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Can we combine the best part of a Cherenkov 
Detector with a Liquid Scintillator Detector?
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Clear particle ID
Direction information
Highly transparent
Cost effective
Safe to handle

Lots of light  
High efficiency 

(even at low energy)

= 

1GeV muon
2MeV positron 

& photon? 
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Properties of Water-based Liquid Scintillator
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Little LS 
Lots of Light

Good Attenuation Length

Fast Timing



Applications of Water-based Liquid Scintillator
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Detection of particles below Cerenkov threshold
Retaining Cerenkov ring ID ability

Proton Decay

Double Beta Decay
High light yield
Easy Metal loading

WbLS

Example Applications



Simulation of a Large WbLS Detector
• Based on WCSim software (Geant4-based 

simulation used in LBNE Water detector 
concept design)

• SK-like geometry, 22.5 kton Fiducial Volume

• SK 20’’ PMT, 40% coverage

• WbLS material + scintillation + wavelength 
shifting
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Example: a 500 MeV Muon

x%-WbLS (d=0.9945 g/cm3) +PPOx%-WbLS (d=0.9945 g/cm3) +PPOx%-WbLS (d=0.9945 g/cm3) +PPOx%-WbLS (d=0.9945 g/cm3) +PPOx%-WbLS (d=0.9945 g/cm3) +PPOx%-WbLS (d=0.9945 g/cm3) +PPO

Element 
composition (%)

H O C S NElement 
composition (%) 65.9 30.9 3.1 0.09 0.006

Refractive Index 1.3492 @580nm1.3492 @580nm1.3492 @580nm1.3492 @580nm1.3492 @580nm

Timing 1.23 ns (26%) + 9.26 ns (74%)1.23 ns (26%) + 9.26 ns (74%)1.23 ns (26%) + 9.26 ns (74%)1.23 ns (26%) + 9.26 ns (74%)1.23 ns (26%) + 9.26 ns (74%)

Absorption length 50m @430 nm50m @430 nm50m @430 nm50m @430 nm50m @430 nm

Birks Constant 0.124 mm/MeV0.124 mm/MeV0.124 mm/MeV0.124 mm/MeV0.124 mm/MeV

photon yield 90 / MeV (tunable)90 / MeV (tunable)90 / MeV (tunable)90 / MeV (tunable)90 / MeV (tunable)



The                       Channel in Cerenkov Detectors
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Favored SUSY decay mode

Kinetic Energy of K+ is 105 MeV, 
invisible in water Cerenkov detectors

Gamma Tag for p ! " K+

H.Ejiri Phys. Rev. C48 (1993) 1442

Nuclear Shell Model:
16O (p3/2) ! 15N* + proton hole
de-excites by 6.3 MeV gamma

most
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electron
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gamma

#$ ~ 12 ns

#µ ~ 2 µs

Coincidence signature:
proton decay to K+n accompanied by prompt %
K+ is below Cherenkov threshold: no light
followed by K+ decay to µ+" ~12 ns later

followed by muon decay to electron ~ 2 ms later

~ 6 MeV
(30%)

N*
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SK Limit

In WbLS, the Kaon prompt signal is suddenly visible

SK

M. Shiozawa, 
NNN09
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 Visible K+!

A simulated event with 90 scintillation photons/MeV
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Main background: atmospheric νμ

Reduce by:

- Rising-time cut: distinguishes one-pulse 
(background) from two-pulse (signal) by 
rising-time (from 15% to 85% of maximum 
pulse height) of the pulse shape

- Reconstructed Kaon energy cut: by 
subtracting the reconstructed muon energy

Reconstructed Kaon PE

proton decay
signal

atmospheric νμ background



Summary of Efficiency, Signal, Background
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Selection EfficiencyEfficiency

800 < PE in first 100 ns < 1100 96.8%96.8%

One Michel positron 99.2%99.2%

Muon decay later than 100 ns 95.6%95.6%

Rising time >= 10 ns or Reconstructed Kaon 
PE > 150

Free Protons Bound Protons
Rising time >= 10 ns or Reconstructed Kaon 

PE > 150
96.4% 75.2%

Total Efficiency 88.5% 69.0%

#Protons (22.5 kton) 1.53E+33 5.98E+33

Predicted Signal Events
(in 10 y, t1/2=2.8E33 y) 15.215.2

Predicted Background
(in 10 y)

0.10.1
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Projected Sensitivity

Year
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WbLS 22.5 kt

τ(p → K+ν̄) > 2× 1034y at 90% C.L. in 10 years
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Can We Achieve 90 photons/MeV?

210 MeV dE/dx ~ K+ from PDK

475 MeV Cerenkov threshold

2 GeV MIP

3 low Intensity Proton Beams

Water pure water

WbLS 1 0.4% LS

WbLS 2 0.99% LS

LS pure LS

4 Material Samples

Tub 1
PTFE

(highly reflective 
white Teflon)

Tub 2
Aluminum coated 
with black Teflon

2 Detectors
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Light Yield Ratio of WbLS / pure LS

• The light yield of WbLS with 0.99% LS is measured to be 1% of pure LS.

• Typical photon yield for pure LS is ~9K optical photons / MeV.

• We can fabricate WbLS with 90 scintillation photons / MeV that satisfies 
the requirements for                   search ! 
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Detector design
Criteria is that Cerenkov light of all incoming 
beam particles fully illuminate PMT.
s = PMT separation from beam centerline
r = wall separation from beam centerline
Take s=r=beam FWHM/2.35*number of sigma
w=L+p+s+r
d=(L+p+s+c/2)/sinθ
cosθ=1/n
n=1.34
h=p
V=w*d*h
Estimated volume ~1.5liters
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All internal dimensions, i.e., does not
take wall thickness into account

8

Det# index 
of 

refract
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PMT 
diam 
(cm)

LED 
width 
(cm)

hodos
cope 
width 
(cm)

displace
ment of 
PMT wrt 

beam 
center 
(cm)

displace
ment of 
box wall 

wrt beam 
center 
(cm)

height 
(cm)

width 
(box,cm)

depth
(box,cm)

Volume
(box, 

cm^3)

475 MeV 
Beam 
FWHM

(cm)

Number 
of beam 
sigma

n p L c s r h w d v 
V1
V2
V3

1.33 6.0 1.0 2.0 2.3 2.3 6 11.6 15.6226 1,087.3 2.7 2
1.33 6.0 1.0 2.0 3.45 3.45 6 13.9 17.3669 1,448.3 2.7 3
1.33 6.0 1.0 2.0 5.74 5.74 6 18.48 20.8403 2,310.7 2.7 5

May 6, 2013

Better separation 
of Cerenkov and 
scintillation light



Summary
• Water-base Liquid Scintillator is a novel particle 

detection medium that is 

- mass-producible

- cost-effective

- safe to handle

- with high optical performance.

• WbLS detector can adjust light production for 
different physics applications

- nucleon decay (detection below Cerenkov 
threshold)

- double beta decay (metallic loading)

- reactor monitoring, veto system, etc.

• A Geant4 based full detector simulation for WbLS 
application shows great potential in searching for 
proton decay
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