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17 Institutions from 6 Countries, ~40 collaborators
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ANNIE is located on the
Fermilab Booster
Neutrino Beam (BNB)
in the same hall formerly
occupied by SciBooNE
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Note: The BNB has a bunch structure that 
ANNIE will seek to exploit - more on this later
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Physics Goals of ANNIE

• Conduct a broad physics program using  
interactions in water

•  Demonstrate new technology for 
       a future hybrid optical neutrino
       detector (e.g. THEIA)

•  Water-based Liquid Scintillator
      (e.g. SANDI)

•  Fast timing (e.g. Large
      Area Picosecond Photo
      Detectors - LAPPDs)
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Booster Neutrino Beam
energy spectrum

A.Mastbaum, J.Minock
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DSNB prediction: Black Hole 
fraction is a major uncertainty 

S. Horiuchi, GdFather Reborn Workshop IPMU 2025

An Aside…
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(SFRD=Stellar Formation Rate Density)
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A.Mastbaum
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Neutrino
Beam

(see J.Martyn talk)

(see A.Weinstein  talk)







The ANNIE Gd 
Water System

In order to load ANNIE with WbLS
it will be necessary to have a system
than can continuously clean the water

…but ANNIE has very little money!

What to do?



Quantitative tests using a 19 meter
attenuation arm at LLNL showed that 
even clean stainless steel exposed to 
ultrapure water will leech impurities into 
the water that absorb UV light. 

It was also shown that this could be due
to iron ions going into solution even
at ppb levels.

re
la

tiv
e 

tr
an

sp
ar

en
cy

Hours since recirculation stopped

Why does the water
need to be cleaned?
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337 nm

400 nm

420 nm

These same tests showed that for Gd the ion itself 
did not cause a loss of transparency - it was just that 
fact that the liquid can now conduct charge that 
accelerated the leeching of steel contaminants 

ANNIE needs a cheap
Gd water system!

LLNL tests showed that the
loss of transparency
is broad spectrum, not
just Gd absorption lines



ANNIE Gd 
Water System
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Good agreement
between MC
and data in muon
energy and
angles
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need to
wait 10 s
due to
afterpulsing
of PMTs

triggered
AmBe
souce

port versus
depth map
of efficiency



ANNIE Baseline Performance (no LAPPD or WbLS):
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PRELIMINARY

ANNIE is too small for PMT timing alone to fit event vertices. Also photon calorimetry in 
the tank is hampered by geometry effects 

Answer: Fit muon track length in the
MRD and the target Tank and use 
stopping power to infer muon energy 

TYPICAL ANNIE CC0 EVENT



ANNIE Baseline Performance (no LAPPD or WbLS):
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ANNIE is too small for PMT timing alone to fit event vertices. Also photon calorimetry in 
the tank is hampered by geometry effects 

2. Calculate expected number of p.e. based
on ring spreading and PMT coverage in
solid angle and look for ring edge.

1. Extrapolate MRD track fit
back into the Target Tank
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PRELIMINARY
(J.He thesis)

ANNIE energy resolution on single
track muons is about 12%

ANNIE Baseline Performance (no LAPPD or WbLS):



ANNIE and Water-based 
Liquid Scintillator
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WbLS



ANNIE and Water-based
 Liquid Scintillator (WbLS)
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~1
0 

nm LS

surfactant
molecules

Liquid scintillator forms small (~10 nm scale) droplets 
called micelles in water that are stabilized by surfactant 
molecules with a hydrophilic head and hydrophobic tail. 
Micelles form under controlled chemical conditions and 
are shown to be stable over year time scales.

Advantages:                               Disadvantages
   Cheaper than LS                          Radiological cleanliness? 
   Non-combustible                        Faster than LS?
   Ease of loading                             Lower light yield      
   Environmentally better
   Oxygen nuclei
   
   



SAND
I

Front Muon
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Muon Range
Detector (MRD)
Tracking Calorimeter
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upstream
   PMTs

downstream
   PMTs

neutrino
beam

SANDI

“dirt”
muon

ANNIE WbLS High Energy 
Reconstruction Test
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SANDI
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2024 deployment
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upstream
   PMTs

downstream
   PMTs

When a muon hits SANDI isotropic 
light is generated, which is 
especially apparent upstream

neutrino
beam
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ANNIE and Fast 
Timing with LAPPDs

R. Svoboda, Workshop on Hybrid Detectors, June 2025



R. Svoboda, Workshop on Hybrid Detectors, June 2025



R. Svoboda, Workshop on Hybrid Detectors, June 2025



LAPPDs in Theia
•  LAPPDs are too expensive to use large numbers in Theia, they are 

not practical for photon calorimetry. 
• ANNIE experience has been that very few LAPPDs are needed 

inside a Cherenkov ring to reconstruct long track directions. Theia 
may only need a small fraction of sensors to be LAPPDs

•  Current electronics implementation has several disadvantages
•  Short buffer (25 ns) requires local self-triggering. It would be better to 

have a triggerless system for Theia for non-beam physics.
•  Two large underwater cables now needed are unwieldy and expensive. 

Not so practical for large-scale deployment with long cable distances.
•  Current 18W power usage of current electronics leads to heating issues 

that are not prohibitive, but are not optimal

R. Svoboda, Workshop on Hybrid Detectors, June 2025



R. Svoboda, Workshop on Hybrid Detectors, June 2025



R. Svoboda, Workshop on Hybrid Detectors, June 2025

What’s Next?
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Thanks!
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Practical Cherenkov/Scintillation Light Separation
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Could we make a hybrid detector?
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SAND
I
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upstream
   PMTs

downstream
   PMTs

When a muon misses SANDI the 
light from the Cherekov cone is 
partially absorbed by the WbLS 
downstream

neutrino
beam
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