A New Method of Event
Reconstruction for the
Hyper Kamiokande Detectc




Physics Goals

¥ All Hyper-K physics goals depend on the quality of tt
event reconstruction, especially at higher energy

¥ CP violation

¥ Electron momentum/angular resolution

¥ 1 Orejection (i.e! © detection efbciency)
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A New Algorithnm: PTQun

¥ For each SK event, we have, for every hit PMT
¥ A measured charge
¥ A measured time

¥ For a given track(s) hypothesis;laarge and time PD&an be produced
for every PMT

¥ Fitter modiPes the track parameters to maximize the corresponder
between the measured values and the PDFs
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The leellhocd Fit

L(X) = | P (1unhit; x) | ' 1 X)

unhit

¥ A single track in the detector can be speciPed by a
particle type ,and7 kinematic variables ime

(represented above as the vectry:
¥ A vertex position(X, Y, Z, T)
¥ A track momentum(p)

Charge PDF

PMT Charge
¥ A track direction(! , " ) Response:
¥ For a giverx, a charge and time probability distributi Property of the
function (PDF) is produced for every PMT electronics and PMT

properties

¥ Charge PDF can be factorized into
Predicted charge, # and

PMT charge response Predicted Char ;
¥ The btter maximizes the likelihood to determine - Number of photons that reach
the PMT
¥ For particle ID  : compare bnal likelihoods for - Depends on detector

different particle hypotheses properties (scat, abs, etc.)




P red | Cted C h ar g e (M) Cherenkov light emission profile

W0 =10 p) / dsg(s,cos!)'( R)T(R)"(#)

. | PMT PMT
. Light Integral over  solid _ Water ... 1o electron
Yield track length  gngle attenuation response e e o o2

. pdr js the predicted charge due to Odirect lightO only
(scattered light is handled separately & less important)

' u Is an integral over the length of the track
(parameterized by the momentum, p)
' Cherenkov light emission is characterized by g(s,cos!)

' These functions must be generated separately for
each particle type

' All particle ID comes from these distributions
", T, and ¢ depend on the geometry and detector
properties

' Can be used for all particle hypotheses




Integral Calculatio ez

19 =1 p) / dsg(s, cos!)"( R)T(R)"(#

Cherenkov  PMT PMT
Yield track length profile angle attenuation response

¥ 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) ! $ (S)T(s) %s) varies slowly as a function of s

¥ Can approximate a3(s) = jo + j1*s + ] 2*s?
((rarabolic approximation @)

¥ Evaluate integrals in advante(Ro,cos! o) = & ds*g(s,cos ! )*s'
¥ Now, #9" =" (p)* ( Io¥jo+ Ir¥j1+ I2%2)
¥ No need to integrate within btter minimization



Modularized DeS|gn
= p)/dsg(s cos! )'( R)T(R)"(#) AT

Cherenkov  PMT PMT
Yield track length profile angle attenuation response

¥ To add anew particle type
only need to generate aew (g(s,cos)

¥ To change thavater qualityonly need to modifyf (R)
¥ To change thd°’MT size/typsonly need to modifyo(R)/&(" )

¥ To change theéank geometryonly need to generate aew
scattering table

¥ To change thehotocathode coverage, no modibcations &
required



One-Track Fit Result:
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Electrons

Momentum

¥ Uniform distribution of electron:s
between 0 and 1 GeV/c

¥ |sotropic & random position
(inside FV & charge>200pe)

¥ Signibcant improvements in the
vertex and momentum resolutic
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Momentum
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¥ Uniform distribution of muons
between 0 and 1 GeV/c

¥

Isotropic & random position
(inside FV & charge>200pe)

¥ Signibcant improvements in the
vertex and momentum resolutic
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Single Track Particle IC

Ratio of Fit Likelihoods
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¥ Simple line cut can be
used to separate muon
and electrons
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¥ Signibcantly improved
particle ID
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| O Fitter

¥ Assumes two electron hypothesis rings produced at a common vertex
¥ 12 parameters (single track bt had 7)
¥ \Vertex (X,Y,Z,T)

¥ Directions 61, ( 1,$2,( 2)
)/' “~~ Photon
¥ Momenta (@’ pZ) Vertex./ Conversions
¥ Conversion lengths (¢c) | O ) ..... f
¥ Seeding the bt Sy

¥ Use result of single-track electron bt
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¥ In the Hyper-K LOI" ¢ appearanc
measurements cut oh ® mass to
remove! ° background

¥ The! °mass tail is much smalle
for PTQun than standard SK
reconstruction

¥ Signibcant spike at zero mas:
appt

¥ Lower plot:
I O rejection efbciency after 105
MeV/e& cut (T2K cut value)

¥ PTQun is more sensitive to
lower energy photons

Single-ring electro
candidates
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I O Rejection Cuts

I 0 Survival Rate

¥ Can check fraction of ° that

| — fiTQun
survive various values of the

| Omass cut "t Single-ring electron

candidates

¥ T2K " appearance
measurement uses |
105 MeV/é CUt !%OMass Culto\?alue (M;\Zl?c %)

¥ Lower plot: ratio of upper
plot (PTQun / apbt)

¥ For a cut of ~60-80,
PTQun selects <30% of tht
background selected by ar

apbt-selected ° background

40 60 80 100 120
1 © Mass Cut Value (MeV/c ?)



| O Rate Measuremer

¥ "#-NC events (mostly 9s) are currently ~40% of the T2Ke
appearance background

¥ Also the largest contribution to the uncertainty on the
background

¥ 439% rate uncertainty assumed for T2K oscillation analy
based on Pts to MiniBooNE data

¥ Can also use reconstructdd® events at the far detector to
constrain this uncertainty

¥ Even the ~15 events in the current T2K data set can
provide a useful constraint on tHe® background

¥ For a Tokai-to-Hyper-K experiment, external data and n
detector measurements will likely not be necessary



| * Fitter

¥ Pions and muons propagate and
produce Cherenkov light in a very
similar manner (similar masses)

¥ The main difference is due to
hadronic interactions

¥ Ring pattern observed is a Okinke
pion trajectory

¥ This is the brst demonstration of

pion/muon separation at SK (in Mk 00w T

pion \
tracks

¥ Allows for CC! * E reconstruction

L
muon

tracks

electron
tracks




Proton Decay: & ©

¥ Improved reconstruction can have signibc
conseguences on proton decay searches

¥ Current SK €! Y measurement has low
background

(0.3 events; 141 kton*year)

¥ At Hyper-K, background is much larger
10 years of exposure
(9 events; 5.6 Mton*year)

¥ Backgrounds are controlled with cuts o
I 0and proton mass

¥ Improved resolution allows these cu
to be tightened

¥ | 9mass cut can only be used if both
photon rings are detected

Invariant mass (MeV) Invariant mass (MeV)

¥ bTQun has improved detection of lo
energy photons



Proton Decay: K*

¥ Hyper-K LOI claims a 90% CL af5*10 yearsafter 10 years of running
¥ 7.1% efbciendpr K**# * channel (with tag)

¥ Absolute efPciency limited to 25% (fraction'efl decays that produce a 6.3 Me
photon)

¥ Hits in a 50 degree region around the muon track are removed from gamma
search

¥ PTQun improves ability to detect low energy photons, even in the presence
high energy ring

¥ 6.7% efbciendpr K**!  *1 0
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Summary

¥ We now have new reconstruction for single track muon anc
electron hypotheses, as well as prst implementations®dnd
| * ptters

¥ All btters are out-performing current SK reconstruction
(only on MC so far)

¥ Al * hypothesis bt has never been used before

¥ IDTQun can S|gn|I3cantIy reduce t!hé background N a CP
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Backups




Super K Particle IL

¥ Muons rings are thick with sharp edges

¥ Long straight tracks (less scattering)

¥ Electrons produce fuzzy rings
¥ More scattering, EM showers

¥ Photons from! ° decay convert
to e*/e pairs
¥ 2 electron-like rings

¥ |f 1 ring is lost! © will mimic
single-electron oscillation signal

¥ " neutral current events (mostly %s) are
currently 42% of the  appearance
background

¥ Improvements td ° rejection can have a
signiPcant impact on sensitivity $as




True Electrons

apfit+POLfit ! ® mass

¥ T2K" ¢ appearance measureme

cuts on! 9 mass to remove © Single-ring electron
backgrounc candidates
¥ apbt has a large peak at zero nr f
— fiTQun
¥ Very good if cutting on mass — apfitsPOLI

identify! © events B
100 120 140 160 180 200
Reconstructed !° Mass (MeVi/c?)

¥ Lower plot:electron survival rate
for various M o cut values

¥ Electron efbciency is the san
above ~50-60 MeVfc

¥ Cut value for current'
appearance measurement
is 105 MeV/¢

80 100 120
1 © Mass Cut Value (MeV/c ?)



Calculating T and:

¥ Use the detector MC:

¥ Direct light only(no scat
ight)
¥ Perfect Trang(no scat/abs)

# of Direct Photons

¥ Produce a Opoint sourcesO of
Cherenkov light

¥ 100 simultaneous 3 MeV
electrons (Oelectron
bombsO)

¥ For &(PMT angular acceptanc

0.4 0.6 0.8 1 12 14

Incident Angle$ (radians)

12 [ ndf 5.615/13
Prob 0.9591
p0 0.1095! 0.0005
pl 7170! 284.0

-

¥ Bombs vs angle
¥ ForT (water transmission):
¥ Bombs vs distance

¥ Ratio ofDirect Lightto T
Perfect Trans.

Ratio of Direct to Perfect

500 1000 1500 2000 2500 3000 3500
Distance from PMT (mm)




Higher Momentum °C

apfit+POLfit ! % mass

— fiTQun
—— apfit+POLfit

¥ Randomly generated
from 500 to 1500 MeV/i

¥ Want to check lower -
energy phOtonS 0 20 40 60 80 100 120t 34d0 !0160 (:LISOV/ 2)00

¥ Efbciency to be rejecte
by 105 MeV/EM: ¢ cut
IS much better for
DTQUH | —— fiTQun

— apfit+POLfit

20 40 60 80 100 120 140 160 180 200
Energy of less energetic ! (MeV)



Likelihood Ratios

¥ For the new reconstruction, we donOt want to makeamass cut

¥ Will eventually cut on likelihood ratios vs electron momentum oMetc

Log(L o/Le) VS Log(L o/Le) VS M o

Mean x 127
Mean y 189.7
RMS x 26.83

99.75
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Future Improvements

¥ To understand how well we can do by
Improving the seeding, the Pt can be seeded
with the true information

¥ This tells us if there is a proper maximum it
the likelihood surface
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Best Case Scenarlo (Truth Se

—fiTQun
— POLfit

—fiTQun
— POLfit

00 20 40 60 80 100 120 140 160 180 200
structed ! ° Mass (MeV/c?)

¥ If we could perfectly see
the ptter, we could
reduce the! ©
background below ~10%
of current level

1 © Mass Cut Value (MeV/c ?)



Best Case Scenario (Truth Se

fiTQun efficiency vs lower gamma energy
T T T | T T T | T T T | LI | LI | LI | T T T | T T T L T T T
1_ — — — —

: i ]
0.8 [ Tﬂ T
0.6 [
0.4 ﬂ il

B —fiTQun il
02~ —poLfit |

O B | | | 11 | | 11 1 | 111 | 11 1 | 111 | 11 | | 11 1 | 11 1 | 11 1 |
0 200 40 60 80 100 120 140 160 180 200

Energy of less energetic vy (MeV)

I 0Os can be found dowi
to photon energy
threshold

(for 500 MeV/d °0Os)

Log(L! o/Le) Vs p,

fiTQun_deltalvemom_evis_wall_1R_elike

Entries 7150
~700———— Mean x  354.5
e - Meany  192.5

° RMSx  99.86
% 600 - RMS y 114.9
9 A E o] 57] a4

500 — 7075 0
- 14| 0
400 —
300— —
200 — —20
100— —
- 18 10
o =

- : 1 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 - 1 1 1 | 1 1 1 1 :

1OOO 100 200 300 400 500 600 0

Reconstructed Electron Momentum (MeV/c)

fiTQun_deltalvpiOmass_evis_wall_1R_elike

y
0

Entries 7150
Mean x 131.3
Mean y 192.4
RMS x 18.55
RMSy 114.9

0 61 0

0

150

2
Reconstructed 7° Mass (MeVi/c?)

00

250




Event Display: © Fit

Measured Charg 1-ring e-like Fit Predicted Charge
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Event Displays
Kinked-track! * Fitter
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Processing Time

fiTQun Time Per Event ( =° Full Seed)
ntries

¥ If PTQun 100 [ fiTQun
runs only: L |—apfit
¥ 1-track
electron pt

¥ 1-track
muon bt *

¥| 0 bt % 50 60 70 80 90 100 110 120 130

Processing Time Per Event (seconds)

60

40




Reconstruction Challeng

¥ The main issue to overcome will be differences in tt
btter performance on data and MC

¥ This btter uses more information than previous
reconstruction algorithms

¥ Parts of the btter are determined from the MC

¥ Several validation studies will be needed
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