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LBL Sensitivity Strategy
• Short term: Update LBNE water sensitivities based on last 10+ years of 

reconstruction improvements (FiTQun) and analysis updates 

• Sensitivities based on recent Super-K MC (just as LBNE studies) 

• Results are directly comparable to previous LBNE/DUNE sensitivities 

• WbLS is likely to be a small (negative) perturbation for LBL sensitivities 

• When we better understand how to reconstruct and utilize this extra 
information in the future, sensitivities may be further improved 

• Unfortunately, we didn’t quite complete step 1 for this meeting, but we are close, 
and recent progress will be shown today 

• Longer term: Assess additional information that can be gained by WbLS  
(& faster photodetectors) 

• FiTQun has been adapted to run on (GEANT4-based) WCSim, and adapting it to 
also run on RAT-PAC should be straightforward 

• Original FiTQun mathematical formalism is based on MiniBooNE 
reconstruction (arXiv:0902.2222), and can naturally handle scintillation + 
Cherenkov light (with a bit of extra code work) 

• L. Pickard (UC Davis) is also made good progress on high-energy Cherenkov + 
scintillation reconstruction; additional collaboration may be useful
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Reminder of LBNE Studies
• LBNE beam with a water Cherenkov 

detector at Homestake 

• Prior studies (LBNE) made the following 
assumptions: 

1. Only single-ring events are selected 
(~20% νe-CCnQE efficiency) 

• Largest interaction mode at DUNE 
energies of ~2-3 GeV is resonance 
(CCπ) events 

2. Neutral current background rejection 
is based on older reconstruction tools 
(pre-FiTQun and even pre-POLFit) 

• Both of these assumptions are being 
revisited with updated reconstruction 
tools
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FIG. 9 Total neutrino and antineutrino per nucleon CC cross sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figures 28, 11, and 12 with the inclusion of additional lower energy
CC inclusive data from N (Baker et al., 1982), ⇤ (Baranov et al., 1979), ⌅ (Ciampolillo et al., 1979), and ? (Nakajima et al.,
2011). Also shown are the various contributing processes that will be investigated in the remaining sections of this review.
These contributions include quasi-elastic scattering (dashed), resonance production (dot-dash), and deep inelastic scattering
(dotted). Example predictions for each are provided by the NUANCE generator (Casper, 2002). Note that the quasi-elastic
scattering data and predictions have been averaged over neutron and proton targets and hence have been divided by a factor
of two for the purposes of this plot.
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“1-Ring” νe-CCπ+

• A significant fraction of νe-CCπ+ events at 
T2K have a pion below Cherenkov threshold 

• These are still νe appearance events and 
can be used for CP violation 
measurements 

• The π+ can be tagged by the decay electron 
it produces (e-like ring delayed by ~2 μs) 

• In previous νe selections at Super-K, 0 decay 
electrons were required to remove νμ 
background 

• FiTQun PID improvements no longer 
require this cut 

• Eventually, in THEIA, we may have a better 
tag of below Cherenkov pions via scintillation 
(if separable from protons, etc.)

νe CC1π+ selection: reconstructed energy

! Reconstructed
energy
distribution of
CC1π+-enriched
νe sample.
FiTQun selection
yields a much
smaller numu CC
background,
which has a large
systematic
uncertainty.
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FiTQun 0 vs 0+1 Decay-e

• By relaxing the zero decay electron 
requirement, can enhance the “1-ring” CCπ+ 
events 

• Very large gain in 1-ring νe CCnQE efficiency 

• These events have the largest cross section 
in the oscillation maximum 

• Efficiency is already increased more than 
50% in the 2-3 GeV region
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FiTQun π0 Rejection
• Dedicated π0 fitter with two 

electron/photon hypothesis rings  
produced at a common vertex 
(includes photon conversion lengths) 

• To reject π0: Compare best fit likelihoods of π0 fit & single-
e fit (as a function of reconstructed π0 mass) 

• Large improvement in finding low energy 2nd ring 

• ~70% reduction in π0 background relative to POLFit  
(but not even POLFit was used in the LBNE studies)
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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



π0 Cut at Higher Energies
• The current π0 cut is not optimized for high energy events

νe-CC

NCπ0

νe-CC νe-CC νe-CC

NCπ0 NCπ0 NCπ0

100<Evis<500 500<Evis<1000 1000<Evis<1500 1500<Evis<2000

ln(Lπ0/Le) vs Mπ0 for the ATM MC Sample

• π0 background in LBNF beam 
piles up at low energy (where 
FiTQun π0 cut is most effective) 

• Still, need to retune the cut to be 
effective up to 2-3 GeV
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First Attempt at π0 BDT Cut

• Relevant π0 fit and single-e fit variables were 
used as inputs for a boosted decision tree



First Attempt at π0 BDT Cut

• Good NC separation seen for all 3 new samples 

• Also recall that the new selection also starts 
with better precut NC rejection
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BDT Next Steps

• Current cut removes “easier” 
π0s at low energies without 
cutting much at high energy 

• Need to separately train BDTs in 
different Eν bins to allow us to 
specifically remove backgrounds 
in the oscillation region

(FiTQun, 1-ring samples)
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FiTQun, 1-ring samples 
(SK1 NC smearing)

SK1, 1-ring samples



2-Ring Selection Results

• “Efficiency” defined relative to all CCπ+ events 
(including below-Cherenkov π+, absorption or 
charge exchange in the nucleus or water, etc.) 

• 2-ring, 1 decay-e (i.e. “Natural”) selection for 
νe-CCπ+ shows >10% efficiency throughout the 
oscillation region 

• νμ background is currently higher than is 
desirable; some additional event selection 
work is required

0 Decay-e 1 Decay-e

nuebar-CCπ+

nue-CCπ+

nue-CCπ+

nue QE 
nue π+ 
nue other 
NC

nuebar QE 
nuebar π+ 
nuebar other 
numu CC



Increased Fiducial Volume
• Previously in Super-K, event vertices 

required “wall” > 2 m 

• Starting this summer, T2K events will 
be selected based on “wall” and 
“towall” 

• An event with small “wall”, but 
large “towall" can be perfectly well 
reconstructed 

• Reconstruction performance 
degrades with small “towall”, 
even if “wall” > 2 m 

• New, expanded FV increases 
oscillated νe events by ~25%

3

• Estimate detector systematics in different FV regions 
using atmospheric data 

• Develop some figure of merit that takes these 
uncertainties into account 

• Determine optimal FV cut region that maximizes this 
figure of merit 

• Notes: 

• Allow different cuts for νe and νμ samples 

• Cut on two variables: 

• wall - Minimum distance between vertex and 
ID wall 

• towall - Distance to ID wall along particle 
track 

• Current T2K FV cut point:  wall = towall = 200 cm

FV Optimization Strategy

track
towall

wall

14

     T2K Events in FV Regions
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CCnQE

NC

T2K νe

Entering

• Composition of T2K 
selected νe changes 
significantly near inner 
detector wall 

• Sharp peak in entering 
events for reconstructed 
vertex less than 50 cm 
from wall 

• When distance along 
reconstructed track 
becomes small, there is 
also a sharp peak in mis-
ID events
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Improvement Roadmap
• Near term: 

• Retrain BDT cut as a function of neutrino energy to remove higher-energy 
π0 background events 

• A first selection of “1-ring” νe-CCπ+ events is now included in the analysis 

• ~25% increase in νe statistics with slightly better purity 

• Also plan to expand the fiducial volume (as has been done recently at 
Super-Kamiokande) 

• At SK, achieve ~25% increase in 1-ring νe statistics with similar purity 

• Medium term: 

• First pass multi-ring νe-CCπ+ event selection is now available 

• Some additional work needed to reduce νμ background 

• Longer term: 

• Reduction of neutral current and non-QE backgrounds in the νμ 
disappearance sample



Summary and Next Steps
• Very close to a new, complete δCP sensitivity 

analysis with the improved event selection 

• Person-power ramp up over the past few months 

• ~25% of an SBU postdoc - Guang Yang, 
dedicated SBU undergraduate, good 
collaboration with Elizabeth Worcester to 
produce GLoBES sensitivities 

• Hope to finish first sensitivity improvement over 
the next few weeks 

• Also plan to continue to push medium term goals 
(multi-ring samples) and longer term goals 
(FiTQun-based Cher+scint reconstruction of WbLS)



Supplement



Reminder: NC Impact on Sensitivity

• T2K has achieved a ~70% reduction in NCπ0 events relative to initial projections using FiTQun 

• Updated LBNE sensitivities were presented at the first FroST meeting by E. Worcester 

• 40 kt of LAr produces the same sensitivity as 100 kt of water (if 75% NCπ0 reduction) 

• However, π0 reduction at higher Eν is unexplored (Eν,T2K≈0.7 GeV & Eν,DUNE≈2.5 GeV) and is 
more difficult (increased boost = softer 2nd photon ring)
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Updated π0 Rejection

• Below pπ0 of 1 GeV/c, FiTQun is much better than 
previous algorithms 

• Most of the DUNE NCπ0 background has a 
reconstructed Eν < 1250 MeV (current T2K cutoff) 

• Large improvement for 2nd oscillation maximum 

• How much better can FiTQun do at 2 GeV? 

• Original LBNE optimization used a 
multi-variate analysis 

• More study needed
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LBNE νe Efficiencies

• LBNE studies based on SK1/SK2 MC 

• Standard νe “pre-cut” selection applied 

• 1-ring, e-like, with ZERO decay electrons 

• “Post-cut” is an additional cut designed to remove pi0 
events
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Multi-Ring Events

• If multi-ring CCπ+ and CCπ0 events 
can be selected, large gains in the 
sensitivity are possible 

• Largest cross section at the 
oscillation maximum 

• Existing analysis has <20% 
efficiency at oscillation maximum 

• Studies of multi-ring CCπ+ selections 
are underway in T2K and Hyper-K 

• Hope to use lessons learned to 
produce first estimates for THEIA
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THEIA Multi-ring 
Selection (First Look)

• Multi-ring fitter counts electron, muon, and pion rings 

• Above-Cherenkov Pions often interact hadronically 

• Produces “thin” rings 

• Multi-ring fitter can find more than 1 ring 
belonging to the same pion (i.e. 2 or 3 ring events) 

• First out-of-the-box look at multi-ring CCπ+ selection 

• For now, require 2-ring e + π+ is the best fit 
hypothesis, where the electron is the most 
energetic ring 

• Quite restrictive / conservative 

• More efficiency should be recoverable with a 
more careful analysis

Atmospheric MC Event
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νμ Selection: π+ Background Reduction

APFit FiTQun

• Significant reduction of NC 
background due to π+ rejection

•NCπ+ background has a very large 
uncertainty (>50%) and piles up  
near the oscillation dip

• Improved sensitivity to θ23 & Δm232

• First implementation in T2K this summer

Fraction of apfit  
selected events removed:  

νμ+νμ̄ CCQE     4.8%
νμ+νμ̄ CC1π    21.5%
νμ+νμ̄ CCoth.  53.7%
νe+νē CC         92.1%
NC                  61.2%

Very Large 
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