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• 1. Introduction 
• Detector innovations and discoveries in neutrino physics 
• Limitations of  Cher/Scint detectors 
• Analysis refinements in Borexino and SNO+ 

• 2. Overview of  hybrid technology developments 
• Technology testbeds 
• Water-based liquid scintillators 
• Slow and loaded scintillators 
• Dichroicons 
• LAPPDs and fast PMTS 
• Other ideas  

• 3. Path forward 
• Integration into large scale detectors 
• What’s the best compromise between low and high energy goals?



1 .  I N T R O D U C T I O N
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D E T E C T O R S  A N D  P H Y S I C S
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• Physics discoveries are based on innovations in detector (and sources) technology

Nuclear reactors 
HE syncrotron 

Radiochemical technique 
Ultra-pure liquid scintillators 

Large water Cherenkov detectors 
Huge water/ice detectors 

Loaded liquid scintillators 

• Electron neutrinos 
• Muon meutrinos 

• Solar Neutrinos 
• Low energy solar neutrinos 

• Neutrino oscillations 
• HE astronomical neutrinos 

• Best double-beta decay limit

F I R S T D I S C O V E R Y  O F
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A .  M A S T B A U M
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C U R R E N T  L I M I TA T I O N S
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• Single tech experiments 

T Y P E / E N E R G Y L O W  E N E R G Y H I G H  E N E R G Y

C H E R E N K O V
L O W  L I G H T  Y I E L D .  L I M I T E D  

R E A C H  ( 3 . 5  M E V )

N O T  S E N S I T I V E  T O  
H A D R O N S  O T H E R  T H A N  

P I O N S

SC INT I L LATOR
L I M I T E D  E V E N T  I N F O  

S O M E  B A C K G R O U N D S  S T I L L  
H A R D  T O  B E AT

R E C O N S T R U C T I O N  O F  
C O M P L E X  T O P O L O G I E S  

L A R G E  M A S S  I S  H A R D
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W A T E R  C H E R E N K O V,  H I G H  E N E R G Y
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• Very good detectors for HE leptons 

• But Eν ≠ Elepton

N E E D  M O R E  I N F O R M AT I O N  T O  R E S O LV E  C O M P L E X  T O P O L O G I E S

P T E P  2 0 1 9 ,  0 5 3 F 0 1

P H Y S .  R E V.  D  1 0 3 ,  1 1 2 0 0 8  ( 2 0 2 1 )

Final states involving hadrons 
(other than pions…) are hard for 

water Cherenkov detectors
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W A T E R  C H E R E N K O V,  L O W  E N E R G Y
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• Great SK results in solar 
neutrinos, due to huge statistics 

• Lowest threshold: 3.5 MeV  

• Backgrounds rise dramatically 
below 4 MeVmulti-GeV

P H Y S . R E V. L E T T  1 3 2 ,  2 4 1 8 0 3  ( 2 0 2 4 )

D I R E C T I O N A L I T Y  N O T  E N O U G H  W H E N  B A C K G R O U N D S  T O O  H I G H  
N E E D  C L E A N E R  M AT E R I A L S
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S C I N T I L L A T O R ,  S O L A R
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• Borexino, low energy 
• pioneering measurements using T 

control and Bi210 constraint  
• pep: +16% - 18% 
• CNO: +18% -12%

• SNO+, 8B 
• good prospects for 2.5 MeV bin, 

pushing into transition region  
• 3.0 MeV is not impossible but hard

D .  C O O K M A N  /  J M ,  
N E U T R I N O  2 0 2 4

N AT U R E  V.  5 6 2 ,  
P.  5 0 5  ( 2 0 1 8 )

H I G H  B A C K G R O U N D S ,  N E E D  M O R E  E X P E R I M E N TA L  H A N D L E S  
B E T T E R  D I R E C T I O N A L I T Y  W O U L D  S U R E LY  H E L P
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• Borexino 
• Ch. photons cause “drive” in position 

reconstruction 
• Statistically observe excess in the 

direction of  the Sun 
• Improve CNO measurement

J .  M A R T Y N ,  T.  K R O U P O VAU S E  E A R L I E S T  H I T S  I N  B O T H  C A S E S

• SNO+ 
• In partial fill phase, low 

PPO concentration 0.6 g/l 
• Slower scintillation 
• First event-by event 

reconstruction!

B 8  S O L A R  N E U T R I N O S

C N O  S O L A R  N E U T R I N O S
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S C I N T I L L A T I O N ,  D O U B L E  B E TA  D E C A Y
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• KamLAND-Zen, 136Xe 
• World-leading DBD sensitivity  
• Limiting background is Xe cosmogenics 
• K2-Zen can improve, but not by much

• SNO+, 130Te 
• Limiting background will be 

• 0.5%: solar neutrinos 
• 1.5%: 2νββ

H I G H  B A C K G R O U N D S ,  N E E D  M O R E  E X P E R I M E N TA L  H A N D L E S  
B E T T E R  D I R E C T I O N A L I T Y  W O U L D  S U R E LY  H E L P  

B E T T E R  T I M I N G  C A N  H E L P  F O R  M U LT I - S I T E  R E J E C T I O N
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L I Q U I D  A R G O N ,  L O W  E N E R G I E S
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• Solar neutrinos 
• main reaction is CC, not ES 
• that’s nice in itself, can combine with 

SK/HK ES and make a model-
independent measurement of  full 
flux. First time after SNO 

• best detector to measure hep 
• can also see day-night 

• Double-beta decay (with Xe doping) 
• Backgrounds are simply too high 

below 5.0 MeV…



2 .  O V E R V I E W  O F  H Y B R I D  
T E C H N O L O G I E S
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E X A M P L E :  1  G E V  M U O N
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O V E RV I E W  O F  R & D  PA T H S
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A .  M A S T B A U M



T E C H N O L O G Y  T E S T B E D S
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B N L  1  T O N ,  3 0  T O N
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• BNL 1 T detector 
• Acrylic tank 1.3m tall, 1m diameter 
• 58 PMTs 

• 30 2” diameter tubes on bottom 
• 28 3” diameter tubes on side 

• 1% WbLS (DIN+PPO)

M .  Y E H ,  A .  B A L D O N I ,  R .  WA N G

• BNL 30 T detector 
• Steel tank, 36 PMTs 
• Muon taggers 
• WbLS increasing from 0.35% to 1%
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A N N I E
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• Broad physics program with beam νμ in water 
• Testbed for hybrid detector technologies 

• WbLS 
• LAPPDs

R .  S V O B O D A ,  A .  W E I N S T E I N

B A S E L I N E  P E R F O R M A N C E  
E N E R G Y  R E S O L U T I O N  O N  S I N G L E  

T R A C K  M U O N S  I S  A B O U T  1 2 %
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E O S
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L .  P I C K A R D
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E O S :  L O T S  O F  N I C E  P H O T O S !
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L .  P I C K A R D
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E O S  C A L I B R A T I O N S
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L .  P I C K A R D

A M B E

T H  A N D  L B
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E O S  D I R E C T I O N A L  S O U R C E
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beta source

fiber + SiPM 
trigger

R E S O L U T I O N  =  4 2 º  

S . Y.  J E O N
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M I C H E L S  O N  E O S
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• Easy to trigger on, good 
to do analysis and 
compare to MC

B .  H A R R I S
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B U T T O N
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• New detector / test facility just/almost complete  
• @Boulby mine, UK. 1.1 km deep, low background rock salt 
• Flexibility to test different photosensors and media  

• H2O → Gd-H2O -> WbLS -> Gd-WbLS -> future fills (LS?)  
•

F U T U R E :  1  K T

A M B E  A N D  
L I G H T  S O U R C E S

N O W :  P M T S  
P O W E R E D  O N !

J .  G O O D I N G



J. Maneira (LIP)                                                  Overview - Hybrid Detectors - Philadelphia - June 2025

N U D O T
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• New detector @ Univ. of  Delaware, testing 
Ch/Sc separation in LAB/PPO through 
fast timing (small and big PMTs)

• Being commissioned now, 
with cosmic muons, 
directional source

S .  A X A N I



W AT E R  B A S E D   
L I Q U I D  S C I N T I L L AT O R
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W A T E R - B A S E D  L S  @  B N L
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• Advantages w/r LS 
• Cost, attenuation length, scalability, safety, 

possible metal-loading (Gd, Te, Li) 
• Advantages w/r water 

• Calorimetry from scintillation light

• Trying several combinations of  solvent, 
fluor

M .  Y E H
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B .  G E L L I
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S C I N T I L L A T O R  T E S T S  @ C H E S S
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• Extensive characterization of  several mixtures 
• LAPPD for fast, PMT for slow, components 
• Good MC agreement

E .  C A L L A G H A N

L I G H T  Y I E L D

B E TA  T I M I N G

A L FA / B E TA  P S D  
S E E M S  H A R D
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W B L S  @ B N L
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A .  B A L D O N I ,  R .  WA N G ,  M .  Y E H

1  T O N  
S TA B L E  O V E R  A  F E W  W E E K S

1  T O N  
L I G H T  I N C R E A S E  A S  WAT E R  

R E P L A C E D  B Y  W B L S

3 0  T O N  
L I G H T  D O U B L E S  I N  W B L S  

M C  C O M PA R I S O N S  
O N G O I N G

3 0  T O N  
G D - L O A D E D  W B L S
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W B L S  A T  A N N I E ,  E O S
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J .  M A R T Y N ,  R .  S V O B O D A ,  
L .  P I C K A R D

A N N I E

E O S



M O R E   
S C I N T I L L AT O R  
D E V E L O P M E N T
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S L O W  S C I N T I L L A T O R S
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• Slow scintillators: improve Cherenkov separation 
• 1. Lower the fluor concentration. Low light yields, 

excellent transparency 
• 2. Slow fluors. Several problems: expensive, toxic, 

emission deep in the UV, some loss in LY 
• 3. Multi-solvent cocktails (e.g. LAB/DIN)

LAB/DIN/BPO

LAB/PPO

90% LAB + 10% DIN + 1.0 g/l PPO

H .  S T E I G E R
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T E L L U R I U M  D O P I N G
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L O A D I N G  V I A  T H E  M E T H O D  O F  I . A .  
S U S L O V  E T  A L . ,  D I P H E N Y LT E L L U R I U M  

D I C A R B O X Y L AT E S

L O A D I N G  W I T H  D I O L S  ( S N O +  
T E C H N I Q U E )  B E T T E R  LY

H .  S T E I G E R
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M O D E L  S C I N T I L L A T O R  P R O P E R T I E S
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W.  W O L S Z C Z A K



P H O T O N  S E N S O R S
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D I C H R O I C O N S
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• Several promising results coming 
out of  tests at Penn 

• Now several of  these are in Eos, 
more results soon

S .  N A U G L E
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D I C H R O I C O N S  I N  E O S
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• Optical calibration 
using laserball

L .  P I C K A R D
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L A P P D  C O N C E P T,  D E V E L O P M E N T
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• Large Area Picosecond Photo-Detectors 
• Photocathode + microchannel plate amplification 

+ strips readout 
• Excellent timing (~50 ps), high QE (~30%), 

position sensitive, large area (e.g. 20x20 cm) 
• Starting to be used in several HEP applications 

• pfRICH and DIRC (subdetectors of  EIC gp det.) 
• Fermilab test beam facility

A .   W E I N S T E I N
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L A P P D  P E R F O R M A N C E  @ A N N I E
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• LAPPDs packaged together with 
electronics in underwarer housing 

• 3 deployed in ANNIE at the same time

A .   W E I N S T E I N ,  
R .  S V O B O D A

• Timing in each strip correlated to 
angle of  muon relative to wall 

• They work !

N E U T R I N O  B E A M  T I M I N G !

I M P R O V I N G  R E S O L U T I O N
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H A M M A M A T S U  R 1 4 6 8 8  P M T S
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T.  K A P TA N O G L U ,  
L .  P I C K A R D

Peak/Valley > 4 
Excellent 

prospects for 
PE counting

Charge

Excellent candidate for a 
future hybrid detector !



E L E C T R O N I C S



J. Maneira (LIP)                                                  Overview - Hybrid Detectors - Philadelphia - June 2025

D I G I T I Z A T I O N
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• Other approaches 
• NeuPix for custom pulse-shape discrimination 
• TDC with FPGA can be an alternative for high 

number of  channels

C .  G R A C E

Pulse sampling always 
better, but expensive

Switched Capacitor Array decouples fast sampling 
(into an “analog memory”) from slow readout
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N O T  D I G I T I Z A T I O N
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• Can we do peak measurment and 
photoelectron counting without 
expensive full digitization?  

• Exploring Analog Photon Processor 

A .  N I K O L I C A
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P H O T O N  C O U N T I N G  I N S T R U M E N TA T I O N
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• BGO + SiPM detector used 
in TOF-PET 

• Readout electronics and 
signal processing chain

Could be applied to 
EOS and segmented 

LAPPDs

J .  C AT E S



A R A P U C A S
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X - A R A P U C A
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• Large Area Photon Detectors developed for LAr scintillation (128 nm) 
• First use of  dichroic filters (?), coupled to WLS and SiPM

A . A .  M A C H A D O  E T  A L  2 0 1 8  J I N S T  13  C 0 4 0 2 6
E .  S E G R E T O  N N N 2 4

X - A R A P U C A S  I N  D U N E
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C - A R A P U C A
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• Developed for water Cherenkov 
• Simpler design (no PTB), low pass filters

A .  FA U T H ,  A .  M A C H A D O  E T  A L .  
H T T P S : / / D O I . O R G / 1 0 . 1 0 0 2 / A S N A . 2 0 2 4 0 1 2 3

Preliminary tests with muons 
and water tank at Campinas

C O U L D  T H I S  B E  U S E D  F O R  H Y B R I D  
D E T E C T O R S ?  P H O T O N  D E T E C T I O N  
E F F I C I E N C Y  I S  M A I N  C H A L L E N G E ,  

B U T  G E O M E T R Y  I S  S I M P L E



A N A LY S I S  A N D  S I M U L AT I O N  
F O R  A  H Y B R I D  D E T E C T O R
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W AV E F O R M  A N A LY S I S  T E C H N I Q U E S

52

• EOS readout through waveform digitization 0.5 GHz 
• Several methods being explores to estimate number of  

photoelectrons and timing

Convolutional Neural 
Network shows promise

SPE

K .  D E  H O LT O N
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S I M U L A T I O N
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• Interesting insight: 
LAB+PPO is the best. 
Likely due to highest 
refractive index

L .  L E B A N O W S K I

Directionality performance, with scintillation light off
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M A C H I N E  L E A R N I N G
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• A world of  opportunities in simulation, reconstruction, inference 
• Many developments in HEP. Neutrino Physics example:

B .  N A C H M A N
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L B L  C P V  S E N S I T I V I T Y
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• Even without scintillation light, the LBL CP sensitivity 
for 17kt water detector is similar to 10kt LAr detector 

• Next: add scintillation light to fiTQun reconstruction 
software

Z .  X I E



N E W  I D E A S
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A R C H E R S

57

• Liquid Argon Hybrid detector: 
• Backgrounds are very high below 5 MeVm but… 
• Cherenkov/Scintillation identification benefits from a 

very good spectral separation (scintillation is 128 nm).  

L .  L E B A N O W S K I

D U N E - S I Z E  D E T E C T O R  
W I T H  T P B  C O AT E D  A N D  

U N C O AT E D  P M T S



J. Maneira (LIP)                                                  Overview - Hybrid Detectors - Philadelphia - June 2025

C O H E R E N T  C A P TA I N  M I L L S
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• 7 ton active LAr volume, 200 8” PMTs, 
50% photocoverage, 2 ns, Los Alamos 

• 160 PMTs coated w/ TPB, 40 uncoated 
• Calibration with Na22 source 
• Cherenkov: early hits in uncoated PMTs

C H E R E N K O V  A N G L E

D .  N E W M A R K



J. Maneira (LIP)                                                  Overview - Hybrid Detectors - Philadelphia - June 2025

T I M E  S O R T I N G  B E A M  N E U T R I N O S  
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• Low energy pions are slower 
• Low energy neutrinos arrive later 
• Split the events in time slices, each 

has a different energy spectrum 
• Possibly powerful tool to constrain 

systematics, combine with PRISM 
• Requires sub-ns timing

M .  W E T S T E I N



3 .  PAT H  F O R W A R D



B A C K  T O  P H Y S I C S
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W H A T  P H Y S I C S  C A N  W E  E X P E C T ?
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• Precision pep and low energy 8B: MSW transition region 
• Precision CNO: solar model metallicity 

• Double beta decay:  
• lower solar neutrino background a “slam dunk” 
• more than that will be hard. Even if  you identify 2 rings, some backgrounds have them 

• Supernova neutrinos: directionality 

• High energy: Beam, atmospherics, proton decay 
• should improve over water Cherenkov 
• similar performance as LAr, with a simpler detector
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S O L A R  N E U T R I N O S
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T.  K A P TA N O G L U

H O W  L I K E LY  I S  T H I S ?

C A R B O N  C O S M O G E N I C S ?

S L A M  D U N K

S L A M  D U N K

M Y  TA K E :  O N LY  C N O  A N D  8 B  
U P T U R N  A R E  R E A L  O P P O R T U N I T I E S  

T O  M A K E  A  D I F F E R E N C E
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0νββ

64

• 5% natTe in LAB+PPO with a PMT coverage of  90% (light level of  1200 ph/MeV) 
• 90% CL 10-year limit: T1/2 > 1028 yrs (mββ< 6.3 meV)

T.  K A P TA N O G L U

• Effect of  directionality cut not game-changing. Need to explore other advantages of  
hybrid detectors, such as multi-site gamma rejection.
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 S T R E T C H  G OA L  0νββ

65

• Angular correlations in double-beta decay? 

• With light Majorana neutrinos,  varies little, 
has ~10% uncertainty  

•  depends on energy. @ ,  … 

• Full range -1 <  < +1 for models such as R-
parity violating SUSY or Left-Right Symmetric

K0ν

K2ν Qββ K2ν ≳ K0ν

K0ν

A .  A L I  E T  A L . ,  A R X I V: 0 7 0 6 . 4 1 6 5

dΓ
dθ

= 1 − K cos θ

K = 0.81 (76Ge)  
K = 0.85 (130Te) 
K = 1 

• Possible smoking gun for DBD 
• Probe underlying physics 
• Can Hybrid detectors do it?



N O W  A D D  A L L  T H I S  I N T O  
A  C O H E R E N T  D E T E C T O R !
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PA N E L  D I S C U S S I O N S
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• Scintillator and photon sensors panel discussion 
• Emphaysis on safety and regulations issues. it’s a big deal… 
• Pure LS: Better cleanliness, LY. WbLS: Better cost, Ch rings.  

• Can photon sensors compensate? 
• Discussion on dynamic range 

• Wrap-up panel discussion 
• A lot of  progress in recent years. Technologies are essentially ready 
• Define a few realistic scenarios based on location 

• SNOLAB: prioritize DBD. What do you need for solar? 
• SURF: prioritize LBL. What do you need for DBD, solar?
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• Different physics push in different directions.  
• HE needs bigger detectors and ring identification, LE needs more light, better purity 

• So where’s the advantage in putting it all together? 
• Biggest synergy is in the photon detectors. They give advantages at both scales 
• The compromise lies essentially in the choice of  target material 
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• To Gabriel and Josh for the invitation, for such a great, focused, workshop and the  
warm welcome to Philadelphia! 

• To all of  you who provided material for this talk! 

• Last but not least, to my funding agency in Portugal, FCT - Fundação para a Ciência 
e a Tecnologia, via the project PTDC/FIS-PAR/2679/2021


