taken from the
atmospheric data sample or from decay-electrons selected
in the stopping muon data sample, and a MC-generated
gamma ray assuming ⇡

0 kinematics. The selection cut
systematic uncertainty is calculated to be 1.6% for signal
events and 7.3% for background events. The total SK
selection uncertainty is 2.1% for the ⌫

e

candidate events
assuming sin22✓

13

= 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 [28]. For this analysis, a new simulation of
PN interactions has been added to the SK MC. In the fi-
nal ⌫

e

event sample, 15% of the remaining ⇡

0 background
is due to events where one of the ⇡0 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 (L

norm

), a term for the spectrum
shape (L

shape

), a systematics term (L
syst

), and a con-
straint term (L

const

) from other measurements,

L(N
obs

, ~x,~o,

~

f) = L
norm

(N
obs

;~o, ~f)⇥ L
shape

(~x;~o, ~f)

⇥L
syst

(~f)⇥ L
const

(~o), (3)

where N
obs

is the number of observed events, ~x is a set of
kinematic variables, ~o represents oscillation parameters,
and ~

f describes systematic uncertainties. In the fit, the
likelihood is integrated over the nuisance parameters to
obtain a marginalized likelihood for the parameters of
interest.

L
norm

is calculated from a Poisson distribution us-
ing the mean value from the predicted number of MC
events. L

syst

(~f) constrains the 27 systematic parameters
from the ND280 fit, the SK-only cross section parame-
ters, and the SK selection e�ciencies. Table II shows
the uncertainties on the predicted number of signal ⌫

e

events. The L
shape

term uses x=(p
e

, ✓
e

) to distinguish
the ⌫

e

signal from backgrounds. An alternative analysis
uses x = E

rec

⌫

, the reconstructed neutrino energy. In or-
der to combine the results presented in this letter with
other measurements to better constrain sin22✓

13

and �

CP

,
the L

const

term can also be used to apply additional con-
straints on sin22✓

13

, sin2✓
23

and �m

2

32

.
The following oscillation parameters are fixed in the

TABLE II. The uncertainty (RMS/mean in %) on the pre-
dicted number of signal ⌫e events for each group of systematic
uncertainties for sin22✓13 = 0.1 and 0. The uncorrelated ⌫
interaction uncertainties are those coming from parts of the
neutrino interaction model that cannot be constrained with
ND280.

Error source [%] sin22✓13 = 0.1 sin22✓13 = 0
Beam flux and near detector 2.9 4.8
(w/o ND280 constraint) (25.9) (21.7)
Uncorrelated ⌫ interaction 7.5 6.8
Far detector and FSI+SI+PN 3.5 7.3
Total 8.8 11.1
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the MC prediction using the primary method best-fit value of
sin22✓13 = 0.140 (normal hierarchy).

analysis: sin2✓
12

= 0.306, �m

2

21

= 7.6 ⇥ 10�5 eV2 [29],
sin2✓

23

= 0.5, |�m

2

32

| = 2.4⇥10�3 eV2 [30] and �

CP

= 0.
For the normal (inverted) hierarchy case, the best-fit
value with a 68% confidence level (CL) is sin22✓

13

=
0.140+0.038

�0.032

(0.170+0.045

�0.037

). Figure 3 shows the best-fit re-
sult, with the 28 observed ⌫

e

events. The alternative
analysis using E

rec

⌫

and a profile likelihood method pro-
duces consistent best-fit values and nearly identical confi-
dence regions. Figure 4 shows the E

rec

⌫

distribution with
the MC prediction for the best-fit ✓

13

value in the alter-
native analysis.

The significance for a non-zero ✓

13

is calculated to be
7.3�, using the di↵erence of log likelihood values between
the best-fit ✓

13

value and ✓

13

= 0. An alternative method
of calculating the significance, by generating a large num-
ber of toy MC experiments assuming ✓

13

= 0, also returns
a value of 7.3�. These significances were calculated us-
ing a test statistic having fixed values for ✓

23

and �

CP

.
For any values for these parameters, consistent with their
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FIG. 5. The 68% and 90% CL allowed regions for sin22✓13,
as a function of �CP assuming normal hierarchy (top) and
inverted hierarchy (bottom). The solid line represents the
best fit sin22✓13 value for given �CP values. The values of
sin2✓23 and �m2

32 are varied in the fit with the constraint
from [30]. The shaded region shows the average ✓13 value
from the PDG2012 [9].

present uncertainties, the significance remains above 7�.
As the precision of this measurement increases, the un-

certainty from other oscillation parameters becomes in-
creasingly important. The uncertainties on ✓

23

and�m

2

32

are taken into account in the fit by adding a L
const

term
and marginalizing the likelihood over ✓

23

and �m

2

32

. The
L
const

term is the likelihood as a function of sin2✓
23

and
�m

2

32

, obtained from the T2K ⌫

µ

disappearance mea-

surement [30]. The value of �
CP

and the hierarchy are
held fixed in the fit. Performing the fit for all values of
�

CP

, the allowed 68% and 90% CL regions for sin22✓
13

are obtained as shown in Figure 5. For �

CP

= 0 and
normal (inverted) hierarchy case, the best-fit value with
a 68% CL is sin22✓

13

= 0.136+0.044

�0.033

(0.166+0.051

�0.042

). With
the current statistics, the correlation between the ⌫

µ

dis-
appearance and ⌫

e

appearance measurements in T2K is
negligibly small.
Constraints on �

CP

are obtained by combining our re-
sults with the ✓

13

value measured by reactor experiments.
The additional likelihood constraint term on sin22✓

13

is
defined as exp{�(sin2 2✓

13

� 0.098)2/(2(0.0132))}, where
0.098 and 0.013 are the averaged value and the error of
sin22✓

13

from PDG2012 [9]. The �2� lnL curve as a
function of �

CP

is shown in Figure 6, where the likeli-
hood is marginalized over sin22✓

13

, sin2✓
23

and �m

2

32

.
The combined T2K and reactor measurements prefer
�

CP

= �⇡/2. The 90% CL limits shown in Figure 6
are evaluated by using the Feldman-Cousins method [31]
in order to extract the excluded region. The data ex-
cludes �

CP

between 0.19⇡ and 0.80⇡ (�⇡ and �0.97⇡,
and �0.04⇡ and ⇡) with normal (inverted) hierarchy at
90% CL.

The maximum value of �2� lnL is 3.38 (5.76) at
�

CP

= ⇡/2 for normal (inverted) hierarchy case. This
value is compared with a large number of toy MC exper-
iments, generated assuming �

CP

= �⇡/2, sin22✓
13

= 0.1,
sin2✓

23

= 0.5 and �m

2

32

= 2.4 ⇥ 10�3 eV2. The MC
averaged value of �2� lnL at �

CP

= ⇡/2 is 2.20 (4.10)
for normal (inverted) hierarchy case, and the probabil-
ity of obtaining a value greater or equal to the observed
value is 34.1% (33.4%). With the same MC settings,
the expected 90% CL exclusion region is evaluated to be
between 0.35⇡ and 0.63⇡ (0.09⇡ and 0.90⇡) radians for
normal (inverted) hierarchy case.

Conclusions—T2K has made the first observation of
electron neutrino appearance in a muon neutrino beam
with a peak energy of 0.6 GeV and a baseline of 295 km.
With the fixed parameters |�m

2

32

| = 2.4 ⇥ 10�3 eV2,
sin2 ✓

23

= 0.5, �
CP

= 0, and �m

2

32

> 0 (�m

2

32

< 0), a
best-fit value of sin2 2✓

13

= 0.140+0.038

�0.032

(0.170+0.045

�0.037

) is
obtained, with a significance of 7.3� over the hypothesis
of sin2 2✓

13

= 0. When combining the T2K result with
the world average value of ✓

13

from reactor experiments,
some values of �

CP

are disfavored at the 90% CL.
T2K will continue to take data to measure the neutrino

oscillation parameters more precisely and to further ex-
plore CP violation in the lepton sector.

We thank the J-PARC sta↵ for superb accelerator per-
formance and the CERN NA61 collaboration for provid-
ing valuable particle production data. We acknowledge
the support of MEXT, Japan; NSERC, NRC and CFI,
Canada; CEA and CNRS/IN2P3, France; DFG, Ger-
many; INFN, Italy; Ministry of Science and Higher Edu-
cation, Poland; RAS, RFBR and MES, Russia; MICINN
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T2K νe Appearance Results
Observed 28 events (expected 21.6 ± 1.9 for sin22θ13=0.1, δCP=0)
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FIG. 4. The Erec
⌫ distribution for ⌫e candidate events with

the MC prediction at the best fit of sin22✓13 = 0.144 (normal
hierarchy) by the alternative binned Erec

⌫ analysis.
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present uncertainties, the significance remains above 7�.
As the precision of this measurement increases, the un-

certainty from other oscillation parameters becomes in-
creasingly important. The uncertainties on ✓

23

and�m

2

32

are taken into account in the fit by adding a L
const

term
and marginalizing the likelihood over ✓

23

and �m

2

32

. The
L
const

term is the likelihood as a function of sin2✓
23

and
�m

2

32

, obtained from the T2K ⌫

µ

disappearance mea-

surement [30]. The value of �
CP

and the hierarchy are
held fixed in the fit. Performing the fit for all values of
�

CP

, the allowed 68% and 90% CL regions for sin22✓
13

are obtained as shown in Figure 5. For �

CP

= 0 and
normal (inverted) hierarchy case, the best-fit value with
a 68% CL is sin22✓

13

= 0.136+0.044

�0.033

(0.166+0.051

�0.042

). With
the current statistics, the correlation between the ⌫

µ

dis-
appearance and ⌫

e

appearance measurements in T2K is
negligibly small.
Constraints on �

CP

are obtained by combining our re-
sults with the ✓

13

value measured by reactor experiments.
The additional likelihood constraint term on sin22✓

13

is
defined as exp{�(sin2 2✓

13

� 0.098)2/(2(0.0132))}, where
0.098 and 0.013 are the averaged value and the error of
sin22✓

13

from PDG2012 [9]. The �2� lnL curve as a
function of �

CP

is shown in Figure 6, where the likeli-
hood is marginalized over sin22✓

13

, sin2✓
23

and �m

2

32

.
The combined T2K and reactor measurements prefer
�

CP

= �⇡/2. The 90% CL limits shown in Figure 6
are evaluated by using the Feldman-Cousins method [31]
in order to extract the excluded region. The data ex-
cludes �

CP

between 0.19⇡ and 0.80⇡ (�⇡ and �0.97⇡,
and �0.04⇡ and ⇡) with normal (inverted) hierarchy at
90% CL.

The maximum value of �2� lnL is 3.38 (5.76) at
�

CP

= ⇡/2 for normal (inverted) hierarchy case. This
value is compared with a large number of toy MC exper-
iments, generated assuming �

CP

= �⇡/2, sin22✓
13

= 0.1,
sin2✓

23

= 0.5 and �m

2

32

= 2.4 ⇥ 10�3 eV2. The MC
averaged value of �2� lnL at �

CP

= ⇡/2 is 2.20 (4.10)
for normal (inverted) hierarchy case, and the probabil-
ity of obtaining a value greater or equal to the observed
value is 34.1% (33.4%). With the same MC settings,
the expected 90% CL exclusion region is evaluated to be
between 0.35⇡ and 0.63⇡ (0.09⇡ and 0.90⇡) radians for
normal (inverted) hierarchy case.

Conclusions—T2K has made the first observation of
electron neutrino appearance in a muon neutrino beam
with a peak energy of 0.6 GeV and a baseline of 295 km.
With the fixed parameters |�m

2

32

| = 2.4 ⇥ 10�3 eV2,
sin2 ✓

23

= 0.5, �
CP

= 0, and �m
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> 0 (�m
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< 0), a
best-fit value of sin2 2✓

13

= 0.140+0.038

�0.032

(0.170+0.045

�0.037

) is
obtained, with a significance of 7.3� over the hypothesis
of sin2 2✓

13

= 0. When combining the T2K result with
the world average value of ✓

13

from reactor experiments,
some values of �

CP

are disfavored at the 90% CL.
T2K will continue to take data to measure the neutrino

oscillation parameters more precisely and to further ex-
plore CP violation in the lepton sector.
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First ever observation (>5σ) of an explicit ν appearance channel

Significant regions of CP excluded at 90% C.L.

7.5σ exclusion of θ13=0

When combined with reactor θ13 measurements,
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Figure 4: Profiled ��2 as a function of �
CP

, result of the T2K joint
3-flavour Frequentist analysis combined with the results of the reactor
experiments. The critical ��2 values and excluded regions obtained
at the 90% CL for the normal and inverted hierarchies are overlaid.

Section 3; instead, this analysis fits simultaneously the
near and far detector data samples.

To construct Bayesian credible intervals (CI), the pos-
terior probability density function of the oscillation and
nuisance parameters is computed as the product:

P = P

S K

⇥ P

ND280 ⇥ ⇡(o) ⇥ ⇡( f ) (3)

where the likelihood functions for the near and far de-
tector samples, P

S K

and P

ND280 respectively, are as-
sumed to be Poissonian, so that the same dependency
as in Eq. 2 is obtained for the SK samples, i.e.

ln(P
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(4)

and similarly for the near detector samples, which are
binned in two kinematic variables, muon momentum
and angle. The prior probability densities used are uni-
form functions for the oscillation parameters (⇡(o)) and
multidimensional Gaussians for the systematic parame-
ters (⇡( f )); the prior probabilities for the two mass hier-
archies are assumed to be equal (0.5).

The Markov-Chain Monte Carlo (MCMC) method is
used to estimate the posterior density of the oscillation
and systematic parameters, by performing a pseudo-
random walk through the parameter space and sampling
the posterior probability. Then, point estimates for the

oscillation parameters are found by maximizing the pos-
terior probability density, and ↵% credible intervals are
constructed by selecting the highest density region con-
taining ↵% of all the points. The credible intervals are
calculated for one or two parameters, marginalizing the
posterior probability density function with respect to
the rest of parameters by projecting all the steps of the
MCMC onto the parameter(s) of interest space.

Figure 5 presents the posterior probability and al-
lowed intervals for �

CP

result of the joint 3-flavour
Bayesian analysis combined with the reactor measure-
ment (applied in the same way as explained in Section
5.1), marginalized over the mass hierarchy. The pre-
ferred value for �

CP

, interpreted as the one for which the
maximum of the probability density is found, is approx-
imately �⇡/2 as for the Frequentist analysis. The 90%
CI inclusion region obtained for �

CP

is [-1.13,0.14]⇡.

Figure 5: Posterior probability for �
CP

, result of the T2K joint 3-
flavour Bayesian analysis combined with the reactor measurements,
marginalized over the rest of oscillation and systematic parameters
and over the mass hierarchy. The 90% and 68% CI obtained are over-
laid as shaded regions.

6. Future Sensitivity to �CP

Sensitivity studies have been performed to study the
T2K sensitivity for resolving sin �

CP

, 0 at its goal 7.8
⇥1021 POT. On the one hand, a sensitivity study was
performed using the joint 3-flavour oscillation analy-
sis and assuming 50% neutrino and anti-neutrino run-
ning, with a realistic assumption for systematic errors
of ⇠10% for ⌫

e

, ⇠13% for ⌫µ and equivalent errors for
anti-neutrino with an additional 10% normalization un-
certainty. Figure 6 presents an example of such sen-
sitivity studies for di↵erent values of sin2 ✓23 and true
values �m

2
32 = 2.4⇥10�3 eV2/c4, sin2 2✓13 = 0.1 (being
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Proton Beam Monitoring
• A series of beam monitors measure the mean beam 

position along the length of the beamline

• The final monitor, attached to the horn assembly, is 
OTR (Optical Transition Radiation monitor)

• Titanium foils oriented at 45° relative to the 
beamline produce reflected light perpendicular to 
the beam direction

Beam profile critical to target longevity

• OTR device images beam profile 

• OTR produced on Ti foil

• Light transported using mirrors

• Profile measured by camera

Foil (50 mm diam.)Mirror 1

Mirror 2 Mirror 3

Mirror 4Camera (40 mm diam)

Concrete Shielding

Iron Shielding

Aluminum Lid
Quartz 

Window

Path of 

Light

Helium

Beam Centre
110 cm

Figure 4: This figure shows a slice through the optical path of the OTR
system. The beam is going into the page, striking the foil.
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OTR beam monitor:

N
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6
15Thursday, July 10, 2008

NUFACT Workshop Mark Hartz, U. of Toronto/York U.

 Use optical transition radiation to monitor 
beam near target

 Produced when particles moves between 
media with different dielectric constants – 
radiates difference in E field

Rad-hard camera 
up to 10 kGy

OTR Detector

• The reflected light is guided along small passages 
through the shielding by a series of mirrors

• The shape and position of the beam are imaged by 
a 40 mm camera

• Built by Unversity of 
Toronto, York University, 
and TRIUMF

NUFACT Workshop Mark Hartz, U. of Toronto/York U.

OTR and Horns

Optical Transition Radiation Monitor

 Beam crosses foil to produce optical transition 
radiation or fluorescent light

 Light is imaged using system of parabolic 
mirrors and camera

 Image shows profile of proton beam

 Located 280 mm upstream of target

 Helium cooled graphite target

 Three magnetic horns focus the 
hadrons produced at the target

 Nominal currents of 320 kA

 For commissioning only first horn 
at 273 kA

Target + Magnetic Horns
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INGRID
• Located on-axis to measure the beam direction

• 14 modules of alternating iron and scintillator, 
arranged in a cross

• Rate of interactions is measured in each 
module

• Fit to Gaussian to determine bin center

• Beam direction determined to better than
0.5 mrad

Fe + scin)llator�

1 m�

1st event (Nov. 22, 2009)�

Side view�

Chapter 5

Measurement of beam
profile

The beam profile is measured on a monthly basis, which corresponds to MR
run number. Figure 5.1 shows the horizontal and vertical beam profile for the
RUN 32 data. The profile is fitted with gaussian function with least square
method and fitted center and sigma are defined as the beam center and width,
respectively.
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Figure 5.1: Horizontal profile (left) and vertical profile (right) for the RUN 32
data
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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)
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Figure 122: Fractional error of Run 1-4† flux at Super-K
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Neutrino Cross Sections
• At T2K peak neutrino energy,

CCQE is the dominant interaction

• CCπ+ is a significant 
background

• At higher energies, multi-pion 
and deep inelastic scattering 
(DIS) become important

• Before 2006, very few neutrino 
cross section data sets were 
available at low energies

• Only a few thousand events

• No nuclear targets below 3 GeV
(D2 and H2 measurements)

• Often inconsistent results

• More recent data with high statistics 
on nuclear targets is now available

• T2K makes significant use of 
MiniBooNE cross section 
measurements

T2K

Charged Current Cross Sections

Absolute cross-
section data prior 

to 2006
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A DUNE NuPRISM
cannot reach
the 2nd peak

NuPRISM for DUNE?
• DUNE configuration presents some challenges for NuPRISM

• On-axis beam: no longer able to sample energies below
and above the 1st oscillation maximum

• However, it is still possible to produce mono-energetic
beams up to the 1st maximum to measure feed-down

• NuPRISM is very well suited to constrain the 2nd
oscillation maximum

• Neutrinos from kaon decay can make the cancelation of the high 
energy tails in the linear combinations more difficult

• Detector technology

• Principle of NuPRISM is to measure the “exact” response of the far 
detector for a known incident neutrino energy

• Near detector should be as similar as possible to the far detector
(Ar target, 4π coverage, hadronic containment?, etc.)

• LAr TPC is an obvious technology choice (e.g. ArgonCube)

• However, if neutrons can not be well measured in a high rate 
environment, a high-pressure gas TPC may also work

ARGONCUBE module

Module: an independent TPC

- LAr purification: recirculation through Oxygen-traps

- Temperature: individual cryo-cooler unit

(removes heat input from electronics and heat leaks) 

- Cathode bias (-100 kV) supplied via HV feed-through

- Resistive divider for field shaper 

- Relatively low voltage => breakdown-free setup

- Electrically transparent container => low dead volume

- PCB-technology for R/O plane manufacturing

- Pad arrays for charge readout, e.g. 4x4 mm2 pads

- 8x8 pads ROI served by one R/O ASIC at the PCB back

- Mechanically robust production technology

- Low failure cost

- Light collection via WLS light guides

- Light readout with SiPMs in coincidence

Reliable/repairable  self-contained unit

9 
m

 ta
ll

ArgonCube
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DUNE-PRISM Configuration
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DUNE-PRISM Configuration

• The floor of the current near detector hall is 62.5 m below the surface

• Ceiling can likely be raised for minimal additional cost
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DUNE-PRISM Configuration

• The floor of the current near detector hall is 62.5 m below the surface

• Ceiling can likely be raised for minimal additional cost

30 m?
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DUNE-PRISM Configuration

• The floor of the current near detector hall is 62.5 m below the surface

• Ceiling can likely be raised for minimal additional cost

60 m?
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DUNE-PRISM Configuration

• The floor of the current near detector hall is 62.5 m below the surface

• Ceiling can likely be raised for minimal additional cost

• Excavating a pit to the surface provides up to 6.25° (109 mrad) in off-axis angle

60 m?
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DUNE Flux Fits
• Initial NuPRISM fits have been performed using the 

DUNE flux

• The following is an initial (crude) feasibility study

• Many improvements to be made

• Higher beam MC stats

• Fits of Φ*Eν

• More careful analysis of kaon peak 
cancelation

• etc.

• However, even at this early stage, there is a strong 
indication that applying the NuPRISM concept to 
DUNE is possible (next slides)

0° (0 mrad) Off-axis

2.9° (50 mrad) Off-axis

6.0° (105 mrad) Off-axis
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NuPRISM vs 60 m DUNE-PRISM (mid-Eν)

• Similar fit performance for the two detectors

NuPRISM 700 MeV

zoom

DUNE-PRISM 1 GeV

zoom

Larger errors at
low E are due to

more off-axis slices
& no flux-weight

smoothing

Easy to fix

Good cancelation
of high energy

flux tail
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NuPRISM vs 60 m DUNE-PRISM (low-Eν)

• NuPRISM fits begin to degrade at 400 MeV

• This is the where the most off-axis flux (4°) peaks

• 60 m DUNE-PRISM fits work well down to 250 MeV

• This is well below the position of the 2nd oscillation maximum

DUNE-PRISM 0.25 GeVNuPRISM 0.4 GeV
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NuPRISM vs 60 m DUNE-PRISM (high-Eν)

• NuPRISM fits begin to degrade around 1.2 GeV (the on-axis flux peak)

• This is well above the oscillation maximum (700 MeV)

• 60 m DUNE-PRISM can reach roughly 2.5 GeV

• Unfortunately, this is near the center of the oscillation maximum

• It is still very valuable to calibrate detector response from 0 to 2.5 GeV

DUNE-PRISM 2.5 GeVNuPRISM 1.2 GeV
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30 m vs 60 m DUNE-PRISM

• High energy fits are unaffected (recall low-E “noise” is just due to more slices)

• Low energy fits no longer work

• Lower off-axis range = higher low-E threshold

2.0 GeV

0.5 GeV

DUNE-PRISM 60 m DUNE-PRISM 30 m
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DUNE-PRISM Summary
• In the current DUNE configuration, DUNE-PRISM 

cannot fully cover the 1st oscillation maximum

• The 2nd oscillation maximum is very well 
covered

• Increasing the beam energy and moving the 
beam slightly off-axis would improve the 
situation

• Current optimization studies disfavor off-axis 
beams, but this could change as more detailed 
systematics are incorporated into the 
analysis

• Even in the current configuration, DUNE-PRISM 
would allow for a precise measurement of
Eν(pμ, θμ, Ehadronic) for Eν < 2.5 GeV

• This is a particularly important region where 
CCQE, CCπ, and DIS interactions all contribute

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–17

Reconstructed Energy (GeV)
1 2 3 4 5 6 7 8

Ev
en

ts
/0

.2
5 

G
eV

0

20

40

60

80

100

120

) CCeν+eνSignal (
) CCeν+eνBeam (

NC
) CCτν+τν(
) CCµν+µν(

CDR Reference Design
Optimized Design

 appearanceeνDUNE 
 modeν150 kt-MW-yr 
=0CPδNormal MH, 

)=0.4523θ(2sin

Reconstructed Energy (GeV)
1 2 3 4 5 6 7 8

Ev
en

ts
/0

.2
5 

G
eV

0

5

10

15

20

25

30

35

) CCeν+eνSignal (
) CCeν+eνBeam (

NC
) CCτν+τν(
) CCµν+µν(

CDR Reference Design
Optimized Design

 appearanceeνDUNE 
 modeν150 kt-MW-yr 
=0CPδNormal MH, 

)=0.4523θ(2sin

Figure 3.5: ‹e and ‹̄e appearance spectra: Reconstructed energy distribution of selected ‹e CC-like
events assuming a 150 kt · MW · year exposure in the neutrino-beam mode (left) and antineutrino-
beam mode (right), for a total 300 kt · MW · year exposure. The plots assume normal mass hierarchy
and ”CP = 0. The spectra are shown for both the CDR reference beam design and the optimized beam
design as described in Section 3.9.1.
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Figure 3.6: ‹µ and ‹̄µ disappearance spectra: Reconstructed energy distribution of selected ‹µ CC-like
events assuming a 150 kt · MW · year exposure in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total 300 kt · MW · year exposure. The plots assume normal mass hierarchy and
”CP = 0. The spectra are shown for both the CDR reference beam design and the optimized beam
design as described in Section 3.9.1.
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resolved [14]; hence DUNE, with a baseline of ≥1300 km, will be able to unambiguously determine
the neutrino mass hierarchy and measure the value of ”CP.

The electron neutrino appearance probability, P (‹µ æ ‹e), is shown in Figure 3.1 at a baseline of
1300 km as a function of neutrino energy for several values of ”CP. As this figure illustrates, the
value of ”CP a�ects both the amplitude and frequency of the oscillation. The di�erence in proba-
bility amplitude for di�erent values of ”CP is larger at higher oscillation nodes, which correspond to
energies less than 1.5 GeV. Therefore, a broadband experiment, capable of measuring not only the
rate of ‹e appearance but of mapping out the spectrum of observed oscillations down to energies
of at least 500 MeV, is desirable. Since there are terms proportional to sin ”CP in Equation 3.6,
changes to the value of ”CP induce opposite changes to ‹e and ‹̄e appearance probabilities, so a
beam that is capable of operating in neutrino mode (forward horn current) and antineutrino mode
(reverse horn current) is also a critical component of the experiment.
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Figure 3.1: The appearance probability at a baseline of 1300 km, as a function of neutrino energy, for
”CP = ≠fi/2 (blue), 0 (red), and fi/2 (green), for neutrinos (left) and antineutrinos (right), for normal
hierarchy. The black line indicates the oscillation probability if ◊13 were equal to zero.

The experimental sensitivities presented here are estimated using GLoBES[15, 16]. GLoBES takes
neutrino beam fluxes, cross sections, and detector-response parameterization as inputs. This doc-
ument presents a range of possible physics sensitivities depending on the design of the neutrino
beam, including the proton beam energy and power used. The beam power as a function of proton
beam energy from the PIP-II upgrades and the number of protons-on-target per year assumed in
the sensitivities are shown in Table 3.1. These numbers assume a combined uptime and e�ciency
of the FNAL accelerator complex and the LBNF beamline of 56%.

A conservative estimate of sensitivity is calculated using neutrino fluxes produced from a detailed
GEANT4 beamline simulation that is based on the reference design of the beamline as presented in
Volume 3: The Long-Baseline Neutrino Facility for DUNE. Neutrino fluxes from a simulation based
on an optimized beam design are used to show the goal sensitivity. There is a range of design options
that produce sensitivities in between the sensitivity of the reference beam design and the optimized
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NuPRISM Range
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