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To reconstruct the energy and time of events in the liquid scintillator detector, in a neutrino or dark
matter experiment, we need to analyze the waveforms from photomultiplier tubes (PMTs). Fast
Stochastic Matching Pursuit (FSMP) samples the posterior of PE time sequence for each waveform.
It gains acceleration on GPU, and improves the energy and time resolution of LS detectors. The
energy resolution is improved by decreasing 12% of relative resolution.
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1. Introduction

In a neutrino or dark matter experiment, large liquid scintillator detectors are set up, which
output waveforms from photomultiplier tubes (PMTs). Fast Stochastic Matching Pursuit (FSMP) [1,
2] is a reliable waveform analysis method in Bayesian sense, deals with pile-ups of the waveforms,
and gives better resolution of photoelectron (PE) count expectation ` and event time C0.

In an event, the PE sequence z = {C8} is sampled from inhomogeneous Poisson process with
expectation `q(C − C0), where q is the normalized possibility density. A waveform w is constructed
in two stages: first by convolving the PE times with the single PE response (SER) waveform scaled
by charges @8 , and then by adding electronic noise to w. FSMP is a method to analyze the waveform
and sample PE sequence and event time from the posterior

?(z, C0 |w) =
?(w |z, C0)?(z, C0)

?(w) (1)

After sampling z, let # be the PE number, and ` could be estimated with Maximum Likelihood
Estimation (MLE) [1]

ˆ̀ = arg max
`

(
e−(`−`0 )

∑
z∈FSMP

(
`

`0

)# )
(2)

The expectation ` is proportional to the event energy � and also related to the event position r.
FSMP improves the energy resolution by improving the resolution of `.

2. Performance

With simulation data [1], the estimated ˆ̀ of FSMP is compared with charge integration method,
and the estimated Ĉ0 of FSMP is compared with first PE time. Figures 1a and 1b show the comparison
on ˆ̀ of FSMP and charge method. The relative resolution is defined as

[′ =

√
Var[ ˆ̀]/E[ ˆ̀]√

Var[#PE]/E[#PE]
(3)

where #PE is the number of PEs. The denominator is the resolution of #PE, which is the theoretical
lower limit of the resolution of all ` estimators. When ` = 1, FSMP gives 12.2 % improvement of
relative resolution.

Figures 1c and 1d show the comparison on Ĉ0 of FSMP and first PE time. The resolution is
defined as

[C =

√
Var[Ĉ0 − C0]
� [Ĉ0]

(4)

The “lower limit” label in the figures is the lower bound of the time resolution, which is established
by the Metropolis-Hastings sampling with true PE sequence. First PE time is a biased estimation
of C0, while FSMP is unbiased, and gives 37.5 % improvement of resolution when ` = 1.

FSMP is accelerated with batched algorithm on GPU: a lot of waveforms are processed simul-
taneously, instead of calculating one by one. The batched method performs ∼100 waveforms per
second with batch size ∼103 on NVIDIA®A100, and it is faster than original algorithm on CPU by
more than 2 orders of magnitude.
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(a) The relative bias of ˆ̀.
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(b) The relative resolution of ˆ̀.
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(c) The bias of Ĉ0.
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(d) The resolution of Ĉ0.

Figure 1: The bias and resolution of Ĉ0 and ˆ̀ from FSMP, compared with other methods. 90 % confidence
level.

3. Summary

FSMP is a flexible and general Bayesian-based RJMCMC to sample PE sequence from pos-
terior distribution. FSMP gives better precision of energy and time, and it is fast enough on GPU
for large amount of waveform in experiments. In our simulation, it gives (12.2 ± 1.4) % better en-
ergy resolution, and (37.5± 1.8) % better timing resolution. We are developing new reconstruction
algorithm based on FSMP, and in the most optimistic case, it will improve energy resolution by
12 %.

References

[1] Y. Wang, A. Zhang, Y. Wu, B. Xu, J. Chen, Z. Wang et al., The Fast Stochastic Matching
Pursuit for Neutrino and Dark Matter Experiments, 2024.

[2] Y. Wang and B. Xu, Bayesian method for waveform analysis with GPU acceleration, in
Proceedings of 41st International Conference on High Energy physics — PoS(ICHEP2022),
vol. 414, p. 923, 2022, DOI.

3

https://doi.org/10.22323/1.414.0923

	Introduction
	Performance
	Summary

