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Liquid scintillator detectors: 
present and future perspectives



● Scintillators are extremely popular in modern physics, but here focus on 
astroparticle/underground/rare events physics 

● Focus on organic liquid scintillators, and photomultiplier tubes (PMTs) array as light 
detection system

Solvent (aromatic hydrocarbons) + two fluors 
(~g/L and ~mg/L) to reduce self-absorption and 
match PMT QE range

Light emission times: ~ few ns

Traditional liquid scintillators
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Skeleton of an 
exemplary LS detector

● A large mass of LS, usually enclosed in a 
containment vessel (spherical/cylindric)

● Several shielding layers
● PMT arrays as light collection system

Liquid
Scintillator

shielding

vessel
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PMT array & readout & 
signal processing



Skeleton of an 
exemplary LS detector

● A large mass of LS, usually enclosed in a 
containment vessel (spherical/cylindric)

● Several shielding layers
● PMT arrays as light collection system

Typical light yield: 
103-104 emitted photons per MeV
102-103 photoelectrons per MeV 

PMT array & readout & 
signal processing

interaction 
vertex

scintillation photons
(+ few Cherenkov 
photons)
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Signal maximization

Three key challenges for a LS detector

● Large masses: scalability 
challenge

● High Light yield
● Light propagation & 

collection

Background control Real-time detectors
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Signal maximization

Three key challenges for a LS detector

● Large masses: scalability 
challenge

● High Light yield
● Light propagation & 

collection

● Radiopure materials
● Passive shielding 

(underground labs)
● Purification plants
● Active vetoes

On an event-by event basis, 
estimate energy, interaction 
vertex (and direction?), and 

have high detection 
efficiency

Background control Real-time detectors
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Borexino
data taking 2007-2021

Solar 𝜈, geo-𝜈, flavor oscillations 

Key experiments in LS history
KamLAND

data taking 2002-2013
(now KamLAND-Zen)

Geo-𝜈, flavor oscillations, solar 𝜈

JUNO
data taking 2025-20??

𝜈 mass ordering, flavor oscillations, 
solar 𝜈, atmospheric 𝜈
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What’s next?
● Traditional LS detectors have reached multi-kton scale (JUNO, 20 kton)
● Scintillation light is emitted promptly and isotropic, almost no direction identification 

→ Cherenkov photons contribute at % level only and cannot be “identified” event per event
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What’s next?
● Traditional LS detectors have reached multi-kton scale (JUNO, 20 kton)
● Scintillation light is emitted promptly and isotropic, almost no direction identification 

→ Cherenkov photons contribute at % level only and cannot be “identified” event per event

Hybrid scintillators → best of two worlds: exploit 
simultaneously the pros of scintillation and Cherenkov 
light;

● Scintillation → energy resolution, low threshold;
● Cherenkov → directionality;

Opaque scintillators → reversing the 
original LS idea
→ short attenuation length: very
opaque LS + web of scintillating fibers 
as collection system
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(sLS)

Water-based LS 
(WbLS)



● To separate the Cherenkov light 
contribution and unlock its directional 
signature, let’s slow down the 
scintillation light (of 10-100 ns)

● At what cost?

Slow Liquid Scintillators
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Exemplary sLS time emission
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1) Lower the fluor concentration 
[Guo, Z. et al. – Astropart.Phys. 109 (2019) 33-40] 
• Low light yields 
• Limited PSD capabilities 
• Excellent transparency in case of LAB 

2) Use Slow fluors 
[Biller, S. et al. – NIM A 972 (2020) 164106] 
• Clear directional signature, not expensive
• Toxic or cancerogenic compounds? 
• Slow scintillation comes often at the cost of losses in LY 

3) Blended or multi-solvent cocktails → blend the solvent 
(typically LAB, LinearAlkylBenzene with DIN (Diisopropylnaphthalene)
[Steiger, Hans Th. J. et al. – JINST 19 (2024) 09, P09015] 
• LY typically: 104 Ph./MeV, τ = 12– 45 ns (adjustable) 
• LY and PSD can be enhanced balancing solvent and co-solvent

Light yield and emission 
time are anti-correlated

Recipes for a Slow LS
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LS vs sLS: 
comparable LY



Slow LS: recent progresses
SNO+ as a sLS detector: during the 
filling phase, LAB+PPO (0.6 g/L: low 
concentration!): clear directional signal, 
8B solar 𝜈 (Phys.Rev.D 109 (2024) 7, 072002)
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sLS characterization with LAVATRICE (INFN PD + Mainz)
Acrylic vessel, 20 L of LS, light collected by 48 2-inch 
PMTs, test beam campaign at Legnaro

first event-by-event direction 
reconstruction in a LS detector

forward peak: 
8B solar 𝜈demonstration to 

characterize the detection 
properties for ~15-20 kg 
of LS (times, C/S ratio, 
bkgs, PID)



● How to build it: small amount of scintillator 
diluted in water (from ~1% to ~10%); 

● To mix the scintillator (oil) with water a 
surfactant is needed (chemical compounds 
decreasing the surface tension between two 
liquid);

Water-Based Liquid Scintillators
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● How to build it: small amount of scintillator 
diluted in water (from ~1% to ~10%); 

● To mix the scintillator (oil) with water a 
surfactant is needed (chemical compounds 
decreasing the surface tension between two 
liquid);

● Wrt to sLS: environmental compatibility & 
safety & lower costs

● Particle ID by C/S ratio

● Light Yield is smaller with respect to 
standard LS (~10% for 10% WbLS)

● Large-scale purification more difficult

Water-Based Liquid Scintillators
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WbLS R&D is advancing with several ton-scale deployments

Water-Based Liquid Scintillators

Credits to H. 
Steiger

proposal for DUNE
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What’s next?
● Traditional LS detectors have reached multi-kton scale (JUNO, 20 kton)
● Scintillation light is emitted promptly and isotropic, almost no direction identification 

→ Cherenkov photons contribute at % level only and cannot be “identified” event per event

Hybrid scintillators → best of two worlds: exploit 
simultaneously the pros of scintillation and Cherenkov 
light;

● scintillation → energy resolution, low threshold;
● Cherenkov → directionality;

Opaque scintillators → breaking the 
conventional paradigm of transparency 
(C. Buck et al 2019 JINST 14 P11007)
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Slow LS 
(sLS)

Water-based LS 
(WbLS)



Opaque LS
Breaking the conventional paradigm of transparency

● LS with short scattering length and intermediate absorption length → milky and translucent LS
● LiquidO technique: collecting light close to interaction vertex with dense array of fibres 

→ tracking and imaging are enabled! → PID event-by-event.
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1 MeV e+, simulation, 1 cm fibre pitch



Opaque LS: R&Ds
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● Potential for applications and fundamental physics: CLOUD at Chooz (reactor 𝜈), LPET (medical imaging), 

Super Chooz pathfinder (large scale, multi-purpose)

● LiquidO R&D extensive field: new μCrystal scintillators arXiv:1807.00628, water-based opaque scintillator 

arXiv:2406.13054, emulsion…

NoWaSH: LAB + PPO + Paraffin 
Wax (10%-20% mass)

MiniLiquidO
10 litres NoWaSH detector, 
→ 56 wavelength-shifting fibres
→ light confinement 
demonstrated ✔

https://arxiv.org/abs/1807.00628
https://arxiv.org/abs/2406.13054


Conclusions

323

● Neutrino physics with organic LS as detection medium is on the verge of a new era: 

slow LS, WbLS, opaque LS

● R&D facilities and new ideas spreading, Cherenkov/Scint. separation demonstrated, 

ton-scale demonstrators (ANNIE, EoS, CLOUD for LiquidO) are funded and/or ongoing;

● Towards a large-physics program at MeV or GeV scale for solar/SN/accelerator neutrinos 

(SNO+ in low PPO phase is the present, THEIA as DUNE module could be the future)



Backup
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Opaque LS
Particle ID with LiquidO (simulations)
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Scintillation/Cherenkov separation
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LS-based experiments 
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3

Credits to D. Guffanti
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Neutrino oscillations

Atmospheric 𝜈 Accelerator 𝜈 Reactor 𝜈 Solar 𝜈

Observable 
experimentally with

Quantum superposition of 𝜈 mass eigenstates leads to 𝜈 oscillation
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Neutrino Mass Ordering (NMO)

Normal Ordering 

Inverted Ordering 

Two mass splittings:

What is the correct NMO?

4

large mass splittingsmall mass splitting
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Why NMO is important?
1) Missing tile for the fundamental comprehension of neutrinos

2) Strictly connected to < 1% determination of θ
23

, Δm2 splittings

3) Remove the degeneracy between leptonic CP violation (δ
CP

) and MO → T2K, NOvA, DUNE

4) Driving the strategy for the next-gen 0𝜈𝛽𝛽  experiments: can they determine the Dirac/Majorana nature?

NO

IO

Next 
generation 
(ton-scale) 
experiments

Eur. Phys. J. 
C (2023) 83: 
782, 

Phys. Rev. D 
110, 012005

Gómez-Cadenas et al, Riv.Nuovo Cim. 46 (2023) 10, 619-692 531

https://epjc.epj.org/articles/epjc/abs/2023/09/10052_2023_Article_11819/10052_2023_Article_11819.html
https://epjc.epj.org/articles/epjc/abs/2023/09/10052_2023_Article_11819/10052_2023_Article_11819.html
https://epjc.epj.org/articles/epjc/abs/2023/09/10052_2023_Article_11819/10052_2023_Article_11819.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.012005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.012005
https://link.springer.com/article/10.1007/s40766-023-00049-2


Reactor experiments
Artificial 𝜈

e
 source → unstable fragments: cascade of β decay of fission daughters of 235U, 

238U, 239Pu, 241Pu. Typical flux ~ 2·1020 𝜈
e
 / s / GW
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Detection: Inverse Beta Decay reaction
prompt-delayed coincidence: energy, time, space

therm
alizatio

n
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Oscillations global analysis

 (SK+T2K) + NOνA + IceCube-DeepCore + MINOS + Daya Bay + RENO + DoubleChooz

Daya Bay + (SK+T2K) + NOνA + MINOS + IceCube

3𝜈 fit based on data up to March 2024 - NuFIT 5.3 (2024), www.nu-fit.org

KamLAND, solar experiments

7

mass ordering?

JUNO
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http://www.nu-fit.org


Experiment Daya Bay Borexino KamLAND JUNO
Target mass [t] 160 ~300 ~1000 ~20000

Photo electrons / 
MeV ~160 ~500 ~250 ~1600

Energy resolution 
@MeV ~8.5% ~5% ~6% ~3%

Photocathode 
coverage 12% 34% 34% 78%

Energy cal. Uncert. 0.5% 1.0% 2.0% <1%

Liquid scint. (20kt)

Water pool

Top tracker

43.5 m

Largest liquid scintillator ever (20 kton), 
equipped with 17612 large PMTs + 25600 small 
PMTs to collect scintillation light
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JUNO design
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