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Overview

• Brief introduction 

• Reminder (with more details) of FiTQun 
functionality and performance 

• Upgrades for THEIA 

• Opportunities for new contributors



fiTQun: An Event Reconstruction 
Algorithm for Super-K

• For each Super-K event we have, for every hit PMT 

• A measured charge 

• A measured time 

• For a given event topology hypothesis, it is possible to produce  
a change and time PDF for each PMT 

• Based on the likelihood model used by MiniBooNE 
(NIM A608, 206 (2009))  

• Framework can handle any number of reconstructed tracks 

• Same fit machinery used for all event topologies (e.g. e
-
 and π

0
) 

• Event hypotheses are distinguished by comparing best-fit likelihoods 

• electron / π
0
 

• electron / muon / π
+
 / K

+
 / p / ... 

• 1-ring / 2-ring / 3-ring ...



L(x) =
�

unhit

P (iunhit;x)
�

hit

P (ihit;x)fq(qi;x)ft(ti;x)

The Likelihood Fit

• A single track can be specified by a particle type, 
and 7 kinematic variables  
(represented above as the vector x): 

• A vertex position (X, Y, Z, T) 

• A track momentum (p) 

• A track direction (θ, φ) 

• For a given x, a charge and time PDF 
is produced for every PMT 

• The charge PDF is factorized into: 

• Number of photons reaching the PMT 

• Predicted charge (μ) 

• PMT & electronics response 

• All 7 track parameters fit simultaneously

Time PDF

Charge PDF

PMT Charge 
Response: 

 
Property of the 

electronics and PMT 
properties

Predicted Charge (μ): 
 
- Number of photons that reach 
the PMT 
- Depends on detector 
properties (scat, abs, etc.)

Calculating μ is the 
main challenge
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❖ µdir is the predicted charge due to “direct light” only 
(scattered light is handled separately)

❖ µ is an integral over the length of the track 

❖ Cherenkov light emission is characterized by g(s,cosθ) 
❖ These functions must be generated separately for 

each particle type 
❖ All particle ID comes from these distributions 

❖ Ω, T, and ε depend on the geometry and detector 
properties 

❖ Can be used for all particle hypotheses 
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Integral Calculation

• Performing an integral in a minimization loop is prohibitively slow 

• Need a faster way to calculate μ
dir

 

• g(s) can vary rapidly as a function of s 

• e.g. when PMT moves into or out of the Cherenkov cone 

• However, J(s) ≡ Ω(s)T(s)ε(s) varies slowly as a function of s 

• Can approximate as J(s) = j0 + j1*s + j2*s
2 

(“parabolic approximation”) 

• Evaluate integrals in advance: Ii (R0,cosθ0) = ∫ds*g(s,cosθ)*s
i 

• Now, μ
dir

 = Φ(p) * (I0*j0 + I1*j1 + I2*j2) 

• No need to integrate within fitter minimization
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Scattered Light
l More scattered light is detected for sources 

that are close to the wall 

l The same is true for PMTs near corners 

l The scattered light in each PMT depends on: 

l Light source intensity 

l Track direction 

l PMT and source geometry 

l Scattered light for each PMT is 
normalized to direct light 

l Accounts for the source intensity 

l Tabulate in advance: 
“Scattering Table”, Ascat

More reflection 
from wall

Less reflection 
from wall

Ascat (θsource, φsource, geometric variables) ≡
dµindirect

dµdirect,iso



Scintillation Light
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Fig. 4. Scintillation emission profile for 300 MeV muons as a function of s, the
distance along the track.
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Fig. 5. Scintillation emission profile for 300 MeV electrons as a function of s, the
distance along the track.

becomes larger. (Saturation e↵ects are taken into account in the simulation.)
For electrons, the distribution reflects the showering behavior of the track,
with ⇢

sci

(s) rising and falling with the number of shower particles.

We now consider an extended track emitting light with a non-trivial an-
gular distribution, as is the case for Cherenkov radiation. We introduce ✓, the
angle to the PMT from the track, as shown in Figure 3(right), and express
the predicted charge µ

Ch

due to Cherenkov radiation as:

µ

Ch

= �
Ch

1
Z

�1

ds⇢

Ch

(s) ⌦(s) T

Ch

(s) ✏(s) g(cos ✓(s); s) (9)

This expression di↵ers from its scintillation counterpart by the presence
of an angular emission profile g(cos ✓(s); s). Note that g depends on s in two
distinct ways: the angular profile of the light changes as the track propagates
and loses energy, and the angle ✓ to the PMT changes depending on which

10

Scintillation light emission profile
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• Original mathematical formulation of FiTQun for MiniBooNE 
contained scintillation light 

• Assumed to be isotropic, so integral computation is much simpler 

• Total predicted charge is μ
dir

Sci + μ
dir

Cher + μ
indir

Sci + μ
indir

Cher for all 
tracks



Fraction of muons misIDed as electrons
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Single Track Particle ID

• Simple line cut can be 
used to separate muons 
and electrons 

• Significantly improved 
particle ID

fiTQun 
apfit

fiTQun 
apfit
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FiTQun π0 Fitter
• Assumes two electron hypothesis rings produced at a common vertex 

• 12 parameters (single track fit had 7) 

• Vertex (X, Y, Z, T) 

• Directions (θ1, φ1, θ2, φ2) 

• Momenta (p1, p2) 

• Conversion lengths (c1, c2) 

• Large improvement in finding low energy 2nd ring 

• ~70% reduction in π
0
 background relative to POLFit 

(not used in 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



Other fiTQun Tools: π+ Fitter

• Pions and muons have very similar Cherenkov profiles 

• Main difference is the hadronic interactions of pions 

• Ring pattern observed is a “kinked” pion trajectory (thin ring with the 
center portion missing) 

• New ability to separate charge pions from muons
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Multi-ring Fitter
• Fit up to 6 rings using e & π+ hypotheses28 fits in total 

(every possible e/π+ combination) 

• μ  hypothesis is a subset of the π+ hypothesis (no “thin” 
ring from hadronic interactions) 

• Can now separate pion, muon, and electron rings

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
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Multi-Ring Events

• Complicated event topologies 
can now be fit (up to 6 rings) 

• High energy π+ often 
scatter several times, 
producing several “thin” 
rings 

• Important for CCπ+ events in 
the 2-3 GeV range 

• (DUNE energies; see LBL 
talk this afternoon)
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High Energy Ring Counting

• FiTQun ring counting provides significant 
improvement at higher energies
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FiTQun Status
• FiTQun is currently maintained by Stony Brook 

on GitHub 

• This summer, T2K will fully transition to a 
FiTQun-only analysis 

• Detailed vetting using atmospheric neutrinos, 
cosmic muons, and Michel electrons 

• Super-K MC is based on GEANT3/Fortran 

• FiTQun is the “official” high-E reconstruction 
algorithm for Hyper-K and NuPRISM 

• Detector MC is based on GEANT4/C++ (WCSim)



Plans for THEIA
• Our group is collaborating on the BNL 1 ton prototype (for 

WbLS) 

• One of our students spent last summer working on the 
rat-pac simulation 

• The next step is to adapt FiTQun to run on rat-pac 
simulation output 

• This should be straightforward, as this has already been 
done for c++ based Hyper-K MC 

• Additional participation is welcome! 

• We now have a well established procedure for tuning 
FiTQun to various detector geometries, photosensors, etc. 

• We are happy to train new people interested in studying 
various detector configurations



Supplement
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Calculating T and ε
• Use the detector MC: 

• Direct light only (no scat 
light) 

• Perfect Trans. (no scat/abs) 

• Produce a “point sources” of 
Cherenkov light 

• 100 simultaneous 3 MeV 
electrons (“electron bombs”) 

• For ε (PMT angular acceptance): 

• Bombs vs angle 

• For T (water transmission): 

• Bombs vs distance 

• Ratio of Direct Light to 
Perfect Trans.

PMT
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Time Likelihood
• For every PMT, we have calculated: 

• Predicted charge from direct light 

• Predicted charge from scattered light 

• For a predicted amount of direct light, need a 
PDF for the first hit arrival time 

• Also need a PDF for scattered light first hit 
time 

• For a given particle hypothesis, particle guns 
are run at many different momenta 

• Hit times (corrected for time of flight) are 
recorded in bins of predicted charge and 
momentum 

• Give priority to direct light, since it should 
reach the PMT first 

• ft = P(hitdir)*ft,dir(μ) + (1-P(hitdir))*ft,scat(μ) 

• If there is a lot of direct light, the time PDF 
should default to the direct light time PDF

Direct

Scattered

For 1 predicted 
charge bin

Corrected Time (ns)

Corrected Time (ns)


