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O V E R V I E W

• Introduction to Water Cherenkov (WČ) technique 

• “Classic” analysis with single ring/CCQE events 

• Selected extensions to the technique: 

• reconstruction 

• enhancements (neutron capture, scintillator) 

• ν-int/FSI issues, opportunities



T H E  W AT E R  C H E R E N K O V  M E T H O D

• Light emission by β>cn particles 

• Ring provides track information  

• vertex, direction, 
momentum, 

• Ring topology provides particle 
identification information

Cherenkov Radiation

EM radiation emitted in when a charged particle 
exceeds velocity of light in a dielectric medium 

• optical analog of “sonic boom” 

• blue-shifted optical light (1/λ2) 

• For water, n ~ 1.33  

• “threshold” for Č radiation is 0.75 c 

• Θ ~ 42° for v ~ c

Θ=cos-1(1/nβ)

Cherenkov Radiation

EM radiation emitted in when a charged particle 
exceeds velocity of light in a dielectric medium 

• optical analog of “sonic boom” 

• blue-shifted optical light (1/λ2) 

• For water, n ~ 1.33  

• “threshold” for Č radiation is 0.75 c 

• Θ ~ 42° for v ~ c

Θ=cos-1(1/nβ)

Detection Principle:

µ e/γ multi ring

• Minimum-ionizing particles (e.g. µ) travel along 

a ~straight line, emitting a cone of Č light 

• e/γ: shower produces e+/e- producing Č light. 

• e/γ are effectively indistinguishable 

• Multiple particles detected by finding their rings 

• Decay electrons from (π)→ µ → e can be found 

• typically ~few µs after initial interaction



S O M E  E X A M P L E S :

• Enormous success ~MeV, >PeV  

• resolve solar neutrino problem 

• discover neutrino oscillations 

• precision oscillation measurements 

• discover astrophysical neutrinos 

•  . . . . . . . .  

• Focus today on ~GeV physics



E X A M P L E :  T 2 K
µ SK MC
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• Eν by energy/direction of ring relative to beam 

• assumes CCQE kinematics
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• π0 → γ + γ: ring counting, 2-ring reconstruction 
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P E R F O R M A N C E :

• Excellent particle identification 

• ~1% µ↔e misidentification 

• negligible background in νe selection 

• Recent advances in π0 rejection  

• achieve ~2% π0 misidentification 

• Dominant background is intrinsically 
irreducible beam νe contribution
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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.
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e
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Fig. 11: Reconstructed neutrino energy distribution of the ⌫e candidate events. Normal mass

hierarchy with sin2 2✓13 = 0.1 and �CP = 0 is assumed.

4.3. Expected observables at Hyper-K

Interactions of neutrinos in the Hyper-K detector are simulated with the NEUT program

library [82–84], which is used in both Super-K and T2K. The response of the detector is

simulated using the Super-K full Monte Carlo simulation based on the GEANT3 package [85].

The simulation is based on the SK-IV configuration with the upgraded electronics and DAQ

system. Events are reconstructed with the Super-K reconstruction software. As described in

Sec. 3.3, the performance of Hyper-K detector for neutrinos with J-PARC beam energy is

expected to be similar to that of Super-K. Thus, the Super-K full simulation gives a realistic

estimate of the Hyper-K performance.

The criteria to select ⌫e and ⌫µ candidate events are based on those developed for and

established with the Super-K and T2K experiments. Fully contained (FC) events with a

reconstructed vertex inside the fiducial volume (FV) and visible energy (Evis) greater than

30MeV are selected as FCFV neutrino event candidates. In order to enhance charged current

quasielastic (CCQE, ⌫l + n ! l� + p or ⌫l + p ! l+ + n) interaction, a single Cherenkov ring

is required.

Assuming a CCQE interaction, the neutrino energy (Erec
⌫ ) is reconstructed from the energy

of the final state charged lepton (E`) and the angle between the neutrino beam and the

charged lepton directions (✓`) as

Erec
⌫ =

2(mn � V )E` +m2
p � (mn � V )2 �m2

`

2(mn � V � E` + p` cos ✓`)
, (13)

where mn,mp,m` are the mass of neutron, proton, and charged lepton, respectively, p` is

the charged lepton momentum, and V is the nuclear potential energy (27MeV).

Then, to select ⌫e/⌫e candidate events the following criteria are applied;

� The reconstructed ring is identified as electron-like (e-like).

� The visible energy (Evis) is greater than 100MeV.

� There is no decay electron associated to the event.

� The reconstructed energy (Erec
⌫ ) is less than 1.25GeV.

� In order to reduce the background from mis-reconstructed ⇡0 events, additional criteria

using a reconstruction algorithm recently developed for T2K (fiTQun, see Sec. 3.3) is
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quasielastic (CCQE, ⌫l + n ! l� + p or ⌫l + p ! l+ + n) interaction, a single Cherenkov ring
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Then, to select ⌫e/⌫e candidate events the following criteria are applied;

� The reconstructed ring is identified as electron-like (e-like).

� The visible energy (Evis) is greater than 100MeV.

� There is no decay electron associated to the event.
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O B S E R VAT I O N S
• WČ detectors are ideally suited 

to ~1 GeV energy region 

• clean selection of single ring 
topologies 

• CCQE is dominant at ~1 GeV  

• results in single ring events 

• High purity and efficiency 
selection of CCQE events

• Detailed nuclear final state largely invisible to WČ 

• “insensitive” to details . . . . but cannot separate different channels. 

• new ideas (WbLS, neutron tagging, etc.) 

• Multi-ring topologies (non-CCQE) have been a frontier for some time  

• continuous improvement over time 

• will discuss one of the many tools that have developed . . . .  
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O T H E R  T O P O L O G I E S

• WČ detectors have powerful 
multi-ring reconstruction 
capabilities 

• pattern recognition based 
on Hough transform to 
“count” rings. 

• particle identification on 
“brightest” ring 

• Charged pions: 

• sometimes MIP like, 
sometimes “shower”-like 

• can we do more to 
identify these particles?

multi ring



G E N E R A L I Z AT I O N
• General framework (“fiTQun”) for 

fitting arbitrary ring hypotheses 

• “any” number of rings 

• specific ring particle 
hypotheses  

• variable geometric 
configurations  

• e.g. photon conversion  

• Kinematic/geometric 
constraints 

• e.g. invariant mass

M U LT I - R I N G  R E C O N S T R U C T I O N
• Multi-ring hypotheses constructed by 

superposing predictions for each ring 

• Tailor to various hypotheses, e.g. 

• enforce particles emerging from 
common primary vertex 

• π0: conversion distance of photons 

• particle hypothesis for each ring 

• Ring counting/ID via likelihood ratios: 

• determine presence of N+1th after 
identifying N rings 

• assign particle hypotheses ring-by-ring

Ring counting
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N E W :  P I O N  R E C O N S T R U C T I O N
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FIG. 1: The straight muon and kinked pion likelihood ratios
are shown for Monte Carlo muons (red) and pions (black)
generated with full hadronic interactions and decays. The
particles were generated from a flat kinetic energy distribution
ranging from 50 to 450 MeV to approximate the true pion
energy spectrum of CCπ+ events. There is separation in the
muon and pion peaks, and a large excess of pion events is seen
along the high side tail.

much larger tail of events that extend away from the
muon portion of the likelihood ratio. These are events
where kinked trajectories occurred and were successfully
found by the fitter.
The µ/π separation provided by the kinked pion fit-

ter is not as clean as the µ/e separation. There is no
single value of the likelihood ratio at which a cut could
be placed that would reject a large population of muons
while retaining a significant fraction of pions. The goal
of this analysis, however, is to reconstruct events with
both a muon and a pion present, and to determine the
identity of each track. In that case, the separation power
indicated by Fig. 1 is doubled due to the presence of the
second track.

2. Kinematics Reconstruction Performance

Although the main motivation for developing a kinked-
track fitter was to provide a means for separating muons
from charged pions, the improved modeling of pion tra-
jectories results in superior event reconstruction as well.
The fractional energy reconstruction bias (i.e. the ratio
of the fit/true difference to the true value) from both
the straight and kinked pion fitters is shown in Fig. 2.
The straight pion fitter reconstructs pion energies 10%
low, whereas the kinked fitter reconstruction bias peaks
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FIG. 2: The fractional pion kinetic energy reconstruction
bias from the straight and kinked pion fits to Monte-Carlo-
generated single pion events is shown. The low-energy shoul-
der is significantly reduced in the kinked fitter, and rather
than being 10% low, as is the case with the straight fitter, the
peak from the kinked fitter is centered at zero.

at zero. In addition, the “shoulder” just below the peak,
where the reconstructed energy underestimates the true
pion energy, is reduced by the kinked pion fitter. The
two-dimensional plot of the fractional energy reconstruc-
tion bias versus the true energy in Fig. 3 shows that
the shoulder comes from higher energy pions that can
produce multi-kink events and cause larger pion energy
losses at each kink. The pion direction reconstruction
is also significantly improved with the kinked fitter, as
shown in Fig. 4. The event population in the first few
bins of the angle between the reconstructed and true di-
rections are nearly doubled in the kinked fitter relative
to the straight fitter.

B. CCπ+ Fit

With the ability to reconstruct charged pions, a full
CCπ+ fitter is formed by simultaneously fitting for a
straight muon and a kinked pion track. A CCπ+ fit has
14 parameters: a common vertex (4 parameters), the ini-
tial energy and direction of both the muon and pion (6
parameters), and the additional kinked-track parameters
for the pion (4 parameters). Just as in the kinked pion
fitter, the predicted charges from all track segments (up-
stream pion, downstream pion, and muon) are summed
to get the total predicted charge for each PMT.

• pions may undergo hadronic scattering 

• especially near the Δ resonance 

• scattered pion track may produce second, 
fainter ring or may fall below Č threshold 

• “Upstream” fit accounts for Č light lost to 
scatter with extra parameter

dE0

Qualitatively new capability in  SK

• v3: Reduced fit failures by improving the seeding method 

• Cut on the best-fit likelihood ratio between 1-ring μ and π+ 
hypotheses - large reduction(58%) of NC background↓

• Reduces proton background as well as π+ (see backup)

π+ Identification
• 1-ring “upstream track” π+ fitter

• Additional fit parameter dE0 characterizes the 
thickness of the ring

T2K νμ CCQE T2K NC w/ visible π+

π+

Fit this ring!

Energy loss: dE0

*Cuts applied: fiTQun-based FCFV, μ-like(vs. e), pμ>200MeV/c, ndcy<=1
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C H A R G E D  P I O N  R E C O N S T R U C T I O N

• μ/π separation by hadronic interaction 

• scatter results in up/downstream rings

• pions may undergo hadronic scattering 

• especially near the Δ resonance 

• scattered pion track may produce second, 
fainter ring or may fall below Č threshold 

• “Upstream” fit accounts for Č light lost to 
scatter with extra parameter

dE0

Qualitatively new capability in  SK

• v3: Reduced fit failures by improving the seeding method 

• Cut on the best-fit likelihood ratio between 1-ring μ and π+ 
hypotheses - large reduction(58%) of NC background↓

• Reduces proton background as well as π+ (see backup)

π+ Identification
• 1-ring “upstream track” π+ fitter

• Additional fit parameter dE0 characterizes the 
thickness of the ring

T2K νμ CCQE T2K NC w/ visible π+

π+

Fit this ring!

Energy loss: dE0

*Cuts applied: fiTQun-based FCFV, μ-like(vs. e), pμ>200MeV/c, ndcy<=1
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C H A R G E D  P I O N  R E C O N S T R U C T I O N
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M U LT I  R I N G  R E C O N S T R U C T I O N

• νμ CC π0 reconstruction 

• 3 ring µ + γ + γ topology 

• Pioneered on MiniBooNE in Mineral 
Oil 

• Now applied to SK detector H2O: 

• ~70(90)% purity for νμ CC π0 (+N π±) in 
multi-GeV region
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FIG. 4. The logarithm of the ratio of the observable CCπ0 fit
likelihood to a generic three-track fit. Displayed are the data
(with statistical errors), total MC (solid), observable CCπ0

(dashed), backgrounds with a π0 in the final state or produced
after the event (dotted), and backgrounds with no π0 (dot-
dashed). The cut selects events above 0.06.

are more CCπ0-like. As the observable CCπ0 fit is ac-
tually a generic–µγγ from a common vertex–fit, this cut
selects events that match this criterion. The second cut
is on the reconstructed γγ mass about the expected π0

mass. This cut demands that the photons are consis-
tent with a π0 decay. The combination of these cuts
define the observable CCπ0 sample. Fig. 4 shows the log-
arithm of the ratio of the observable CCπ0 fit over the
generic three-track fit likelihoods. The MC is separated
into three samples: observable CCπ0, background events
with a π0 in the final state or created later in the event,
and background events with no π0. Both the observ-
able CCπ0 and backgrounds with a π0 are more µγγ-like
than events with no π0 in the event. Additionally, as the
backgrounds with a π0 either have multiple pions or the
π0 was produced away from the event vertex, the likeli-
hood ratio for these events tend slightly more toward the
generic fit. Events with no π0 peak sharply at low ratio
values. The optimization rejects non-π0 backgrounds by
selecting events greater than 0.06 in this ratio [41].
The final cut on the reconstructed γγ mass defines the

observable CCπ0 event sample. Fig. 5 shows the recon-
structed γγ mass for both data and MC. No assump-
tion is used in the fit that the two photons result from
a π0 decay; nevertheless, both data and MC peak at the
known π0 mass. The predicted background MC with a
π0 in the final state, or a π0 produced after the event,
has a broader peak than the signal MC. This broadening
occurs for the same reasons discussed for the likelihood
ratio; these events either produced a π0 away from the
µ− vertex, or there are multiple pions in the final state.
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FIG. 5. The reconstructed γγ mass. Displayed are the data
(with statistical errors), total MC (solid), observable CCπ0

(dashed), backgrounds with a π0 in the final state or produced
after the event (dotted), and backgrounds with no π0 (dot-
dashed). The vertical dotted line is the known π0 mass.

TABLE I. The expected efficiency and purity of observable
CCπ0 events as a function of applied cut.

cut description efficiency purity

none 100% 3.6%

Two-subevent and Tank and Veto hits 38.2% 5.6%

CCπ0 filter and fiducial volume 27.9% 29.6%

Misreconstruction 10.3% 38.1%

Likelihood ratio and mγγ 6.4% 57.0%

As one might expect, background events with no π0 in
the final state show no discernible mass peak and pile up
at low mass with a long misreconstructed tail extending
out to high mass. A cut is optimized to select events
around the known π0 mass [0.09 < mγγ < 0.2 GeV] to
reject non-π0 backgrounds (low mass cut) and to increase
signal purity (high mass cut) [41]. The addition of these
selection cuts increases the observable CCπ0 purity to
57% with 6% efficiency. After all cuts, the observable
CCπ0 candidate sample contains 5810 events in data for
6.27 × 1020 p.o.t. while the MC predicts 4160.2 events.
Table I summarizes the effects of the cuts on the MC
sample, while Table II summarizes the background con-
tent of the observable CCπ0 candidate sample.

VI. ANALYSIS

The extraction of observable CCπ0 cross sections from
the event sample requires a subtraction of background
events, corrections for detector effects and cut efficiencies,
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fiTQun νμCC1π0 Selection
0.316GeV<Evis<1GeV

3.16GeV<Evis<10GeV

1GeV<Evis<3.16GeV

*14a SK4 Atm-ν FCMC 1417days

• Select fiTQun 3Rμee, ndcy≤1

• Significantly higher selection 
efficiency and purity compared to 
APfit across all energies

• Topological cut eliminates 
most of NC,νe and νμ multi-π0

• Clear mπ0 peak is seen, even for 
>3GeV

* w/o(w/) mγγ cut
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νe C C  π0  R E C O N S T R U C T I O N   
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• Extension to νe CC π0 reconstruction 

• 3 ring e+γ+γ topology 

• “Messier” than νµ channel due to electron shower 

• Now developed for SK detector 

• π0 mass peak clearly visible even at high energy. 

• ~60(75)% purity for νe CC π0 (+N π±) in multi-GeV region

SK:  S. Tobayama
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A P P L I C AT I O N :
• ~Several GeV region is 

where matter effects 
(core/mantle)  impact 
P(νµ→νe) significantly 

• Identifying and cleanly 
reconstructing νe 
events at high energy 
is critical 
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• Improved efficiency/purity → improved mass hierarchy sensitivity
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N E U T R O N  R E C O N S T R U C T I O N

• Neutron detection via capture:n + p → d + γ (2.2 MeV) can be 
observed in SK 

• checked with neutron source (Am/Be) 

• Applications: 

• νl tagging (νl + p → l+ + n) 

• background reduction in proton decay (ANNIE) 

• enhance neutron capture signal with Gd-doping (GADZOOKS)

32ND INTERNATIONAL COSMIC RAY CONFERENCE, BEIJING 2011
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Figure 4: Final N10 of neutron candidates in atmospheric
FC data.
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Figure 5: Distribution of �T of neutron candidates in at-
mospheric FC events. Shaded histogram show expected
accidental background.
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Figure 6: Efficiency corrected neutron yield as function of
visible energy.

event. And in general the higher visible energy, the more
neutrons are produced. The neutron multiplicity is shown
in Fig. 7.
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Figure 7: Neutron multiplicity per event.

4 Background study for SRN detection

SRN is most likely to be detected in SK via the inverse
beta decay reaction ⌫̄e + p ! e+ + n. Current SK sen-
sitivity is limited by cosmic-ray muon induced spalla-
tion products (below 16 MeV) and decay electrons from
sub-Cherenkov muons produced by atmospheric neutrinos
(above 16 MeV). Tagging the neutron in inverse beta decay
will improve SK’s sensitivity by rejecting most decay elec-
trons, as well as opening up lower energy window. Study
of SK-IV data can provide valuable insights into neutron
correlated backgrounds to the SRN search, estimation of
which is still largely uncertain.
Currently four major backgrounds remain for the SRN
search: ⌫µ/⌫̄µ CC decay electrons, ⌫e/⌫̄e CC, NC elastic
and heavy particle (µ/⇡) leakage. Events without a delayed
neutron capture signal can be rejected. SK-IV data reveals
that neutrons can also be produced in neutrino interactions
(other than anti-neutrino interactions) at relevant energies,
e.g. the out going proton in ⌫µ + n ! µ� + p can induce
neutrons while propagating in water.
Fig. 8 shows the energy spectrum (line) and observed num-
ber of neutrons in each energy bin (points) in SRN search
side bands:(1) events with two Cherenkov rings, (2) events
with decay electron(s) or having a preceding nuclear gam-
ma, (3) mu-like events, (4) isotropic events from NC pro-
cesses and (5) pion events. Neutrons are seen in all the side
bands. Taking into account the efficiency, the observed av-
erage yield is close to 1 neutron per event. It is clear that
not all neutrons are induced by anti-neutrino interactions.
Neutrons from neutrino interactions must also have a sig-
nificant contribution. Below 30 MeV where SRN events
are most likely to occur, NC background stands out to be
the most important one, not only because has it the simi-
lar rising spectrum but also it’s often accompanied by neu-
trons. However, multiple neutrons are possible, as shown
in Fig. 9. Especially for NC events, a MC study shows
that more than one neutron is produced most of the time,
which is supported by SK-IV data, as shown in Fig. 8 (4)
and Fig. 9 (4). These NC events can be rejected if mul-
tiple neutrons are detected. Hence higher neutron tagging
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4 Background study for SRN detection

SRN is most likely to be detected in SK via the inverse
beta decay reaction ⌫̄e + p ! e+ + n. Current SK sen-
sitivity is limited by cosmic-ray muon induced spalla-
tion products (below 16 MeV) and decay electrons from
sub-Cherenkov muons produced by atmospheric neutrinos
(above 16 MeV). Tagging the neutron in inverse beta decay
will improve SK’s sensitivity by rejecting most decay elec-
trons, as well as opening up lower energy window. Study
of SK-IV data can provide valuable insights into neutron
correlated backgrounds to the SRN search, estimation of
which is still largely uncertain.
Currently four major backgrounds remain for the SRN
search: ⌫µ/⌫̄µ CC decay electrons, ⌫e/⌫̄e CC, NC elastic
and heavy particle (µ/⇡) leakage. Events without a delayed
neutron capture signal can be rejected. SK-IV data reveals
that neutrons can also be produced in neutrino interactions
(other than anti-neutrino interactions) at relevant energies,
e.g. the out going proton in ⌫µ + n ! µ� + p can induce
neutrons while propagating in water.
Fig. 8 shows the energy spectrum (line) and observed num-
ber of neutrons in each energy bin (points) in SRN search
side bands:(1) events with two Cherenkov rings, (2) events
with decay electron(s) or having a preceding nuclear gam-
ma, (3) mu-like events, (4) isotropic events from NC pro-
cesses and (5) pion events. Neutrons are seen in all the side
bands. Taking into account the efficiency, the observed av-
erage yield is close to 1 neutron per event. It is clear that
not all neutrons are induced by anti-neutrino interactions.
Neutrons from neutrino interactions must also have a sig-
nificant contribution. Below 30 MeV where SRN events
are most likely to occur, NC background stands out to be
the most important one, not only because has it the simi-
lar rising spectrum but also it’s often accompanied by neu-
trons. However, multiple neutrons are possible, as shown
in Fig. 9. Especially for NC events, a MC study shows
that more than one neutron is produced most of the time,
which is supported by SK-IV data, as shown in Fig. 8 (4)
and Fig. 9 (4). These NC events can be rejected if mul-
tiple neutrons are detected. Hence higher neutron tagging
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4 Background study for SRN detection

SRN is most likely to be detected in SK via the inverse
beta decay reaction ⌫̄e + p ! e+ + n. Current SK sen-
sitivity is limited by cosmic-ray muon induced spalla-
tion products (below 16 MeV) and decay electrons from
sub-Cherenkov muons produced by atmospheric neutrinos
(above 16 MeV). Tagging the neutron in inverse beta decay
will improve SK’s sensitivity by rejecting most decay elec-
trons, as well as opening up lower energy window. Study
of SK-IV data can provide valuable insights into neutron
correlated backgrounds to the SRN search, estimation of
which is still largely uncertain.
Currently four major backgrounds remain for the SRN
search: ⌫µ/⌫̄µ CC decay electrons, ⌫e/⌫̄e CC, NC elastic
and heavy particle (µ/⇡) leakage. Events without a delayed
neutron capture signal can be rejected. SK-IV data reveals
that neutrons can also be produced in neutrino interactions
(other than anti-neutrino interactions) at relevant energies,
e.g. the out going proton in ⌫µ + n ! µ� + p can induce
neutrons while propagating in water.
Fig. 8 shows the energy spectrum (line) and observed num-
ber of neutrons in each energy bin (points) in SRN search
side bands:(1) events with two Cherenkov rings, (2) events
with decay electron(s) or having a preceding nuclear gam-
ma, (3) mu-like events, (4) isotropic events from NC pro-
cesses and (5) pion events. Neutrons are seen in all the side
bands. Taking into account the efficiency, the observed av-
erage yield is close to 1 neutron per event. It is clear that
not all neutrons are induced by anti-neutrino interactions.
Neutrons from neutrino interactions must also have a sig-
nificant contribution. Below 30 MeV where SRN events
are most likely to occur, NC background stands out to be
the most important one, not only because has it the simi-
lar rising spectrum but also it’s often accompanied by neu-
trons. However, multiple neutrons are possible, as shown
in Fig. 9. Especially for NC events, a MC study shows
that more than one neutron is produced most of the time,
which is supported by SK-IV data, as shown in Fig. 8 (4)
and Fig. 9 (4). These NC events can be rejected if mul-
tiple neutrons are detected. Hence higher neutron tagging
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W AT E R - B A S E D  S C I N T I L L AT O R

• New development in dissolving 
LAB-based scintillator in water 
with surfactants (M. Yeh, BNL) 

• Many possible applications! 

• For WČ detectors: 

• Obtain signal from both 
Cherenkov radiation and 
scintillation. 

• Delayed and isotropic 
scintillation from sub-Č 
particles! 

• Utilized in some analysis at 
MiniBooNE (scintillation+ Č 
from pure mineral oil)

Cherenkov/scintillation separation

arXiv:1409.5864

Methods to enhance separation:

• Ultra-fast photon detection 
(LAPPDs) 

• Delay scintillation light

• Optimize cocktail: scintillation 
fraction & spectrum (fluor)

• Readout sensitivity

⇒ Astonishingly good particle ID                

& background rejection:

• Sub-Cher-threshold scintillation

• Directionality

• Ring imaging

⇒ Enables incredibly broad physics program

water-based LS
fast Cherenkov 
component
slow scintillation 
component

• Potential uses: 

• “calorimetric” measurement of 
Eν in CCQE (measure p energy) 

• tagging sub-Č K
+
 in proton 

decay (p → K
+
+ ν) 

• Many exciting possibilities!

A. Alonso et al.
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N E U T R I N O  E N E R G Y  R E C O N S T R U C T I O N

• Neutrino energy is based on kinematic assumptions 

• quasi-two body CCQE process: νl + n → l + p 

• Single e/μ Č ring identified, proton below threshold (invisible)  

• use outgoing lepton momentum to determine Eν 

• Other mechanisms can give rise indistinguishable topologies in WČ 

• Δ production: absorption of pion, pionless Δ de-excitation 

• multi-nucleon interactions (M. Martini, the MiniBooNE CCQE “excess”) 

• FSI critical to correctly modelling this!

• Neutrino energy reconstruction critical for 
neutrino oscillations studies 

• Extensive discussion in literature (e.g.): 

• A. Butkevich, PRC78 (2008) 015501  

• T. Leitner et al., PRC81 (2010) 064614  

• M. Martini et al., PRD87 (2013) 1, 013009  

• U. Mosel et al., PRL112 (2014) 151802  

•  . . . . .  . 



I M PA C T  O N  T 2 K  θ23 M E A S U R E M E N T

• Biases arising from multinucleon effects studied  

• introducing these interactions into the MC samples 

• fit without their contribution (model mismatch) 

• RMS and bias of few %. 

• Does not impact current results significantly 

• results limited by statistical uncertainty 

• important source for more precise measurements.
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model rather than the model of Martini or Nieves is given
by the quadrature sum of the RMS and mean (i.e. bias)
of these distributions. For the ND280 analysis, there is a
3.6% uncertainty when comparing with the Nieves model,
and a 4.3% uncertainty in the measured value of sin2 ✓23
when comparing with the Martini model. These uncer-
tainties would be among the largest for the current T2K
⌫µ disappearance analysis, and yet they are based solely
on model comparisons with no data-driven constraint.

FIG. 10. The results of fitting fake data with and without
multinucleon e↵ects are shown. The measured di↵erences in
sin2 ✓23 when comparing the Nieves model (blue) to default
neut (black) and the Martini model (red) to default neut give
RMS values of 3.6% and 3.2%, respectively, and biases of 0.3%
and -2.9%, respectively.

As was discussed in Section IA the limitation of using
ND280 data to predict observed particle distributions at

Super-K is that the neutrino flux at these two detectors
is di↵erent due to oscillations. Therefore, any extrapo-
lation has significant and di�cult to characterize cross
section model dependent uncertainties. In the nuPRISM
based analysis, this limitation is resolved by deriving lin-
ear combinations of the fluxes at di↵erent o↵-axis an-
gles to produce a flux that closely matches the predicted
oscillated flux at Super-K. The observed particle distri-
butions measured by nuPRISM are then combined with
the same linear weights to predict the particle distribu-
tion at Super-K. In this way, the analysis relies on the
flux model to determine the weights that reproduce the
oscillated flux while minimizing cross section model de-
pendence in the extrapolation.
The first stage of the nuPRISM ⌫µ analysis is to sepa-

rate the 1-4 degree o↵-axis range of the detector into 30
0.1 degree or 60 0.05 degree bins in o↵-axis angle. The
neutrino energy spectrum in each o↵-axis bin is predicted
by the T2K neutrino flux simulation. For each hypoth-
esis of oscillation parameter values that will be tested
in the final oscillation fit, the oscillated Super-K energy
spectrum is also predicted by the T2K neutrino flux simu-
lation. A linear combination of the 30 (60) o↵-axis fluxes
is then taken to reproduce each of the Super-K oscillated
spectra,
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e↵ect of cross section weighting. The ci
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determined by a fitting routine that seeks agreement be-
tween the Super-K flux and the linear combination over
a specified range of energy. An example linear combina-
tion of nuPRISM o↵-axis fluxes that reproduces the SK
flux is shown in Figure 11. These fits can successfully
reproduce Super-K oscillated spectra, except at neutrino
energies below ⇠ 400 MeV. The maximum o↵-axis angle
is 4�, which peaks at 380 MeV, so at lower energies it is
di�cult to reproduce an arbitrary flux shape. This could
be improved by extending the detector further o↵-axis.
The determination of the ci

�
✓23,�m

2
32

�
weights to re-

produce the oscillated flux is subject to some optimiza-
tion. Figure 12 shows two sets of weights for a particu-
lar oscillation hypothesis. In the first case a smoothness
constrain was applied to the weights so that they vary
smoothly between neighboring o↵-axis angle bins. In the
second case the weights are allowed to vary more freely
relative to their neighbors. Figure 13 shows the compar-
isons of the nuPRISM flux linear combinations with the
Super-K oscillated flux for a few oscillation hypotheses
in the smoothed and free weight scenarios. The oscil-
lated flux in the maximum oscillation region is nearly
perfectly reproduced when the weights are allowed to
vary more freely. When they are constrained to vary
smoothly, the agreement is less perfect, although still
significantly better than the agreement between ND280
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N E E D S  F O R  “ C C 0 P ”
• In selecting “CCQE” WČ detectors select an effective final state: 

• e/μ + (no π± above Č or decay electron) + nucleons 

• we need the following relation from our model: 

• i.e. the outgoing lepton momentum/angular distribution for a 
neutrino with energy Eν interacting to give the “CC0π” final state 

• This allows us to: 

• predict the outgoing lepton spectrum given a predicted flux 

• correctly apply oscillation probabilities P(να→νβ; Eν) 
• For me, this is the most pressing issue for the LBL program where 

kinematic reconstruction of this type is used (not just WČ). 

• FSI plays a critical role in determining the final state. 

• Need to confront with multi-nucleon effects (Martini, et al.)

d2�

dE` d⌦`
(E⌫)



B Y PA S S I N G  T H E  M O D E L ?  νP R I S M

• Exploit variation of Eν with angle to beam axis 

• “off-axis effect”, requires well-known flux 

• Simulate detector response (e.g. lepton 
kinematics) from narrow band of Eν 

• Potential to greatly reduce uncertainties from 
underlying mechanisms contributing to CC0π 
sample in WČ detectors
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FIG. 7. The neutrino flux (arbitrary normalization) as a function of o↵-axis angle and energy for each neutrino flavor with the
horn in neutrino-mode operation.

TABLE I. The event rates per 2e13 POT for nuPRISM with horn currents at 320 kA.

O↵-axis Angle (�) Entering ID PC ID FC ID OD Contained Entering OD
0.0-0.6 0.4179 0.2446 0.3075 1.2904 0.7076
1.0-1.6 0.1005 0.0550 0.0741 0.3410 0.1939
2.0-2.6 0.0350 0.0198 0.0230 0.1234 0.0635
3.0-3.6 0.0146 0.0092 0.0156 0.0564 0.0291

in the event. For decay electrons originating from muons
produced outside of the ID, a similar spatial likelihood
may be constructed using OD light, ID light, and hits
from scintillator panels (if they are installed between the
OD and ID) from the entering particle. Since the muon
mean lifetime (2.2 µs) is shorter than the spill length
( 5 µs), there will also be statistical power to match de-
cay electrons to their primary vertex based on the time
separation of the decay electron vertex and primary ver-
tex. On the other hand, the muon lifetime may provide
a cross-check for the spatial matching of primary and de-
cay electron vertices since significant mismatching would
tend to smear the time separation distribution beyond
the muon lifetime. Studying the matching of decay elec-

trons to primary interactions is a high priority and work
is underway to address this issue with a full simulation
of nuPRISM and the surrounding rock.

The rate of events producing light in the OD is 0.690
per bunch. Hence, the probability that an FC ID event
will have OD activity in the same bunch is 50%. Ne-
glecting out of time events, the rejection rate of FC ID
events would be 50% if a veto on any OD activity in the
bunch is applied. This rejection rate falls to 21% and
10% in the 2.0-2.6 and 3.0-3.6 degree o↵-axis positions
respectively. Of the OD events, about 30% are enter-
ing from the surrounding earth, and most of those are
muons. The scintillator panels may be used to relax the
veto on these types of pile-up events by providing ad-

18

FIG. 17. Covariance matrices are shown (from top to bot-
tom) for the total, statistical, systematic, and flux only un-
certainties. The bin definitions (in GeV) are 0: (0.0,0.4), 1:
(0.4,0.5), 2: (0.5,0.6), 3: (0.6,0.7), 4: (0.7,0.8), 5: (0.8,1.0),
6: (1.0,1.25), 7: (1.25,1.5), 8: (1.5,3.5), 9: (3.5,6.0), 10:
(6.0,10.0), 11: (10.0,30.0)

FIG. 18. The variation in the measured sin2 ✓23 due to mult-
inucleon e↵ects in the nuPRISM ⌫µ analysis are shown. For
the Nieves and Martini fake datasets, the RMS produces 1.0%
and 1.2% uncertainties, respectively, with no measurable bias.
This is a large improvement over the standard T2K results
shown in Figure 10
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after the overall normalization uncertainty is removed. The
tan error bars show the statistical uncertainty for samples
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FIG. 5. The reconstructed energy distributions for 1-
ring muon candidate events produced using “pseudo-
monochromatic” spectra centered at 0.6 (top), 0.9 (middle)
and 1.2 (bottom) GeV. The aqua error bars show the 1 �
uncertainty for flux systematic variations, while the black er-
ror bars show the flux systematic variation after the overall
normalization uncertainty is removed. The tan error bars
show the statistical uncertainty for samples corresponding
to 4.5 ⇥ 1020 protons on target. The red and blue his-
tograms show the contributions from non-quasi-elastic and
quasi-elastic scatters respectively.
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B E Y O N D  C C Q E / 0π

• Modelling of CC1π is important in order to utilize these channels at 
the same level as CCQE 

• misidentified backgrounds in CC0π selection 

• Extending to using CC1π channels in T2K 

• High energy analyses e.g. SK atmospheric analysis 

• FSI significantly impacts the properties of the outgoing pions 

• e.g. how many π+ are above Č threshold and reconstructable.

PION PRODUCTION IN THE MiniBooNE EXPERIMENT PHYSICAL REVIEW C 87, 014602 (2013)

 0

 1

 2

 3

 4

 5

 6

 7

 0  0.5  1  1.5  2

dσ
/d

Q
2   (

10
-3

8  c
m

2 /G
eV

2 )

Q2  (GeV2)

MiniBooNE 1π+

before FSI
after FSI

 0

 0.4

 0.8

 1.2

 1.6

 2

 0  0.5  1  1.5  2

dσ
/d

Q
2   (

10
-3

8  c
m

2 /G
eV

2 )

Q2  (GeV2)

MiniBooNE 1π0

before FSI
after FSI

FIG. 7. (Color online) Q2 distribution for the 1 π+ and 1 π 0 production in the MiniBooNE. Data are from [6,7]. The curves are as in Fig. 5.

Unlike the case of muon-related observables, for pion-
related distributions the FSI noticeably change their shape.
Surprisingly, the shape before FSI (see Fig. 8) is similar to
that observed in the data. However, the shape of the calculated
distributions after FSI looks markedly different. In particular,
there is a significant lowering around Tπ ≈ 0.2 GeV for π+

and at around p0
π around 0.3 GeV, as a direct consequence

of the "πN dynamics in nuclei. The following processes
are important for this structure: pion elastic scattering in
the FSI decreases the pion energy, thus depleting spectra at
higher energies and accumulating strength at lower energies.
Simultaneously, there is charge exchange scattering. At the
same time pions are mainly absorbed via the " resonance,
that is through πN → " followed by "N → NN , which
leads to the reduction in the region of pion kinetic energy
0.1–0.3 GeV. For π0 production the additional increase of the
cross section at lower energies comes from the side feeding
of the π0 channel from the dominant π+ channel due to
the charge exchange scattering π+n → π0p. Inverse feeding
π0p → π+n is suppressed, because at the energies under
consideration, about 5 times less π0s than π+s are produced.
The change of the shape of the spectra due to FSI is similar to
that calculated for neutral current 1 π0 production in Ref. [37].

The particular shape calculated here for the neutrino-
induced pions is in line with that observed experimentally
in (γ ,π0) production on nuclear targets [32] (cf. Fig. 2). Since
the shape depends on FSI and since the FSI are the same in both

neutrino-induced and photon-induced reactions the absence of
this special shape in the neutrino data is surprising.

The channel π0n → π−p is important for π− production
in the FSI. Distributions for π− events are predictions of
the GiBUU calculations; for completeness they are shown in
Fig. 10. The angular distributions for π− are considerably
less forward-peaked than for the other pion charge states. This
reflects the fact that nearly all of the π− mesons are created
by FSI.

IV. DISCUSSION OF RESULTS

Here we now summarize the comparison with experiment
(cf. Fig. 3). For the ANL input, already the results for the
energy unfolded total 1 π+ production cross sections without
FSI lie clearly (by ≈20%) below the data; those with FSI
included are about 40–60% below the experimental data. For
the BNL input, the latter discrepancy still amounts to about
15–20% for all energies, close to experimental uncertainties.

For 1 π0 production one observes a similar discrepancy: the
lower boundary (ANL input) after FSI is considerably lower
than the data; only for the highest energies the calculated curve
lies within the error bars. The upper boundary (BNL input) is
lower than the data for neutrino energies below 1.15 GeV. At
higher energies the theoretical curve is within experimental
uncertainties and even rises with energy a bit steeper than the
data.
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N E U T R O N  C A P T U R E

• Reduction of atmospheric neutrino backgrounds 
has potential to significantly improve proton 
decay sensitivity in WC 

• need to understand neutron emission in 
atmospheric neutrino interactions  

• Extra neutrons expected in ν vs ν interactions due 
to p→n transition 

• statistical separation of ν/ν interactions in WC

Fermilab PAC Meeting - Jan 16, 2015
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water volume, ranges in MRD

neutrons thermalize and stop 
in water

neutrons capture on Gd, 
flashes of light are detected
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There may be FSI-induced neutrons in some cases and for some modes (e.g., ⇡0 scattering in the

nucleus could occur, but K+ scattering would be rare), but it is also expected that not all nuclear de-

excitations from s1/2 states will give neutrons. In fact, more detailed nuclear calculations by Ejiri [58]

predict that only 8% of proton decays in oxygen will result in neutron emission. This means that only

0.80 x 0.08 = 6% of all proton decays in water should result in neutrons (ignoring FSI production by

proton decay daughters). Thus neutron tagging may be an e↵ective way to tag atmospheric neutrino

backgrounds for all modes of proton decay where significant momentum is transferred to the nucleus.

For ASDC we have assumed the extreme cases of 90% and 0% reduction to see the e↵ect of neutron

tagging. Since currently HK has only an 18% e�ciency for detecting neutrons with 40% coverage, it

is assumed that neutron tagging in HK with the planned 20% coverage is negligible. If HK added

gadolinium this would change, however.

FIG. 15. Estimated sensitivity of an ASDC experiment compared to Super-K. The improvement is due both to

larger size and improved background reduction. If proposed long baseline detectors are built, Hyper-K would

be better but LBNE worse for detecting this mode of proton decay. The upper ASDC curve assumes 90%

background reduction due to neutron tagging, whereas the lower curve assumes no neutron tagging.

Thus we estimate that backgrounds in an ASDC with very e�cient ('100%) neutron tagging via

the 2.2 MeV gamma from will be reduced a factor of 10 compared to SK. Figure 15 shows the expected

sensitivity at 90% c.l. for detecting proton decay via this channel in SK and in an ASDC experiment

with neutron tagging and with no neutron tagging. Somewhat arbitrarily, a 2025 start date is assumed.

Thus in this mode a 100 kT ASDC experiment would catch up with SK in sensitivity in a little over

three years, despite the fact that SK would have been running for over thirty years at that point.

If Hyper-Kamiokande is built, it would be better in this particular mode, but an ASDC experiment
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C O N C L U S I O N S :
• WČ detectors have/will continue to play a critical role in studying neutrinos 

• a program next generation of experiments is in the works (Hyper-
Kamiokande, PINGU, ORKA, etc.) 

• The method is particularly well matched to neutrino interactions ~1 GeV 
where CCQE/0π interactions are dominant 

• more ambitious goals in the study of neutrino oscillations means more 
demands on modelling and FSI. 

• “Energy reconstruction” issue 

• Continuous improvement of the method has been underway 

• Utilize a broader sample of events beyond CCQE(0π) 

• New techniques: neutron tagging, scintillation, etc. 

• Additional frontiers for FSI . . . . . and FUN!


