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Abstract

The water-based liquid scintillator (WbLS) has
emerged as a promising detection medium for
next-generation neutrino experiments, combining
the directional sensitivity of Cherenkov light from
pure water with the high light yield of scintil-
lation. In this study, the relative light yields
of pure water and a WbLS mixture were com-
pared using integrated charge from photomuliplier
tubes(PMTs). Measurements were performed un-
der identical conditions with cosmic muons as the
light source. The WbLS sample exhibited a signif-
icantly higher integrated charge compared to pure
water, consistent with the expected scintillation
contribution.

1 Introduction

1.1 Neutrino Detection and the
Role of Detection Media

Neutrinos are fundamental particles that interact
only through weak nuclear force and gravity, mak-
ing their detection inherently challenging. Despite
their elusive nature, neutrinos play a crucial role
in understanding astrophysical phenomena, fun-
damental particle properties, and physics beyond
the Standard Model. Large-scale neutrino detec-
tors are therefore designed to maximize the proba-
bility of neutrino interactions and to identify their
rare signatures with high precision.

The choice of detection medium is a key
factor in determining the sensitivity, resolu-
tion, and cost-effectiveness of a neutrino detec-
tor. Water Cherenkov detectors, such as Super-
Kamiokande(Fukuda et al., 2003), utilize the emis-
sion of Cherenkov photons by relativistic charged
particles traveling faster than the phase veloc-

ity of light in water. These detectors are well-
established for their scalability and directional re-
construction capabilities. Liquid scintillator de-
tectors, such as JUNO(An et al., 2016), employ
organic scintillators to produce isotropic scintilla-
tion light, offering higher light yield and superior
energy resolution compared to pure water.

In recent years, hybrid detection media such
as water-based liquid scintillator (WbLS) have
emerged as promising candidates for next-
generation neutrino experiments(Xiang et al.,
2024). By combining the directional sensitivity
of Cherenkov radiation with the high light yield
of scintillation, WbLS aims to improve particle
identification, energy resolution, and sensitivity to
low-energy neutrinos, while maintaining the scala-
bility and cost advantages of water-based systems.
As such, the optimization and characterization of
detection media remain central to the advance-
ment of neutrino physics.

1.2 Water-based Liquid Scintillator
(WbLS)

The water-based liquid scintillator (WbLS) is a
novel detection medium that combines the prop-
erties of pure water and organic liquid scintillators
through stable emulsification(Yeh et al., 2011).
Typically, WbLS consists of a majority fraction
of water mixed with an organic scintillating com-
ponent such as linear alkylbenzene (LAB), along
with surfactants to ensure optical stability. In
this hybrid medium, two distinct light production
mechanisms coexist: Cherenkov radiation from
relativistic charged particles and scintillation light
from the organic component.

The key advantages of WbLS stem from this
unique combination(Onda et al., 2025). Firstly,
the ratio of Cherenkov to scintillation light can be
tuned by adjusting the scintillator concentration,
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allowing flexible optimization of the detector re-
sponse for different physics goals. Secondly, the
additional scintillation photons significantly en-
hance the energy resolution and lower the detec-
tion threshold, improving the sensitivity to low-
energy neutrino events. Moreover, the distinct
timing profiles of Cherenkov and scintillation light
enable particle identification capabilities by dif-
ferentiating prompt Cherenkov signals from de-
layed scintillation photons. Finally, unlike pure
liquid scintillators, WbLS exhibits compatibility
with metal loading, such as gadolinium doping,
which is valuable for neutron capture and back-
ground suppression.

In addition to these performance benefits,
WbLS retains many practical advantages of tra-
ditional water Cherenkov detectors, including low
cost, ease of handling, and scalability to kiloton-
scale volumes. This combination makes WbLS
particularly attractive for next-generation neu-
trino experiments that require both high sensitiv-
ity to low-energy events and precise reconstruction
of complex event topologies.

Therefore, a comprehensive characterization
of WbLS under controlled laboratory condi-
tions—including measurements of light yield, opti-
cal properties, and detector response—is essential
to guide its implementation in large-scale neutrino
detectors. This study is motivated by the need to
deepen the understanding and optimize the per-
formance of WbLS to support future experimental
applications. Specifically, this work focuses on the
quantitative analysis of detector response, repre-
sented by the integral of ADC signals from PMTs
as raw data.

2 Methodology

2.1 Experimental Setup

The experimental setup(see Fig. 1, 2, 3) was de-
signed to characterize the optical response of the
WbLS to cosmic muons. The WbLS sample was
contained in a rectangular acrylic tank with di-
mensions of 160 mm × 110 mm × 50 mm, pro-
viding a compact but well-defined detection vol-
ume. The plastic scintillator (PS) was placed ad-
jacent to the tank and optically coupled to the
trigger photomultiplier tube (T-PMT) using opti-
cal grease to ensure efficient light transmission and
minimize reflection losses at the interface. The
T-PMT(Hamamatsu H7195) detected scintillation
light produced when cosmic muons passed through
the PS, generating a fast trigger signal. This trig-
ger was used to gate the data acquisition system
and synchronize the readout of the main PMT,

Figure 1: Schematic illustration of the configuration.

Figure 2: Schematic illustration of the circuit.

which was attached directly in the WbLS vol-
ume to capture Cherenkov and scintillation light.
The main PMT (Hamamatsu H7195) was oriented
to maximize light collection efficiency and was
operated by coincidence with the trigger system
to select only events induced by cosmic muons.
All optical interfaces were coupled with optical
grease to reduce refractive index mismatch and
enhance photon collection. The waveform signals
from both PMTs were recorded using a fast digi-
tizer(CAEN DT5725S) with 250 MSa/s sampling
rate, allowing detailed pulse shape analysis. Al-
though the current analysis is based on raw ADC
counts, future work will include energy calibration
using radioactive sources to convert the measured
signals into absolute photoelectron yield. This
setup enables a direct comparison of light out-
put between WbLS and pure water under identical
detection conditions, serving as a testbed for op-
timizing WbLS formulations for next-generation
neutrino and rare-event detectors.

2.2 Scintillator Samples

The scintillator samples(Tab.1) used in this study
were prepared using a two-step procedure. First,
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Figure 3: Photograph of the actual setup.

Table 1: Mass composition of the WbLS sample, nor-
malized to a total mass of 100 g.

Component Target Mass Measured Mass

Water 88.000g 88.043g
LAB (Linear Alkylbenzene) 10.000g 10.940g
Triton X-100 1.000g 1.015g
PPO (2,5-Diphenyloxazole) 1.00mg 1.04mg
9-Methylcarbazole 30µg 30µg

a scintillator cocktail was formulated by dissolv-
ing 2,5-diphenyloxazole (PPO) and methylcar-
bazole in linear alkylbenzene (LAB). LAB serves
as the organic solvent and primary energy trans-
fer medium, offering high optical transparency and
chemical stability. PPO acts as the primary fluor,
converting the energy deposited by charged par-
ticles into ultraviolet and visible photons with
high efficiency. Methylcarbazole is added as a
secondary wavelength shifter, which extends the
emission spectrum and improves the compatibil-
ity of scintillation light with the spectral response
of the photodetector(Dı́az et al., 2001).

In the second step, a small aliquot of the pre-
pared scintillator cocktail was introduced into a
water-based mixture containing Triton X-100 and
LAB(See Fig.4). TX-100 functions as a nonionic
surfactant, enabling stable emulsification between
the hydrophobic LAB and the aqueous phase,
thereby maintaining the long-term optical stabil-
ity of the WbLS. The final sample thus incorpo-
rates both Cherenkov and scintillation light pro-
duction mechanisms within a homogeneous and
optically stable medium, suitable for subsequent
detector response measurements.

Figure 4: Preparation process of the WbLS sample.
The scintillator cocktail was first premixed, followed
by emulsification with the aqueous phase using a mag-
netic stirrer for homogeneous mixing.

Figure 5: Example of a recorded waveform showing
the baseline and signal regions. The baseline is deter-
mined by averaging the ADC values within the 0–600
ns interval, and the signal region is defined as 600–800
ns, where the integrated charge is calculated.

3 Data Analysis

Using this set-up, the detection rate of cosmic
muons was measured to be approximately 9,300
events per 24 hours. Based on this rate, sub-
sequent experimental runs were conducted with
durations of 10 and 20 hours. The 10-hour runs
were used for comparative studies of muon direc-
tion determination, while the 20-hour runs were
dedicated to comparing the light yield and initial
waveform characteristics between WbLS and pure
water. This allocation of run times was chosen
to ensure sufficient statistical significance for each
analysis objective while balancing the data collec-
tion efficiency and the stability requirements of the
experimental setup.

3.1 Signal Waveform Analysis

Waveform analysis begins by establishing a base-
line level, which is calculated as the average ADC
value over the initial 0 to 600 ns period - during
which no physical signal is expected(see Fig. 5).
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This baseline is then subtracted from the entire
waveform to correct for electronic noise.

The signal window is defined according to the
post-trigger position of the DAQ board, which has
been configured at 50% of the total acquisition
length, corresponding to 630 ns. 600 to 800 ns is
used for signal integration. This window captures
the region where the physical pulse appears above
the baseline. The sum of the integrated ADC dif-
ference within this interval serves as a measure
of the detected charge for subsequent quantitative
analysis.

3.2 Relative Light Yield (ADC
Counts)

Some events appear to be missing or not prop-
erly recorded. The primary cause is a geomet-
ric mismatch between the plastic trigger scintil-
lator and the water tank, resulting in incomplete
coverage of the area above the tank(see Fig. 6).
Consequently, certain cosmic muons may traverse
the trigger scintillator without entering the tank,
causing the main PMTs to record no signal.

Such events contribute noise to the dataset, low-
ering the mean light yield. To address this, a data
selection cut was applied. The method involves
plotting the signal depth versus the integrated area
for all recorded events (see Fig. 7). As expected,
events with integrated area values near zero cluster
symmetrically around the vertical axis, indicating
a lack of correlated PMT signal. Events with a
signal depth within the range of 0–10 ADC counts
and an integrated area between –150 and 150 ADC
counts were excluded from the final analysis to ob-
tain a more accurate estimate of the relative light
yield.

Figure 6: The main reason of missing events - Geo-
metric mismatch

Figure 7: Scatter plot of signal depth vs. integrated
area. Events clustering near zero integrated area cor-
respond to noise or mismatched triggers, which are
removed in the analysis.

4 Results

4.1 Signal Waveform

Qualitatively, the WbLS waveforms exhibit a
longer tail and, in some cases, a clearly re-
solved double-peak structure, which enables the
separation of scintillation light from the prompt
Cherenkov component. In contrast, the waveforms
recorded with pure water show a sharp, single peak
without a discernible tail.

Quantitatively, a peak-finding algorithm was
applied in the 640–720 ns region, using a lo-
cal baseline comparison to identify possible sec-
ondary peaks. The analysis reveals that the frac-
tion of double-peak events is 2.9% for water and
5.3% for WbLS. As illustrated in Fig. 8, the
double-peak events identified in water are typically
single-peaked waveforms with minor fluctuations
misidentified as secondary peaks, whereas the
double-peak events in WbLS correspond to a gen-
uine temporal separation between the Cherenkov
and scintillation components(See Fig.9).

These results demonstrate that WbLS provides
enhanced time profile discrimination compared to
pure water, allowing a more effective distinction
between prompt and delayed light signals.

4.2 Cosmic Muon Direction

The directional response test was conducted under
pure water conditions, with an applied voltage of
1700 V, to avoid complications from scintillation
light. The two PMTs used in this study were not
gain-calibrated; therefore, their raw ADC values
cannot be directly converted into absolute photon
counts. To eliminate the influence of inter-PMT
gain differences, a position-swapping method was
applied. Each PMT was alternately placed at the
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Figure 8: Example single-peak and double-peak
waveforms recorded in pure water. The single-peak
waveform exhibits a sharp profile without a discernible
tail, while the double-peak case shown here is a
misidentification caused by baseline fluctuations.

Figure 9: Example single-peak and double-peak
waveforms recorded in WbLS. The double-peak wave-
form clearly exhibits temporal separation between the
prompt Cherenkov light and the delayed scintillation
component.

top and bottom positions of the detector, enabling
a comparison of the same PMT’s response at dif-
ferent positions.

For clarity, the PMTs are denoted as PMT-
A and PMT-B, where PMT-A(top) and PMT-
B(bottom) represent the initial configuration, and
PMT-A(bottom) and PMT-B(top) represent the
configuration after swapping positions.

The measured mean integrated ADC counts,
calculated from the cut-processed raw data, are
as follows:

• PMT-A(top): 131.08± 2.25

• PMT-A(bottom): 151.71± 4.07

• PMT-B(top): 387.26± 5.57

• PMT-B(bottom): 504.20± 16.27

The results indicate that the PMT located at
the bottom position consistently records a higher
signal compared to the same PMT when placed at
the top position. This is consistent with the ex-
pected predominance of downward-going cosmic
muons. In contrast, the light detected by the
upper PMT primarily originates from reflections
within the tank, resulting in a lower overall sig-
nal. As shown in Fig. 10, the response of PMT-A
demonstrates a clear dependence on its vertical
position. Additional distributions for PMT-B are
provided in Appendix A.

4.3 Comparative Light Yield in Wa-
ter and WbLS

The relative light yield was evaluated by integrat-
ing the ADC counts over the signal window af-
ter baseline subtraction. Measurements were per-
formed for two photomultiplier tubes (PMTs) po-
sitioned at the top and bottom of the detector, op-
erated at a working voltage of 2000 V, with selec-
tion efficiencies applied to remove noise-dominated
events.

The measured mean integrated ADC counts,
calculated from the cut-processed raw data, are
as follows:

• PMT-A:WbLS(top): 758.43± 39.20

• PMT-B:WbLS(bottom): 1529.74± 9.27

• PMT-A:Water(top): 589.10± 15.23

• PMT-B:Water(bottom): 1421.78± 15.66

This corresponds to a relative increase of ap-
proximately +28.74% for the top PMT and
+7.59% for the bottom PMT when using WbLS
instead of water. Since scintillation photons are
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(a) PMT-A at the top position

(b) PMT-A at the bottom position

Figure 10: Integrated ADC distributions for PMT-A
under different positional configurations in pure water.
Panel (a) shows PMT-A at the top position, while
panel (b) shows PMT-A at the bottom position.

produced isotropically, both PMTs are expected
to receive a similar absolute amount of additional
light. However, because the top PMT initially col-
lects less Cherenkov light due to the directional
nature of Cherenkov emission, the relative contri-
bution of the added scintillation component be-
comes larger for the top PMT. This behavior is
consistent with the expectation that the relative
increase should be more pronounced at the top.
Figure 11 shows the distributions of integrated

ADC counts for WbLS and water. Gaussian fits
are displayed in the figure as a visual guide, but
the quantitative comparison and the reported in-
crease percentages are based on the raw data mean
values. Additional distributions for Top-PMTs
comparison are provided in Appendix B.

5 Limitations and Future
Work

Several limitations of the present study should be
noted. First, the PMTs were not calibrated to
absolute photon counts, which prevents direct de-
termination of the true light yield. Second, due
to limited experimental time, only a single WbLS
composition was investigated, and variations in
the concentration of Methylcarbazole were not ex-

(a) WbLS

(b) Pure Water

Figure 11: Integrated ADC distributions for WbLS
and pure water. Panel (a) corresponds to PMT-B at
the bottom position in WbLS, whereas panel (b) shows
the same configuration with pure water.

plored. Consequently, the potential impact of dif-
ferent scintillator loadings on light yield and wave-
form characteristics remains unquantified. Third,
this work focused primarily on integrated ADC
counts, and other optical properties of WbLS, such
as attenuation length, scattering, and timing char-
acteristics, were not systematically measured or
compared with pure water.

Future studies will aim to address these limita-
tions. Absolute PMT calibration will enable direct
photon yield determination. Systematic investi-
gation of WbLS samples with varying scintilla-
tor fractions, including different Methylcarbazole
concentrations, will provide a more comprehensive
understanding of the tunable light output. Addi-
tionally, detailed studies of other optical parame-
ters will help optimize WbLS performance for neu-
trino detection and enable more accurate modeling
of detector response.

Despite these limitations, WbLS demonstrates
clear advantages over pure water in terms of com-
bined Cherenkov and scintillation light yield and
time-profile discrimination capabilities. Further
optimization of WbLS composition and detailed
optical characterization can enhance its poten-
tial for next-generation neutrino experiments and
other applications requiring high light collection
efficiency and precise timing information.
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6 Conclusion

A comparative study of pure water and water-
based liquid scintillator (WbLS) has been carried
out using a small-scale detector equipped with four
photomultiplier tubes. The results confirm that
WbLS enhances both light collection and tempo-
ral signal characteristics relative to pure water.
Time-profile analysis shows that WbLS wave-

forms exhibit longer tails and a larger fraction of
double-peak events, indicating the presence of dis-
tinct Cherenkov and scintillation components. In
contrast, pure water produces sharp single-peak
signals with negligible tails. Quantitatively, the
mean integrated ADC counts are higher for WbLS,
with relative increases of approximately +28.74%
at the top PMT and +7.59% at the bottom PMT.
This trend is consistent with expectations: be-
cause the top PMT receives less Cherenkov light
due to its directional nature, the relative contri-
bution of isotropic scintillation photons is corre-
spondingly larger.
Cosmic muon direction studies further confirm

the geometric expectation that the bottom PMT
registers a higher absolute light yield than the top
PMT, independently of PMT swapping.
In summary, WbLS demonstrates clear im-

provements in both light yield and time-based
signal separation compared to pure water. The
observed consistency with physical expectations
strengthens the case for WbLS as a tunable detec-
tion medium. Future work should include system-
atic calibration of absolute photon yield and ex-
ploration of different WbLS compositions to fully
evaluate its potential for next-generation neutrino
experiments.
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Figure 12: Super-Kanmiokande

Appendix

A Additional Charge Distri-
butions for PMT-B

(a) PMT-B at the top position

(b) PMT-B at the bottom position

Figure 13: Integrated ADC distributions for PMT-B
under different positional configurations in pure water.
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B Additional Charge Dis-
tributions for Top-PMTs
comparison

(a) PMT-A at the top position in WbLS

(b) PMT-A at the top position in pure water

Figure 14: Integrated ADC distributions for PMT-A
in WbLS and pure water.
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