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Overview
• T2K-SK Event Selection

• Current Selection

• Future Improvements

• T2K-SK Systematic Errors

• Current Errors

• Future Improvements

• Topics to address:

• Consider an exposure of 2*1022 POT

• 50% ν, 50% anti-ν

• What is required for percent-level 
Super-K detector systematic errors?
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Current Event Selection

• Designed to select CCQE-like events

Basic Event Selection
Consistent with Beam Time
 No Outer-Detector Activity

FV: event vertex > 2m from ID wall
Evisible > 30 MeV

νμ Candidates

Single   Ring

1-ring
Candidates

νe Candidates

Electron-likeMuon-like

≤1 decay e− 
no decay e− 
no 2nd π0 ring 
Eν < 1250 MeV

pμ > 200 MeV/c
Evis > 100 MeV
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Expanding the Selection
• CP violation sensitivity is limited by νe 

statistics

• Current νe selection efficiency is 66%
(assuming 2 m fiducial volume cut)

• Cuts with the most efficiency loss:

• Single-ring (86.7%)

• Zero Michels (89.1%)

• Erec < 1250 MeV (95.9%)

• fiTQun π0 cut (92.0%)

• Further Improvements

• Expanding the fiducial volume

• ~30% of SK ID volume is not used

• Improved reconstruction (fiTQun)

• Better PID, ring-counting, etc.

TABLE XIV: Event reduction for the ⌫e CC selection at the far detector. The numbers of

expected MC events divided into four categories are shown after each selection criterion is

applied. The MC expectation is based upon three-neutrino oscillations for sin2 2✓23 = 1.0,

�m

2
32 = 2.4⇥ 10�3 eV2

/c

4, sin2 2✓13 = 0.1, �CP = 0 and normal mass hierarchy (parameters

chosen without reference to the T2K data).

(1) There is only one reconstructed Cherenkov ring

(2) The ring is e-like

(3) The visible energy, Evis, is greater than 100 MeV

(4) There is no reconstructed Michel electron

(5) The reconstructed energy, Erec
⌫ , is less than 1.25 GeV

(6) The event is not consistent with a ⇡

0 hypothesis

⌫µ + ⌫µ ⌫e + ⌫e ⌫ + ⌫̄ ⌫µ ! ⌫e

MC total CC CC NC CC

interactions in FV 656.83 325.67 15.97 288.11 27.07

FCFV 372.35 247.75 15.36 83.02 26.22

(1) single ring 198.44 142.44 9.82 23.46 22.72

(2) electron-like 54.17 5.63 9.74 16.35 22.45

(3) Evis > 100MeV 49.36 3.66 9.68 13.99 22.04

(4) no Michel election 40.03 0.69 7.87 11.84 19.63

(5) Erec
⌫ < 1250MeV 31.76 0.21 3.73 8.99 18.82

(6) not ⇡0-like 21.59 0.07 3.24 0.96 17.32

After all cuts 28 events remain in the ⌫e CC candidate sample. A Kolmogorov-Smirnov (KS)

test of the accumulated events with accumulated POT is compatible with a constant rate

with a p-value of 0.7.

We select ⌫µ CC candidate events using the selection criteria shown in Tab. XV. The

momentum cut rejects charged pions and misidentified electrons from the decay of unob-

served muons and pions. We require fewer than two Michel electrons to reject events with

additional unseen muons or pions. After all cuts are applied, 120 events remain in the ⌫µ

57

T2K-SK νe Selection

264/399 events expected for 1022 POT

(assuming sin22θ13 = 0.1, sin2θ23 = 0.5,
|∆m232| = 2.4 × 10−3 eV2, δCP = 0, ∆m232 > 0) 
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Which Event Topologies 
are Being Lost?

• Percentages 
relative to
current signal:

• CC1e (16%)

• CCπ+ (28%)

• CCπ0 (7%)

• CCπ+ with π+ ➜ π0 
(2%)

• Other (2%)
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Zero Michels Cut
• By loosening this cut, can accept νe-CCπ+ events 

with a π+ below Cherenkov threshold

• Can reconstruct neutrino energy assuming a Δ 
recoil

• Adds 13% more signal with similar purity

• Further improvement may be possible using fiTQun⌫e Appearance: Nominal and New Comparison

No Decay Electron (Nominal) One Decay Electron (New)

Sig. CC

QE 15.84

⌫e+⌫e CC

QE 2.43
1⇡ 1.91 1⇡ 0.41
Coh 0.05 Coh 0.01

(17.83) Oth. 0.03 Oth. 0.04

⌫µ+⌫µ CC

QE 0.05

NC

1⇡0 0.78

1⇡ 0.02 1⇡± 0.15
Coh 0 Coh 0.21
Oth. 0.001 Oth. 0.36

TOTAL 22.29

Purity =17.83/22.29 = 80 %

Sig. CC

QE 0.02

⌫e+⌫e CC

QE 0.003
1⇡ 1.94 1⇡ 0.32
Coh 0.25 Coh 0.04

(2.30) Oth. 0.09 Oth. 0.03

⌫µ+⌫µ CC

QE 0.17

NC

1⇡0 0.01

1⇡ 0.07 1⇡± 0.05
Coh 0.001 Coh 0
Oth. 0.009 Oth. 0.09

TOTAL 3.08

Purity = 2.30/3.08 = 75 %

I Major background candidates for the nominal samples are ⌫e + ⌫e CC reactions
I New sample introduces new ⌫µ CC reactions
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Single Ring Cut
• Remaining CCπ+ events can be 

recovered using a CCπ+ under 
development

• π+ are allowed to scatter

• Multi-ring fitting is also greatly 
improved

• 3-ring fits can recover CCπ0 
events

• Already under study for p->e+π0

Super-Kamiokande IV
Run 999999 Sub 0 Event 83 
11-11-21:09:15:39

Inner: 3485 hits, 8065 pe

Outer: 3 hits, 1 pe

Trigger: 0x07

D_wall: 753.1 cm

 

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
17.3-20.2
14.7-17.3
12.2-14.7
10.0-12.2
 8.0-10.0
 6.2- 8.0
 4.7- 6.2
 3.3- 4.7
 2.2- 3.3
 1.3- 2.2
 0.7- 1.3
 0.2- 0.7
    < 0.2

1 mu-e
decay
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0
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μ
π+
e

Event Display Fit Result

Improved
multi-ring

fits

US#Angle#between#true#&#reco#direc4on#

July#16,#2015# S.#Berkman# 6#

All#π+# 1#Sca%er#

US#Momentum#Resolu4on#

July#16,#2015# S.#Berkman# 3#

All#π+# 1#Sca%er#

μ π+

(pfit-ptrue)/ptrue θ(fit,true)

π+ that
scatter

once

π+ that
scatter

once
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π0 Cut
• Initial cut was tuned for νe 

appearance search

• 8% signal loss was 
acceptable for stronger π0 
background rejection

• For CP violation search, more 
π0 background is acceptable

• Particularly with 50/50
ν/anti-ν running

• Additional improvements can 
also increase the efficiency

• e.g. moving the cut as a 
function of Erec

• May allow us to remove Erec cut 
completely (4% of signal)

5

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

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

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

ν is
calculated assuming a CCQE interaction as

Erec
ν =

m2
p − (mn − Eb)2 −m2

e + 2(mn − Eb)Ee

2(mn − Eb − Ee + pe cos θe)
, (2)

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

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

events from νe CC events, both the reconstructed π0

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

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

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

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

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

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

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

Selection
Data

νµ→νe νµ+νµ νe+νe NC
Total

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

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

The systematic uncertainty due to the SK selection
cuts is evaluated using various data and MC samples.
The uncertainty for both the FC and the FV selection
is 1%. The decay-electron rejection cut has errors of
0.2-0.4%, depending on neutrino flavor and interaction
type. The uncertainties for the single electron-like ring
selection and π0 rejection are estimated by using the SK
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Expanding the Fiducial Volume
• Current FV cut removes all 

events with a reconstructed 
vertex within
2 m of the tank wall

• Removes 30% of the total 
inner detector volume

• For events pointed away 
from the wall, this is 
excessive

• For events pointed at the 
wall,
2 m may not be sufficient

• Considering a 2D cut in “towall” 
and “wall” (see diagram)

• Remove events where both 
these values are small

4

momentum resolution

direction resolution

one sub event

position resolution

True Wall-Towall

Fiducial Volume Variable Definitions

2

φwall

track

towall

wall

• Wall - minimum distance 
from vertex to ID wall 

• Towall - distance to ID 
wall along the track 
direction 

• Phiwall - angle between 
track direction and the 
norm of the nearest ID 
wall
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More on Fiducial Volume
• When setting the FV boundary, 

also need to consider 
backgrounds

• π0’s near the wall are more 
likely to lose a photon

• The hybrid-π0 sample is being 
used to constrain this effect

• Combine a 1-ring e-like 
event from data with a MC 
photon

• Entering background falls away 
at wall near 1 m

• Could perhaps recover 
around 15% of events
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“Efficiency” to Misreconstruct 
π0 events as νe
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Super-K Detector 
Systematic Errors

• Current T2K-SK detector errors are largely set by fitting 
the atmospheric neutrino data

• Use a T2K-like selection, and determine errors from 
data/MC differences

• Current errors on the νe sample are 3%

• This method necessarily folds in uncertainties on neutrino 
interactions and the atmospheric neutrino flux

• Treatment of these errors directly impacts size of 
detector systematic errors

• Alternative methods not involving atmospheric neutrinos 
are under investigation (more later)
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Review#of#T2KMSK#Detector#Error#Procedure#
•  Select#very#pure,#rela4vely#high#sta4s4cs,#samples#

in#AtmMν data#with#only#1e#or#1μ#in#final#state#(FS)#

•  Effec4vely#parameterize#detector#systema4cs#
with#PID,#RC#and#π0#cut#parameters#(β)#
–  Shi\s#the#likelihood#of#a#given#event#

•  Constraints#from#cosmic#μ#and#other#background#
control#samples#

•  Combine#AtmMν samples#into#a#fit#to##
extract#dataMMC#discrepancies#and##
propagate#as#systema4c#error#on##
T2K#predic4on#using#toy#MC#

January#14,#2014# Patrick#de#Perio,#James#Imber:#SK#Detector#Systema4cs# 3#

eMlike# μMlike#

1R# mR#

1417.4#days#
Evis#<#5#GeV#

νe#CCQE#
Enriched#

νμ#CCQE#
Enriched#

Atmospheric,ν,

Hybrid,π0,Samples,

•  Reduc4on#~#1%#
•  CCnQE%enriched%samples#
•  NC%1π±%and%NC%Other%~%60:100%%

Hybrid#π0#

Atm.#ν#Data##
eMlike#Ring# MC#γ#Ring#

Stopping,Cosmic,μ,
•  Fiducial##

Volume#~#1%#
•  DecayMe#~#1%#
•  μ#PID#~#0.3%#

Atmospheric,ν,
#
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Fit Results
• Uncertainties are calculated in bins of visible 

energy

• Total detector error is a quadrature sum of:

• “fit error”: the error bar from the fit

• “shift error”: the deviation of the fit value 
from zero

• Large νe shift error seen
in the 0.7-1.25 GeV bin

• Above this energy, the π0 cut is not used

• Atmospheric 2-ring data looks
more π0-like than atmospheric MC

• To reduce error, must understand what 
detector mismodeling is responsible for the 
shift

• Or perhaps modeling of the atmospheric flux 
or neutrino cross sections is the problem...

Shift Errors and Fit Errors for Old/New MC
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3.3 ⇡0 Rejection For T2K 3 ATMOSPHERIC NEUTRINO SAMPLE
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Figure 134: Distance from the T2K fiTQun ⇡0 rejection cut line for the APFIT selections
as described in the text and 1250 < pe < 2000 MeV/c.
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Figure 135: Distance from the T2K fiTQun ⇡0 rejection cut line for the APFIT selections
as described in the text and 2000 < pe < 5000 MeV/c.
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Cross Section Errors

• Current neutrino cross section parametrization does 
not match what is used in ND280

• These errors are included in the atmospheric fit and 
then marginalized

• In some sense, we are double counting cross section 
errors

• Ideally, this treatment should be updated to reflect our 
current understanding of neutrino cross sections

AtmMν#Flux#and#Cross#Sec4on#Parameteriza4on#
•  Uncertain4es#in#AtmMν#flux#and#interac4on#cross#
sec4on#parameterized#as#follows:#

January#14,#2014# Patrick#de#Perio,#James#Imber:#SK#Detector#Systema4cs# 6#

σ
α k

EventMbyMevent#weight#

KinemaKc%
Bin%

Control%
Sample%

Final%State%%
(FS)%Category%

Number#
of#Events#

14



Joint SK Detector + Cross Section Error Matrix

• One possible solution is to use ND280 fit as input into SK atmospheric fit, and produce 
a joint SK detector & cross section error matrix

• Requires using ND280 cross section parametrization in SK atmospheric fit

• Energy distribution of SK atmospheric events is different than T2K energy 
distribution

• Can cross section model parameters from ND280 fit span this difference?

• Other cross section errors are likely required

• Still need to marginalize over SK atmospheric flux uncertainties

• SK atmospheric flux parametrization may also need to be updated

03/12/12 BANFF Fit 13

Parameter CorrelationsParameter Correlations

0-22 = Flux parameters
23 = MAQE
24 = MARES
25 = CCQE E1
26 = CC1pi E1
27 = NC1pi0 norm

Flux and cross section parameters 
become anti-correlated after the BANFF 
fit

SK Det.
Error

Params

Beam
Flux

Errors

Cross Section Errors

Pre-ND280 Fit
Post-ND280 Fit

= Pre-SK ATM Fit
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Reducing Systematic Errors
• What will happen if we improve the treatment of the atmospheric flux 

and neutrino cross sections in the atmospheric fit?

• Will have a more rigorous treatment of SK detector errors

• However, there is no guarantee this will reduce the errors

• Fundamentally, detector errors are due to detector mismodeling

• We currently make several simplifications in detector modeling, e.g.

• No time-dependent MC (data is corrected at the reconstruction level)

• No PMT-by-PMT gain calibration (data corrected in reconstruction)

• Reflections, water quality, PMT acceptance, etc. are mostly uniform 
across the tank (exception: absorption is linear with depth)

• ...

• To reach percent-level errors, may need to refine the details of the 
calibration and simulation

• This requires a significant undertaking, but there is already a lot of 
good work to draw from within the Super-K calibration group
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Future Systematic Error Possibilities
• All “detector” errors are due to imperfect modeling of the detector

• A perfectly understood detector would have no detector systematic 
uncertainties

• Current method mixes flux and cross section uncertainties into the detector 
uncertainties

• In principle, it should be possible to account for all detector uncertainties by 
propagating uncertainties in the detector modeling

• Water quality (top-bottom asymmetry), PMT performance (angular 
acceptance, QE, charge response), reflectivity of PMTs an black sheet

• i.e. perform variations of low-level parameters, and constrain these 
parameters with side-band and calibration samples

• This requires a sufficient understanding of how to parametrize the 
detector performance

• This is the method used in ND280 and even other Cherenkov detectors, 
such as MiniBooNE

• Likely a long term project, but solves many problems if it can be accomplished
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Summary
• T2K-SK νe statistics increase of 40% to 60% may be possible (my 

rough guess)

• CCπ+ with below Cherenkov pions (~13%)

• Multi-ring events (CCπ+, CCπ0, etc.)  (up to 20%)

• Looser and better π0 and Erec cuts (~5%)

• Enlarge the fiducial volume (10-15%)

• Purity may also suffer somewhat

• T2K-SK detector systematic errors are at the 3-4% level

• Treatment of atmospheric flux and cross section parameters will 
be improved

• Possibility to move to a detector-driven approach is under 
investigations

• To significantly improve the error, more detailed treatment of 
calibration and simulation may be required
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