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Keyhole geometry

|II

The current event reconstruction is based on the “original” Keyhole geometry.
There is a plan to cut the upstream volume of Keyhole geometry, but it has not been applied to the event reconstruction.
(= Ben’s presentation this afternoon)



Flow of Reconstruction

SiPMSumWaveformAnalysis
SiPMWaveformAnalysis

SiPMFastRec SiPMPileupClustering

SiPMPosLocalFit
@ SiPMEnePMWeight

SiPMPileupUnforlding
SiPMEneTotalSumRec



Sum Waveform Analysis
* SumWF of MPPC/PMT, each face

* CF time of each SumWEF will be used as a reference time.

chtime: 19.3ns
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Waveform Analysis

event 0, channel 18
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Waveform analysis of each channel.
Reference time is from SumWaveformAnalysis.
CF time and charge will be used in the following algorithms.



Energy resolution in FastRec
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Energy reconstruction in FastRec
Energy = (number of photons) X (factor)
(Face factor will be applied in the following algorithm.)

Fiducial cut is applied (6 < 120 deg)
Reconstructed E + Edep in ATAR (MC truth)

Resolution: 1.56 %

Discrepancy with optics study:
Full detector or Calo only



Pileup Clustering

Create Npp, map for the inner and outer sphere
Apply moving average

Find the local maximum peak

Fit Nppo distribution around the local maximum peak

Find the main cluster (highest energy cluster)

Clustering channels around the peaks by Depth-First Search (DFS).

N o A wWwbNPe

Check the clustering result
clusters that are too close together, overlapping channels, cluster with too few assigned channels



2D PM Map for Pileup Clustering (Inner Sphere)

LXe calorimeter sensor position, Inner face (channel number) Projection of sensors onto a plane
2 while preserving their adjacencies
5 F
C Virtual PMs for continuity in direction phi.
35 Peak is searched only in real channels.
: But clustered channels are also searched in virtual channels.
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2D PM Map for Pileup Clustering (Outer Sphere)

LXe calorimeter sensor position, Outer face (channel number)

Projection of sensors onto a plane
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True number of positrons

¢ [deg]

Clustering Result

Clustreing result and Npho map, Inner face (event 0) Clustreing result and Npho map, Outer face (event 0)
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Clustering of pileup peaks may fail.
Pileup cluster separation is difficult on the outer
sphere.

Even if clustering could not separate pileup pulses,
the seed could be added in PileupUnfolding.
Consider whether the performance can be
improved by scanning the clustering threshold.
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Position Reconstruction - Local Projection Fit
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Number of events

Number of events

Reconstructed Position
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Effect of Pileup on Position Resolution
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Only channels near the peak are used for position reconstruction.
The impact of pileup on the position resolution is limited. 14
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Current PIONEER position reconstruction is simpler than MEGII.

The bias from shower development is not corrected.

The effect of the shower development should be looked at carefully.

Reduce the fit range for phi direction or compensate for the effects of showers. 15



Timing Reconstruction

* tixe is reconstructed with y? minimization fit.

2
Xz B z (tpm — twalk — tprop — Loffset — tLXe)
me

MPPC,PMT
tpm : the extracted timing of each MPPC, PMT

twalk - the time walk effect
tprop : the propagation time of scintillation light from positron hit position
to each MPPC, PMT

toffset - the time offset of each channel

Fitting is iterated up to 5 times, excluding outliers, until the fitting converges.
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Tlme Offset At = Tirye + Tprop - Tpm

Tirue : MC truth of the positron hit timing at the first interaction point
Tyrop: Propagation time from the first interaction point to each sensor
Tom : CFtime of each sensor

At for each sensor after time walk correction

example of the time offset peak extraction
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Fluctuation in the large r region: Events with low height are dominant and sensitive to noise. (Random noise is added in WF simulation.)
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Number of event

Reconstructed Timing

Difference between reconstructed time after global correction and MC truth

hDeltaT
900; Entries 9975
E Mean 4.779
800E- StdDev  0.4843
700
600F—
500
400
300
2001~ 0.14 ns
100
QE b L L A ) Lol
0 12 3 4 5 6 7 8 9 10
t -ty [NS]
Difference between even and odd time
. _ hDeltaEvenOdd
2 800 Entries 9975
: £ Mean  0.000885
5 700 StdDev  0.1274
5] £
8 =
€ 600
5 =
z =
500
400—
300
200~
g 0.12 ns
100
Q:‘ b oI Ll
11 108 106 04 102 0 02 04 06

08 1
toven = Lo [NS]

tiye [NS]

Reconstructed time before global correction and MC truth
hTUncorr2D

Reconstructed time after global correction and MC truth

100 @
. Entries 9975 €
[
90 Mean x 28.2 3
Meany 23.98 5
80 / StdDevx  20.65 5
. |StdDevy 2072 €
70 S
4
60 50
50 40
40 T
30 [
30 r
20 r
20 . r
10 . . B . 10 —
oF I T T DR P T 0 L I R I ek L s
0 10 20 30 40 50 60 70 80 90 10 40 50 60 70 80 90 100
t[ns] time [ns]

Timing reconstruction may not be working correctly.
Both absolute and intrinsic timing resolutions are bad.
Strange peak at 0 in the even-odd histogram.

The chi-square minimization fit is not converged.
Effective velocity? The number of channels used for the fit?
Further investigation is needed.
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PileupUnfolding - SumWFs

SumWFs are created for SiPM, PMT and each cluster.
Reference time (CF time of PMT SumWF) is shifted.

sum waveform before time t0 shift (ievent = 49), type: SiPM sum waveform before time t0 shift (ievent = 49), type: PMT
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SumWEF (all PMs in a cluster)
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PileupUnfolding - Diff WF Analysis

Peak search in PMT DiffWF (ievent = 49)

1.2
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Differentiate SuUmWF after applying the moving average.
Seed pulse is found in PMT DiffWF.
Range of pulse search in SiPM/PMT SumWF is set based on
DiffWF peak time.

Peak search in SiPM/PMT SumWF

peak amplitude: peak search in SumWF
peak time: peak search in DiffWF + offset
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PileupUnfolding - Template Used for Waveform Fitting
* 2D waveform of all channels average waveforms is used as a template.
Only events judged as no-pileup are used to create the template.

Timing of each waveform is shifted to match CF time.

SipmSumWFTemplate_0. Type: SiPM. SipmSumWFTemplate_1. Type: PMT.
12 12
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PileupUnfolding — Waveform Fit

SumWF, FitWF and ResWF (SiPM) (ievent = 49, iFit = 0) SumWF, FitWF and ResWF (PMT) (ievent = 49, iFit = 0) Chi2 waveform (SiPM + PMT) (ievent = 49, iFit = 0)
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Simultaneous fit of SiPM and PMT
initial values: timing and amplitude from PMT DiffWF or ClusteringWF
If the fit does not converge, find a new seed from Chi-square WF or residual WF and fit again.
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Number of true positrons

Number of Reconstructed Positrons and Fit Convergence
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Pileups not found by clustering are also detected by unfolding. (method 0: no reference)
25% of events are considered as a single pulse even if there are two pulses in MC truth.
Not converged waveform fit: 18% (More detailed investigation needed.)
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Summary
* Energy resolution at FastRec (rough reconstruction) is 1.56 %.
Face factor will be applied in the following algorithm, and the final resolution is expected to be better.

* In Pileup clustering, about 70% of pileup clusters are detected on the inner sphere.

There is room for improvement in the threshold setting on the outer sphere.
* Position resolution is 6 mm in the cartesian coordinate, and it is little affected by pileup.

Need to understand the difference between the response in theta and phi directions.
* After time offset and time walk calibration, timing resolution was evaluated.

But time reconstruction does not seem to be working properly.

* Around 70% of pileup events are successfully separated in pileup unfolding for two positron
events.

18% of waveform fits have not converged.



Tasks

4 00-)+) H$-1$).) HSY0) /- OHYO L /4"

Position reconstruction (PosLocalFit)

I' Shower development effect
Timing reconstruction (TimeFit)

I Cause of poor resolution
Pileup clustering

I Outer sphere clustering threshold
Pileup unfolding

I Improvement of fit convergence

2)%!-%+8&'1)$).&31&#"-"

Pileup events isolation power evaluation
from timing and position resolution points of view

Pileup event rate and pulse-to-pule time difference
dependence

Sensor granularity dependency
How to organize the sensors?
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CF Time Extraction

WF (moving average points = 3)

high threshold

Vmax

CF threshold
$ V,axXCF

v

I Find peak position and amplitude "}, ..

" Set thresholds
CF threshold: "}, .«# $%
High threshold: &( " .«

# Find the timing crossing the high threshold (
Search from the peak.
From to

$ Find the timing crossing the CF threshold.
Search from the high threshold crossing point.
From to
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VA

Peak Search !

Go to the next point until the amplitude exceeds the threshold.
" Go to the next point as long as the next point amplitude is
larger than the current point amplitude.

Assume that ) , is reached.

# Is) , the maximum in the last 10 ns?
| ) Yes. = Go to the next step.
oo : No. = Maximum point has already been judged as a peak.
o: o is not regarded as a peak.
° Go to the next point and resume the peak search
¢ : : @ fromstep " .

‘e ° $ Is) , the maximum in the next 10 ns?
[ Yes. = )*I+,1+,-, . #-/0
: : : ° Go to the point 10 ns later and resume the peak search
‘: : : e threshold from step " .
o: : No. - Assume ) 3 is the maximum in the next 10 ns.
° Is ) ; over the threshold?

o : sampling point Yes. - Go to ) 5 and resume the peak search

fromstep" .

time' No. - Go to ) ; and resume the peak search

- 10ns  10ns from step !
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Number of events
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Reconstructed Position in FastRec
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Offset in r-direction: Weight of SiPM and PMT should be optimized if necessary. It depends on the following position reconstruction.
Bias in large theta region: Theta is reconstructed smaller.
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Energy resolution in FastRec
6 <120 deg
Energy reconstruction in FastRec
The number of photons is scaled by a factor.
(Face factor will be applied in the following algorithm.)

T

23187 events
peak: 67.87 MeV
resolution: 1.56 %

T THHW

Reconstructed E (FastRec)

Number of events
N
o
2

—— Gaussian fit

10°

Crystal Ball fit

Fiducial cut is applied (6 < 120 deg)
Reconstructed E + Edep in ATAR (MC truth)

T THHW

10

Resolution: 1.56 %

0 10 20 30 40 50 60 70 80 90 100
+E [MeV]

FastRec © TATAR, true

(More statistics are needed to check the theta dependence.)

0<6<30 3006 <60 60 <06 <90 90 <0 <120
10 E 10
t 1.23 % £ 1.22% WMMH\MW 2.51 %
13" Il L Il L Il |M\ L ’k\ ” H\ ”H 1%” Il ” L L ” \l ”\l”ﬂm | 1@]””‘\ L L L || L L ﬂ—”l L 1; Il L Il Il Il |” L 31
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What events are less likely to be clustered?

Ny, Map after rebinning and moving average with found peaks, ievent = 99, iface = 1

35

30

25

20

15

10

o e L Lo Ly Ly [0
0 10 20 30 40 50 60

6~0 deg

70

80

[D2D_099_1_MA

Entries 373920
Mean x 51.75
Mean y 20.9
Std Devx 21.13
StdDevy 11.88

Even if it is a no-pileup event, it could be recognized

as multiple peaks.

Peak candidates (local maximum), ievent = 23, iface = 0

Low energy

Difficult to find a low-energy peak.

Not considered a cluster if the number of clustered channels is small.
On the other hand, clusters the noise is picked up if the clusters with
a small number of channels are regarded as clusters.
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Reconstructed Position in PosLocalFit (Large Fit Range)

hX2D hy2D hz2D
Entries 1969 Entries 1969 Entries 1969
300 - = | Meanx 1.036 E 300 - Meanx 05258 T 300 . Mean x 2053
C Meany 11571 £ C Meany 11889 £ L Meany 1923
F StdDevx  103.8 8 r StdDevx  103.6 3 F N StdDevx  89.04
200(— StdDevy 1065 > 200~ StdDevy  106.6 N 200 StdDevy 9308
100[~ 8 100/~ : 7 100/~
F F 6 F 15
o 6 o 5 o
F " F 4 F - 10
1100~ - 4 1100 3 1100
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"39%0 200 1100 0 100 200 300 ° "3%%0 200 1100 0 100 200 300 ° "% 200 1100 0 100 200 300 °
x [mm] y [mm] z [mm]
hR2D hTheta2D hPhi2D
Entries 1969 Entries 1969 Entries 1969
180 . Mean x 1717 = 180 E = Mean x 81.7 T Mean x 1.831
r o - Meany — 172.1 E b Meany 8238 E 150 Meany  10.1219
178~ Lo . StdDevx 1136 g 1008 StdDevx 3381 B StdDevx 9995
L T e StdDevy 1811 = b StdDevy 3472 oo StdDevy 1018
176~ L - 600 F 5
F - . 120 10 50
174 LR 500 F
r Lo 100~ s 4
r o 400 E 0
172 E - . r
E DT k. 80 3
r - ~F £ 6
170~ — 300 P 150
= r 200 B 4 2
168] ! - a0F 1100
F 100 201~ 2 1150 '
166 F 11508
P N S S N SR IR B 0 P e N R N PR AR AN BN B 0 i 0
166 168 170 172 174 176 178 180 0 20 40 60 80 100 120 140 160 180 ! 1100 150 0 50 100 150
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Worse resolution in the phi direction.

Phi direction is strongly affected by the fit range.
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Number of events

Number of events

Reconstructed Position in PosLocalFit (Large Fit Range)

hDeltaX
Entries 1969
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Worse resolution in the phi direction.

Number of events

Number of events

hDeltaY
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Phi direction is strongly affected by the fit range.

Number of events

Number of events

hDeltaZ
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w/ calibration w/o calibration
Difference between reconstructed time after global correction and MC truth Difference between reconstructed time after global correction and MC truth
- hDeltaT - hDeltaT
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time offset [ns]

time offset [ns]

Position Dependence of Time Offset
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-ty [NS]

Position Dependence of Reconstructed Timing

Global bias before global correction

Global bias before global correction

hTUncorrRGlobal2D
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Bad resolution is not due to position dependence.

L 0

Ll
0 20 40 60 80 100 120 140 160 180

! [deg]

t-tye [ns]

Global bias before global correction
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Effective velocity scan

Peak time of inner/outer reconstructed time without time offset or time walk corrections
o 8.5F
‘E‘ -
2 s N Effective velocity is used to calculate the
~ £ |® Inner N propagation time.
“r A . |xpm - xhit|
C torop =
7 Vet
- A tprop : Propagation time
6.5— ver - effective velocity
. A Xpm :Sensor position
6 Xnit : positron first interaction position
C A
C [ n
55 m u = u "
- Effective velocity 88 mm/ns will be used.
5— A
4 5 : 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
' 80 90 100 110 120 130 140

effective velocity [mm/ns]
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Difference between reconstructed time after global correction and MC truth Reconstructed time after global correction and MC truth
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Effect of Pileup on Timing Resolution

Only channels near the peak are used for the time reconstruction.

- Timing resolution of pileup events is worse than that of no-pileup events.
The number of channels used for fitting may be too high.
Valid channels, Inner face (event 0, iPositron = 0) (1 = Valid) Valid channels, Outer face (event 0, iPositron = 0) (1 = Valid)
. mo;— 0:7 100? 0:7
10 — 501 06 S0 06
E w o; N 0.5 o; 05
C ‘5057 0.4 ‘5057 04
B g 0.3 E 0.3
| 1100 ; 02 ! 100; 02
11s0f- 0.1 11501 01
AL AR I cos”

w

|
° ! 8 ? [nsl]0 example of the channels used for the fitting
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5)+"4)%

Main idea of pileup unfolding
2"3)1,$/310#)%"(

Find local maximum sensors face by face.

Clustering channels around peaks whose * 1, is above a threshold.

Rough reconstruction for each cluster.
position: Peak position of the light distribution on the face & distance in depth from the spread of distribution
energy: Estimate from the amplitude and spread of the light distribution. (coefficients from MC truth)
timing: Average of t,p, in the cluster

2"3)1,$1'1-34"(
Get pileup clustering information.
Search the main cluster.
main cluster: is the closest to
is sufficiently close to
is above the threshold.
Make SumWF
MPPC SumWEF, PMT SumWF, Cluster SumWF (created for each cluster)
Time of flight calculated in the time reconstruction is corrected.

Weighted by face factor.
Should we make Inner SumWF, Outer SUmWF, Cone SumWF, Cluster SumwF?
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Main idea of pileup unfolding

2"3)1,$1'1-34"(
Peak search in DiffWF.
Peak search in PMT differential waveform.
Find a peak with timing close to DiffWF peak in MPPC/PMT SumWF.

Update cluster timing and amplitude.
Cluster timing and amplitude is updated from the WF analysis of Cluster SumWF.

Search pulse in SumWEF using Diff WF seed pulse.
Timing and amplitude of SumWF pulse are obtained from

Search pulse in SUmWEF using Cluster SumWF seed pulse.
Pulse that appears to be the same as that found above (Determined by the time difference)

-> update seed pulse information
Pulse that appears to be different from that found above
- New pulse is added. Timing and amplitude of pulse are obtained from Cluster SumWF.

Simultaneous chi-square fit of MPPC and PMT WFs.
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Main idea of pileup unfolding

2"3)1,$1'1-34"(
Fit convergence check.
Integrate chi-square WF. If it is greater than the threshold, re-fit the WF.

Re-fit for a not-converged event.
Search seed pulse in the residual WF.
If there is a pulse in MPPC or PMT SumWEF, the new pulse is added to both of MPPC and PMT.
Do simultaneous fit again.
Search seed pulse in the chi-square WF.
If there is a pulse in the chi-square WF, the new pulse is added.
Do simultaneous fit again.

5)+"4)%
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PileupUnfolding - WF Analysis

Main waveform analysis, SiPM (ievent = 49, index = 0)

10° Main waveform analysis, PMT (ievent = 49, index = 1)

" - "10°

200(— A E v
[ «———> WV reenceie E -
r 24 crime F «—be———> Reference time
c A, 30 % e
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00 g e ;32215
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L e 1655808 ok gl 3733

sl i) L .
- Extract timing and amplitude from ClusterWF.
[ timing: CF time

0
r amplitude: peak search
P IR BT R SR W WU I N N =
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L
150 0 50 100 150 200 250 300 350 400

Pileup waveform analysis, SiPM (ievent = 49, index = 0, ipulse = 1)

"10° Pileup waveform analysis, PMT (ievent = 49, index = 1, ipulse = 1)

F - 10°

= - r v

Fo < > Reference me. £
300 3L crme f[oe— > V¥ Retoronce tme

C ¥ peak 500{— 2 crume

E —— eaalne range r F eak
2501 Peak search range £ —— Baseline range.

C CF time range. r Peak search range

E —— Charge integration range 400— CF time range.
200— L ——— Charge integration range

C reference time: -25.9 ns. =

E CF time: 25,015 300 rterence tme: 25975
150 Peak amptuce: 189170.1 F baslne 51

E Charge: 1815 = Peal ampitude! 3232857

E Cnerdy: 1563499 C peak ampiude:

E C Energy: 2601313
100 200—
50— 100~

0 £
ol b b b b b b b Lo 1 0=
150 0 50 100 150 200 250 300 350 400 b b b b b Lo b Lo Low w1y

150 50 100 150 200 250 300 350 400

44



Energy Spectrum of No-pileup and Pileup Events

102

i \\\HH‘

10

T

120

Reconstructed energy: output of pileup unfolding
Pileup event has worse energy resolution.
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