
LXe event reconstruction and pileup identification
PIONEER Collaboration Meeting

08/Jan./2025
Ayaka Matsushita

1



Keyhole geometry
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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
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SiPM

SiPMSumWaveformAnalysis

SiPMWaveformAnalysis

SiPMPMFill

SiPMFastRec SiPMPileupClustering

SiPMTimeFit SiPMEnePMWeight

SiPMPileupUnforlding SiPMNsumRec

SiPMEneTotalSumRec

SiPMPosLocalFit



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

• CF time of each SumWF will be used as a reference time.
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Waveform Analysis
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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) × (factor)
(Face factor will be applied in the following algorithm.)
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Pileup Clustering

1. Create 𝑁!"# map for the inner and outer sphere

2. Apply moving average

3. Find the local maximum peak

4. Fit 𝑁!"# distribution around the local maximum peak

5. Find the main cluster (highest energy cluster)
6. Clustering channels around the peaks by Depth-First Search (DFS).

7. Check the clustering result
clusters that are too close together, overlapping channels, cluster with too few assigned channels
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2D PM Map for Pileup Clustering (Inner Sphere)
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Projection of sensors onto a plane
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Virtual PMs for continuity in direction phi.
Peak is searched only in real channels.
But clustered channels are also searched in virtual channels.



2D PM Map for Pileup Clustering (Outer Sphere)
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LXe calorimeter sensor position, Outer face (channel number)
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Peak is searched only in real channels.
But clustered channels are also searched in virtual channels.



Clustering Result
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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.



Position Reconstruction - Local Projection Fit
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𝑟

1D solid angle

1D norm solid angle

𝑅!"

Δ𝜑
𝜑#$"#%&

tan 𝛼 + 1D solid angle =
𝑅!" sin 𝜑#$"#%&+Δ𝜑

𝑟 −𝑅!" cos 𝜑#$"#%&+Δ𝜑

tan𝛼 =
𝑅!" sin 𝜑#$"#%&−Δ𝜑

𝑟 −𝑅!" cos 𝜑#$"#%&−Δ𝜑

1D solid angle = tan'(
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− tan'(
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𝜆=>>: attenuation length (fixed parameter)
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Reconstructed Position
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Reconstructed Position
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position resolution: 6 mm (x, y, z direction)
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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.



Fit Range Dependency
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Local projection fit, before global correction (irange = 5)
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!"#!$

%"&

!"#$%&'()±5° ±30°
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.



Timing Reconstruction
• 𝑡()* is reconstructed with 𝜒+ minimization fit.

𝜒+ = %
,--.,-,0

𝑡!1 − 𝑡2345 − 𝑡!6#! − 𝑡#778*9 − 𝑡()*
𝜎!1

+

𝑡!1 : the extracted timing of each MPPC, PMT

𝑡2345 : the time walk effect

𝑡!6#! : the propagation time of scintillation light from positron hit position 

to each MPPC, PMT

𝑡#778*9 : the time offset of each channel

Fitting is iterated up to 5 times, excluding outliers, until the fitting converges.

16



Time walk
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𝑇*&+$ : MC truth of the positron hit timing at the first interaction point
𝑇,&%,: Propagation time from the first interaction point to each sensor
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Time offset
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Δ𝑡 = 𝑇>@AB + 𝑇C@DC − 𝑇CE
𝑇*&+$ : MC truth of the positron hit timing at the first interaction point
𝑇,&%,: Propagation time from the first interaction point to each sensor

𝑇,- : CF time of each sensor

Δ𝑡 for each sensor after time walk correction
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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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Reconstructed Timing
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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.



PileupUnfolding - SumWFs
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SumWFs are created for SiPM, PMT and each cluster.
Reference time (CF time of PMT SumWF) is shifted.
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Clustreing result and Npho map, Inner face (event 48)
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PileupUnfolding - DiffWF Analysis
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Peak search in PMT DiffWF (ievent = 49)
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Pulse search in PMT SumWF (seed: PMT DiffWF peak, ievent = 49)
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Pulse search in SiPM SumWF (seed: PMT DiffWF peak, ievent = 49)

Differentiate SumWF 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



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.
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PileupUnfolding – Waveform Fit
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Chi2 waveform (SiPM + PMT) (ievent = 49, iFit = 0)

50! 0 50 100 150 200 250 300 350 400

0

100

200

300

400

500

310"

Sum waveform

Fit waveform

Residual waveform

SumWF, FitWF and ResWF (PMT) (ievent = 49, iFit = 0)
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SumWF, FitWF and ResWF (SiPM) (ievent = 49, iFit = 0)

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.



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.)



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.

25



Tasks
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*+,%-.)+)'#$-!$).)'#$%)/-'0#%1/#"-'

Position reconstruction (PosLocalFit)
! Shower development effect

Timing reconstruction (TimeFit)
! Cause of poor resolution

Pileup clustering
! Outer sphere clustering threshold

Pileup unfolding
! Improvement of fit convergence

2)%!-%+&'/)$).&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
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𝑉E=I

𝑉E=I×𝐶𝐹

0.8 𝑉E=I

WF (moving average points = 3)

𝑇,$./

100 ns

!  Find peak position ! CB=J and amplitude "E=I.

" Set thresholds
CF threshold: "E=I#$%
High threshold: &'( "E=I

If CF threshold is larger than the high threshold, 
the high threshold is used instead.

# Find the timing crossing the high threshold (! KLMK).
Search from the peak.
From ! CB=J to ! CB=J - 100 ns.

$ Find the timing crossing the CF threshold.
Search from the high threshold crossing point.
From ! KLMK to ! CB=J - 100 ns.

𝑇0!10

"

#

high threshold

CF threshold



Peak Search
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sampling point

time

V

! 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 )N is reached.

# Is )N the maximum in the last 10 ns?
Yes. → Go to the next step.
No. → Maximum point has already been judged as a peak.

)N is not regarded as a peak.
Go to the next point and resume the peak search 
from step " .

$ Is )N the maximum in the next 10 ns?
Yes. → )*!+,!+,-,.#-/0

Go to the point 10 ns later and resume the peak search
from step " .

No. → Assume ) O is the maximum in the next 10 ns.
Is ) O over the threshold?

Yes. → Go to ) O and resume the peak search 
from step " .

No. → Go to ) O and resume the peak search 
from step ! .

$

%

threshold

𝑃N

10 ns 10 ns

" #

Search direction



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.



Energy resolution in FastRec
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Energy reconstruction in FastRec
The number of photons is scaled by a factor.
(Face factor will be applied in the following algorithm.)

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

1

10

210

310

 N
um

be
r o

f e
ve

nt
s

 < 120 degθ 

23187 events
peak: 67.87 MeV
resolution: 1.56 %

Reconstructed E (FastRec)

Gaussian fit

Crystal Ball fit

 < 120 degθ 

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

Resolution: 1.56 %
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9747 events

peak: 66.97 MeV

resolution: 2.51 %

Reconstructed E (FastRec)

Gaussian fit

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

1.23 % 1.22 % 1.33 % 2.51 %



What events are less likely to be clustered?
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Peak candidates (local maximum), ievent = 23, iface = 0

𝜃~0 deg Low energy

Even if it is a no-pileup event, it could be recognized 
as multiple peaks.

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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Worse resolution in the phi direction.
Phi direction is strongly affected by the fit range.
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Worse resolution in the phi direction.
Phi direction is strongly affected by the fit range.
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Bad resolution is not due to 
the calibration.
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Global bias before global correction

Bad resolution is not due to position dependence.
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Effective velocity is used to calculate the 
propagation time.

𝑡C@DC =
𝑥⃗CE − 𝑥⃗KL>

𝑣BPP
𝑡,&%, : propagation time
𝑣$22 : effective velocity
𝑥⃗,- : sensor position
𝑥⃗0!* : positron first interaction position 

Effective velocity 88 mm/ns will be used.
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0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Valid channels, Inner face (event 0, iPositron = 0) (1 = Valid)

1! 0.5! 0 0.5 1
" cos 

200!

150!

100!

50!

0

50

100

150

200

 [d
eg

]
# 

Valid channels, Inner face (event 0, iPositron = 0) (1 = Valid)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Valid channels, Outer face (event 0, iPositron = 0) (1 = Valid)

1! 0.5! 0 0.5 1
" cos 

200!

150!

100!

50!

0

50

100

150

200

 [d
eg

]
# 

Valid channels, Outer face (event 0, iPositron = 0) (1 = Valid)

example of the channels used for the fitting



Main idea of pileup unfolding

41

2"3)1,$/310#)%"'(
Find local maximum sensors face by face.
Clustering channels around peaks whose * CKD is above a threshold.
Rough reconstruction for each cluster. → input of pileup unfolding

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,- in the cluster

2"3)1,$1'!-34"'(
Get pileup clustering information.

Search the main cluster.
main cluster: Cluster position is the closest to the reconstructed position.

Cluster timing is sufficiently close to the reconstructed time.
Cluster energy is above the threshold. 

Make SumWF
MPPC SumWF, PMT SumWF, Cluster SumWF (created for each cluster)
Time of flight calculated in the time reconstruction is corrected.
Weighted by face factor.

Pre-reconstructed value without pileup unfolding.

Should we make Inner SumWF, Outer SumWF, Cone SumWF, Cluster SumWF?

5)+"'4)%
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2"3)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.

→ Get seed pulse(initial value of the fitting) amplitude and timing from MPPC/PMT SumWF.

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

Search pulse in SumWF using DiffWF seed pulse.
Timing and amplitude of SumWF pulse are obtained from DiffWF seed pulse. 

Search pulse in SumWF 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.

5)+"'4)%
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2"3)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 SumWF, 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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Extract timing and amplitude from ClusterWF.
timing: CF time
amplitude: peak search
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Main waveform analysis, PMT (ievent = 49, index = 1)
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Main waveform analysis, SiPM (ievent = 49, index = 0)
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Pileup waveform analysis, PMT (ievent = 49, index = 1, ipulse = 1)
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Pileup waveform analysis, SiPM (ievent = 49, index = 0, ipulse = 1)
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Pileup event has worse energy resolution.
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