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ANNIE : Accelerator Neutrino Nucleus Interaction Experiment

ANNIE in a nutshell

• Setup: 26-ton Water Cherenkov detector with 132 PMTs 
in the Fermilab Booster Neutrino Beam (BNB). 

• Physics goal: Study neutrino interactions in water (on 
oxygen), especially the neutron yield. 

• Detector R&D goals:  
Demonstrate novel neutrino detector technologies: 

• Gadolinium loaded water target  
→ enhanced neutron tagging 

• Water-based liquid scintillator  
→ detection of sub-Cherenkov particles 

• LAPPDs  
→ sub-nanosecond timing, sub-cm spatial resolution 
photosensors to improve event reconstruction
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circa 2026
The ANNIE Collaboration 

• Institutions: 18 

• Collaborators: 52 
- PIs: 20 
- Postdocs: 8 
- PhDs:  16 
- Undergrads: 8 

• Over 15 PhD theses.  

• 10+ PostDocs/PhD 
students now 
university faculty or 
national laboratory 
staff.
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US partners:  
– Iowa State  
– UC Davis  
– Florida State  
– UC Irvine  
– Ohio State  
– Rutgers  
– SDSMT  
– LBNL/UC Berkeley 
– BNL  
– Associate: Livermore 

International partners:  
– Hamburg + Mainz + 
Munich + Tübingen 
(Germany) 
– Demokritos (Greece) 
– Kanpur (India)  
– Erciyes (Turkey)  
– Warwick (United Kingdom)
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ANNIE Posters at Neutrino 2026
• Jingbo Wang - session-1, #497 

The Physics Program and Recent Results from the ANNIE Experiment 

• Adil Aman - session-1, #385  
Neutrino Interactions observed with Large Area Picosecond Photodetectors in ANNIE 

• Bruno Gelli - session-1, #453 
Hybrid Light Detection in ANNIE: In-Beam Studies of Water-based Liquid Scintillator 

• Christian Nguyen - session-2, #285  
Single and double differential charged current νµ–Argon cross section without pions in the final state at 
MicroBooNE, and current status of simultaneous cross-section extraction with ANNIE 

• Dylon Fleming - session-2, #332  
Continuing Analysis of Charge Current Interactions in ANNIE 

• Dhaval Ajana - session-2, #398  
Neutron Yield for Neutrino-Nucleus Interactions Measurement from ANNIE
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The Physics of ANNIE
• ANNIE shares the BNB with several liquid-argon 

experiments: 
→ competitive statistics for oxygen x-sections; 
→ direct comparison of oxygen & argon  
     cross-sections (MicroBooNE, SBND) 
     for combination of future oscillation analyses. 
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ANNIE – Accelerator Neutrino Neutron Interaction Experiment

𝜈𝜇 →

26-ton Gd-doped water Cherenkov detector, downstream the BNB

Primary physics goals: neutron multiplicity & 𝝂 cross sections

Currently operating (Phase II) with novel R&D: LAPPDs and WbLS

Short baseline = high event rate (~5k NC / ton, ~2 × 1020 POT)

Physics complementarity with T2K, LBNF, and SBN LArTPCs
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by A. M
astbaum

Momentum and energy transfer of neutrino interactions in the 
BNB largely overlap with those of DUNE and HK Far Detectors.
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The Physics of ANNIE
• Differential cross-sections on oxygen and neutron multiplicity from neutrino interactions 
→ important input for neutrino event generators and reducing the neutron yield 
uncertainties of current and future oscillation experiments. 
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In CCQE interactions, primary 
neutrons are created by 

nuclear effects. In addition, 
there are secondary neutrons 

caused by reactions on 
neighboring nuclei.

events w/o 
neutrons
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The Physics of ANNIE
• Study of NC interactions, relevant for:  
→ Diffuse Supernova Neutrino searches 
→ Long-baseline oscillation experiments  
→ Proton decay searches
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The reactor neutrino background is estimated by scal-
ing the IBD simulation following the reactor neutrino
flux introduced in Section 3.4. These events populate
only the lowest energy bin, ranging from 7.5→ 9.5 MeV,
as shown in Figure 11. The flux strongly depends on
the activity of each reactor. In this analysis, we conser-
vatively assign a ±100% systematic uncertainty on the
reactor neutrino events.

5.5.5. Accidental Coincidence Background

For the accidental coincidence background, the uncer-
tainty on fmis from Equation 4 should be considered.
Since we evaluate fmis by real detector noise, the statis-
tical uncertainty of fmis at a given algorithm’s working
point over the entire period is assigned as the total un-
certainty, which is approximately ±5% for both SK-VI
and SK-VII.

Table 5. Systematic uncertainties on background pre-
dictions for the spectrum-independent electron antineutrino
search.

Relative systematic error

Event category SK-VI SK-VII

Atmospheric-ω (NCQE) ±71% ±71%

Atmospheric-ω (non-NCQE) ±36% ±41%

Spallation 9Li ±55% ±55%

Reactor-ω ±100% ±100%

Accidental coincidence ±5% ±5%

5.6. Results

5.6.1. Final Data Samples

Data are divided into pre-determined energy bins as
done by Harada et al. (2023), for which the first two
(Erec = 7.5 → 9.5, 9.5 → 11.5 MeV) are spallation 9Li-
dominated, and the next three (Erec = 11.5 → 15.5,
15.5 → 23.5, 23.5 → 29.5 MeV) contain the lowest back-
ground levels. In particular, the third bin contains the
high-energy tail of 9Li events, while non-NCQE back-
grounds start to dominate in the fourth bin. Finally, in
the fifth bin, almost all events are non-NCQE events.
The remaining bins (Erec = 29.5 → 79.5 MeV divided
into 10 MeV intervals) form the high-energy sideband.
The final energy spectra after all reduction criteria are
applied using either NN or BDT for neutron tagging are
shown in Figure 11. Again, the only di!erence in the two
samples shown is the neutron tagging algorithm applied.

Figure 11. Reconstructed positron equivalent kinetic en-
ergy spectra of the data and the expected background af-
ter all reductions, including the requirement of Nn = 1,
for NN (top) and BDT (bottom) neutron tagging. The er-
ror bars in the data points represent the statistical error
value estimated by taking the square root of the number
of observed events. Color-filled histograms show the ex-
pected backgrounds, which are stacked on top of each other.
The hatched areas filled onto the stacked background his-
tograms represent the total absolute background system-
atic uncertainty for each bin. The signal search window is
Erec → [7.5, 29.5] MeV. For illustrative purposes, a typical
DSNB expectation from optimistic values of Horiuchi et al.
(2009) is drawn separately from the background histograms
as a red-dashed (bottom) line, superimposed.

In each energy bin, we generate a probability distri-
bution for the total event count under a background-
only hypothesis. This is achieved by performing pseudo-
experiments based on the expected value of each back-
ground category, varied according to its associated sys-
tematic uncertainty, assuming Gaussian distributions.
From these distributions, a background-only p-value,
pb, is calculated using the observed number of events
from the data. For both NN and BDT final samples, we
conclude that no significant excess is observed over the
background, while the smallest p-value is 0.08.

Atmospheric NCQE
• Prominent background below 20 MeV: 

atmospheric neutrino Neutral Current 
Quasielastic (NCQE) scattering on oxygen

• 2025 DSNB search, systematic uncertainty on 
the atmospheric NCQE background is ±𝟕𝟏% 
driven by uncertainties in:
• Atmospheric flux

• NCQE cross section

• Hadronic secondary interactions (SI)

Steven Doran | Final Oral Examination11

NCQE

Signal region

M. Harada et al 2023 ApJL 951 L27

K. Abe et al 2025 arXiv:2511.02222

Search for the Diffuse Supernova Neutrino Background (DSNB) in 
SK-Gd: Atmospheric neutrinos make up the primary background.

Atmospheric NCQE
• Prominent background below 20 MeV: 

atmospheric neutrino Neutral Current 
Quasielastic (NCQE) scattering on oxygen

Steven Doran | Final Oral Examination10

NCQE

ҧ𝜈𝑒 + 𝑝 → 𝒆+ + 𝒏 𝜈 + 16O → 𝜈 + 𝑵+ 15O/N + 𝜸

Figure above from D. Kaukuda 2019

Signal region

M. Harada et al 2023 ApJL 951 L27

Prominent background below 20 MeV: atmospheric neutrino Neutral Current 
Quasielastic (NCQE) scattering on oxygen
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The R&D of ANNIE
• Large Area Picosecond Photo-Detectors 

(LAPPDs) are  20 x 20 cm tiles based on 
microchannel plates with resistive and emissive 
coating and dual-sided anode readout.   

• Fast photodetector capabilities (60-100 psec 
time resolution) and excellent position resolution 
(sub-cm scale).   

• The ANNIE collaboration has:  

• Developed an LAPPD package, waterproof 
housing and electronics.  

• Carried out sustained multi-LAPPD operation 
under realistic detector conditions. 

• Demonstrated LAPPD-based detection of beam 
neutrino events: JINST 21 (2026) 02, P02002.
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LAPPDs (here in 
waterproof housing)  
provide large-area 
sub-nanosecond 

timing 

LAPPD #25 Measurement & Rest Report

Page 2 of 18

Packing

The LAPPD is wrapped in foil and placed in a Pelican case with antistatic foam (Figure 1). The foil helps manage
static charging, which could be harmful to charge-sensitive electronics that will be attached to it. It also keeps
unnecessary stray light from exciting the photocathode, and charging the entry MCP.

Figure 1. Left: The LAPPD is wrapped in foil to manage static charging, and to keep stray light from the
photocathode. Right: the LAPPD is enclosed in an ultem housing with high voltage connectors, and mounted
on a backplane for signal access.

Connectivity

An ultem housing and a backplane are provided with each LAPPD (Figure 1). The backplane connects the strips
to SMA connectors with near-50 ohm impedance. The ultem housing provides the high voltage connections.
They consist of SHV panel mount connectors on the outside, and Mill-Max spring-loaded ball tip pins on the
inside. The pins touch the high voltage pads on the LAPPD envelope. The 5 high voltage connectors are labeled
according to their function. The shields on the SHV connectors simply terminate the high voltage cable shield,
and minimize unwanted signal pickup in the detector. They do not close any high voltage current paths.

High voltage connection diagram

The high voltages may be connected as shown in Figure 2 and 3 for maximum control of the LAPPD. This
recommended approach separates the current paths of the entry and exit MCPs, so anomalies in either may

https://arxiv.org/abs/2508.11111
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The R&D of ANNIE
• Water-based Liquid Scintillator (WbLS) 
adds a small amount of scintillation to the 
Cherenkov signal, enabling hybrid signal 
reconstruction.  

• R&D is part of larger international effort on 
hybrid scintillator detectors (see J. Harnell’s 
talk on Friday).  

• The ANNIE Collaboration has:  

• Completed two deployments of a small 
volume of WbLS in the ANNIE detector.  

• Observed neutrinos in WbLS: JINST 19 (2024) 
05, P05070.
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https://arxiv.org/abs/2312.09335
https://arxiv.org/abs/2312.09335
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Observing neutrinos in ANNIE 
• Basic event selection: PMT/LAPPD activity in water tank on-time with BNB beam trigger. 

• Muon neutrino event: requires no signal in Front Veto but out-going track in MRD. 

• Depending on analysis: specific Fiducial Volume for vertex, in-time with beam bunch etc.
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Front Veto PMTs LAPPDs Muon Range Detector

Details of our PMT event reconstruction: JINST 21 (2026) 03, P03039

https://arxiv.org/abs/2510.26050


Mayly Sanchez - FSU

Observing neutrons in ANNIE 
• ANNIE has 26-ton of Gd-doped water. 

• 0.1% Gd-loading results in ~30 μsec neutron 
capture time  

• We use a tagged AmBe neutron source to calibrate 
both the capture time and the detection efficiency 
based on the fraction of detected neutrons. 

• The measured capture profile fits the 0.1% Gd-
loading expected capture time.  

• It matches the neutron captures observed from 
neutrino interactions. 
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Poster #398

Mayly Sanchez, Michi Wurm     Status of ANNIE     

Neutron source calibration
● Tagged AmBe neutron source 

→ BGO scintillator to trigger on prompt 𝛾-ray 

● Allows to calibrate
○ Neutron detection efficiency based on fraction 

of detected neutrons
○ Neutron capture time based on time elapsed 

since prompt signal

● 5 ports to obtain neutron detection efficiency 
as function of source position, varies from
→ detector center: ~70%
→ detector edge:  ~50%

● Capture time profile fits 0.1% Gd loading
→ matches neutrons from neutrino 
interactions

● Now & early summer: re-calibration campaign 
after adjusting tilted PMTs

49
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2
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neutron
detection
efficiency

ports for AmBe
source deployment

(at detector center)
neutron capture time
𝜏 = 28.4 ± 0.9 µs
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Timing and energy-scale 
 calibration

• PMT-based vertex reconstruction 
requires 𝒪 ns timing uncertainties 

• We calibrate median PMT timing 
uncertainty from ~10 ns spread to  
~1.5 ns. 

• Data/MC simulation comparisons for 
AmBe neutrons and Michel electrons 
validates detector response 
calibrations. 

• Includes correction for PMT tilting 
discovered and fixed recently. 
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PMT Timing Calibration

17

All PMTs Individual PMT

• PMT-based reconstruction requires 𝒪 ns  
timing uncertainties

• Improved median PMT timing uncertainty from 
~10 ns to 1.4 ns

• PILAS picosecond pulsed diode laser

• Individual PMT timing delays corrected, 
uncertainties extracted for MC modeling

Steven Doran | Final Oral Examination

23 Steven Doran | Final Oral Examination

Tuned to total AmBe charge Validation to individual positions

25

Michel electrons

Steven Doran | Final Oral Examination

• Michel electrons are a powerful standard candle for any experiment

• Select Michel candidates from dirt muons decaying in tank

• Validate MC detector response

Same tuning as AmBe
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ANNIE data collected since 2022
• Results shown today are based on the PMT+MRD sample collected: 

CC and NC cross-sections.  

• Running multi-LAPPD configuration  
since early 2023:  
→ data set including LAPPD  
information still to be fully exploited. 

• Two deployments of SANDI/WbLS vessel,  
total ~4 months of beam data in 2023-24.

14
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CC-0π

CC-Inclusive

ANNIE Preliminary

ANNIE Preliminary

Poster #332

Charged-Current Cross Section
• Cross section analyses for CC-inclusive and CC-0π. 

• Data set from 1.68 x 1020 POT 

• Samples selected based on standard analysis cuts: 

• Event vertex in fiducial volume 

• No front veto activity but track in MRD 

• For CC-inclusive: no hadronic final-state 
requirement: CCQE, 2p2h, RES and DIS candidates 

• For CC-0π: no final state pions: CCQE, 2p2h and 
pion absorption candidates.
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CC-0π

CC-Inclusive
ANNIE Preliminary

ANNIE Preliminary

Poster #332

Charged-Current Cross Section
• Cross section analyses for CC-inclusive and CC-0π. 

• Data set from 1.68 x 1020 POT 

• Samples selected based on standard analysis cuts: 

• Event vertex in fiducial volume 

• No front veto activity but track in MRD 

• For CC-inclusive: no hadronic final-state 
requirement: CCQE, 2p2h, RES and DIS candidates 

• For CC-0π: no final state pions: CCQE, 2p2h and 
pion absorption candidates.

Data Unfolding via Wiener-SVD Method
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Neutral Current Quasi-Elastic Cross Section
• Neutral current quasi-elastic (NCQE) 

neutrino interactions is the dominant 
NC topology at these neutrino 
energies (100MeV - 1 GeV). 

• Interactions can be identified by a 
prompt gamma  of ~6 MeV, and 
secondary gammas from nucleon-
nucleus interactions then potential 
neutron capture (~μsecs later).

17

𝜈NCQE (NC quasielastic)

12

• Dominant NC topology at accelerator neutrino 
energies (100 MeV – 1 GeV)

• Identify interactions through Cherenkov light 
from EM cascade of primary de-excitation 𝛾-rays

• Prompt 𝜸 with 𝑬𝜸 ~ 𝟔 MeV
• Production of secondary gammas from nucleon-

nucleus interactions

• n-capture (~𝜇𝑠 later)

• Four cross section measurements (SK, T2K)
• ~400 total events

Phys. Rev. D 100, 112009

Steven Doran | Final Oral Examination
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Phys. Rev. D 100, 112009

Steven Doran | Final Oral Examination



Mayly Sanchez - FSU

Neutral Current Quasi-Elastic Cross Section
• NC interactions feature very low visible 

energy 
→ event selection based on energy 
alone includes large background 
contributions. 

• We exploit beam spill structure to 
reduce continuous in time (CIT) and 
diffuse backgrounds (neutrons). 

• Selection of events in-time with bunches 
to improve purity of NC sample. 

• Previously done with CC candidates in 
MicroBooNE: Phys Rev D 108, 052010 
(2023). 
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BNB Bunch Cutting
• Exploit spill structure to reduce continuous in time (CIT) 

and diffuse backgrounds (neutrons)

• ±1𝜎 can reduce CIT / diffuse backgrounds by ~70%

18

Follow BNB bunch reconstruction as demonstrated in MicroBooNE PHYSICAL REVIEW D 108, 052010 (2023)

Steven Doran | Final Oral Examination

32

±1𝜎 reduces neutron/CIT background 
by ~66% (at 68% efficiency)

𝝈𝝂𝑵𝑪𝑸𝑬 = 𝟑. 𝟓𝟗𝒏𝒔

MC MC CCinc vs NCQE Time Structure

Steven Doran | Final Oral Examination
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±1𝜎 reduces neutron/CIT background 
by ~66% (at 68% efficiency)

𝝈𝝂𝑵𝑪𝑸𝑬 = 𝟑. 𝟓𝟗𝒏𝒔

MC MC CCinc vs NCQE Time Structure

Steven Doran | Final Oral Examination

±1𝜎 reduces neutron/CIT background by ~66% (at 68% efficiency)

Skyshine Sideband
• Invert bunch cut to sample signal-poor           

> ±2𝜎𝜈𝑁𝐶𝑄𝐸 region to constrain skyshine

• Provides a cross-check on the external rate 

38

A large percentage of events are skyshine in the late spill → data-driven estimate 
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Neutral Current Quasi-Elastic Cross Section
• Cross section analysis for neutral current 

quasi-elastic (NCQE) neutrino 
interactions.  

• Data set is 790 events from  
2.57 x 1020 POT. 

•  Event selection:   
- fully contained events in time with BNB 
bunch structure.  
- low energy (5-12 MeV) photons without 
a muon going through the MRD.  

• Backgrounds: 
- Largest background category comes 
from interactions outside the FV.  

19Steven Doran | Final Oral Examination53

PMT Observables

stats only
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Neutral Current Quasi-Elastic Cross Section
• Cross-section measurement relies on 

background subtraction. 

• External, skyshine and off-beam 
background rate estimates are data-
driven. 

• All other beam-related background 
rates based on BNB flux prediction and 
simulations. 

• Cross-section uncertainties dominated by 
cross-section systematics of background 
channels. 

• Using an updated data-driven model for 
oxygen de-excitations instead of 
standard GENIE implementation.  

20

[S
teven D

oran, P
hD

@
IS

U
]

45

𝜈NCQE 
Systematics

Underlying cross section and flux

Detector response

Secondary neutron propagation

External and skyshine

Oxygen deexcitation model

Uncertainty budget

MC stats

POT counting

Data stats = ±3.6%

Steven Doran | Final Oral Examination
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• Signal candidate selection developed:  

• CC muon neutrino in fiducial volume 
→ select ~100 CCµ events per year 

• extended (70µs) window for neutrons 
→ select neutron capture clusters 

• Using the tagged AmBe source calibration  
we create a data-driven neutron capture  
efficiency spatial map enabling  
prediction of true neutron captures.  

• 50-70% efficiency from edge 
to center. 

21
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Mayly Sanchez, Michi Wurm     Status of ANNIE     

Neutron source calibration
● Tagged AmBe neutron source 

→ BGO scintillator to trigger on prompt 𝛾-ray 

● Allows to calibrate
○ Neutron detection efficiency based on fraction 

of detected neutrons
○ Neutron capture time based on time elapsed 

since prompt signal

● 5 ports to obtain neutron detection efficiency 
as function of source position, varies from
→ detector center: ~70%
→ detector edge:  ~50%

● Capture time profile fits 0.1% Gd loading
→ matches neutrons from neutrino 
interactions

● Now & early summer: re-calibration campaign 
after adjusting tilted PMTs
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efficiency

ports for AmBe
source deployment

(at detector center)
neutron capture time
𝜏 = 28.4 ± 0.9 µs
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Neutron multiplicity in  
neutrino interactions
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• CC0𝜋 measurements can constrain the 
neutrino interaction and nuclear physics 
uncertainties that limit oscillation 
measurements..  

• Common handling of BNB flux and cross 
section systematics for oxygen/argon cross-
sections.  

• Developed joint signal definition:   
→ Using selection for CC events without pions 
(CC0𝜋) in both experiments 

• Comparative analysis framework for 
MicroBooNE and ANNIE data based on GENIE 
→ tests on-going with fake MC data.

22

Cross section ratio with Oxygen (ANNIE) as the denominator and Argon 
(MicroBooNE) as the numerator with different generators

CC0𝜋
multiplicity.

1. Charged-current νμ interaction with 40Ar or 16O
2. 0.60 <  pμ

true < 1.2 GeV/c
3. cosθμ > 0.8
4. No final state charged pions (π±) with pπ

true > 160.0 MeV/c
5. No final state neutral pions (π0)

CC0𝝅 Joint Signal Definition
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Poster #285

Joint cross section analysis 
ANNIE - MicroBooNE 
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Using LAPPDs in ANNIE 

23

Relative time alignment of multiple LAPPDs for beam events

23
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5.5 x 1020 POT

Bunch fine structure of spill resolved by a single LAPPD
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Poster #385

• We have deployed 6 units across the downstream face of the tank at 3 locations 
↳First demonstration of observed neutrinos using LAPPDs: JINST 21 (2026) 02, P02002. 
↳We have demonstrated time alignment using multiple LAPPDs event-by-event. 
↳We have also resolved BNB bunch structure, demonstrating alignment between the PMT and LAPPD array. 

• The next step is augmenting track reconstruction with the spatiotemporal information from the LAPPDs.

https://arxiv.org/abs/2508.11111
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Using LAPPDs in ANNIE 
• LAPPDs are imaging photosensors, registering  information about the  pattern of 

light arriving at the LAPPD surface in time and space. We can record waveforms 
from both sides of the LAPPD strip readout, corresponding to a given event. 

• A single LAPPD can partially constrain the track parameters of a muon; something 
that is not possible with a single conventional photosensor 

• LAPPD-enhanced reconstruction with multiple LAPPDs is in progress. 

24

Neutrino Interactions observed with Large Area Picosecond Photodetectors in ANNIE
† Mohammad Adil Aman, Florida State University,on behalf of the ANNIE Collaboration

1. ANNIE : Accelerator Neutrino Neutron Interaction Experiment
• ANNIE is a 26-ton gadolinium-loaded water-based neutrino detector located at Fermilab, ~ 110 m downstream of the Booster Neutrino Beam (BNB).

2. Large Area Picosecond Photodetector (LAPPD)

• ANNIE utilizes LAPPDs along with the conventional PMT array as LAPPDs provides picosecond-level timing and sub-cm spatial resolution, enabling precise neutrino interaction vertex reconstruction beyond the capabilities of PMTs alone.

• LAPPDs are a novel technology offering picosecond temporal resolution and sub-cm spatial precision, surpassing conventional PMTs.

3. LAPPDs in ANNIE
• ANNIE uses INCOM-manufactured LAPPDs feature a 20×20 cm² active area, 60–100 ps time resolution, ~20% quantum efficiency with ~90% uniformity, and dark count rates as low as 150 Hz/cm².

5. First Light from Beam Neutrinos on an LAPPD in ANNIE

• ANNIE achieved the first deployment of an LAPPD in a running neutrino experiment via a custom waterproof module (PAL) with fast digitization and precision timing.
• The LAPPD waveforms (on the left) reveal a Cherenkov light timing gradient consistent with MRD-reconstructed muon track predictions, demonstrating spatio-temporal reconstruction with a single photosensor

• The LAPPD's picosecond timing and sub-cm position resolution map the Cherenkov cone with sufficient precision to constrain the muon track — and hence the neutrino interaction vertex — far beyond what conventional PMTs allow.
• (On the right) Relative photon arrival times show a clear gradient matching MRD-based muon track predictions.

• We present the first detection of neutrino-induced Cherenkov light with an LAPPD, marking a milestone toward next-generation picosecond-timing photosensors in large-scale high energy physics experiments.

4. Packaged ANNIE LAPPD (PAL)
• To utilize the fast timing, the LAPPDs contain fast-electronics together inside a waterproof module
• The PAL is a waterproof module housing the LAPPD, ACDC readout cards for digitization, trigger board, and LVHV board for power and slow controls, enclosed within a PVC sidewall between a steel backplate and UV-transparent acrylic window.

Conclusion
• Multiple LAPPDs have been deployed in the ANNIE detector, providing the first use of this technology in a running particle physics experiment.
• These results establish a critical foundation for future ANNIE physics goals, including scintillation-Cherenkov separation using Water-based Liquid Scintillator (WbLS).
• Future upgrades to Generation II LAPPDs will further enhance timing and spatial performance

This document was prepared by the ANNIE collaboration using the resources of the Fermi National Accelerator Laboratory (Fermilab), a U.S. Department of Energy, Office of Science, Office of High Energy Physics HEP User Facility. Fermilab is managed by Fermi Forward Discovery Group, LLC, acting under Contract No. 89243024CSC000002.
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• LAPPDs use two MCPs (~1 kV) beneath a photocathode that converts photons into photoelectrons.

• The BNB delivers neutrinos in discrete 1.6 μs-long spills, within which multiple LAPPDs trigger autonomously; applying high-quality cluster cuts isolates beam-correlated events (below).

• The ANNIE event display combines PMT Cherenkov light, the MRD-reconstructed muon track, and the LAPPD position to visualize charged-current neutrino interactions
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• These results establish a critical foundation for future ANNIE physics goals, including scintillation-Cherenkov separation using Water-based Liquid Scintillator (WbLS).
• Future upgrades to Generation II LAPPDs will further enhance timing and spatial performance
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Figure 10. An event display showing the Cherenkov light pattern of a typical through-going muon event passing
all selection cuts and captured by the central LAPPD, with the cylindrical detector unfolded and centered on the
neutrino beam. The corresponding hits in the top and side views of the MRD are shown as colored blocks, while
the projected muon track is shown as a dashed blue line. PMT hits above threshold are shown with colored dots,
and non-operational PMTs are shown in gray. PMTs with low light levels are suppressed. The red square shows
the position of the central LAPPD.
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The estimated arrival time for each waveform is 
shown as a red dot.

Time gradient in the arrival-time of the 
light across the surface of the LAPPD
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Using WbLS in ANNIE 
• We have completed two runs with an acrylic vessel (SANDI) holding 365 liters 

of WbLS in ANNIE tank. 

• Detected forward running Cherenkov and isotropic scintillation emission for 
beam events (e.g. Michel electrons) using WbLS. 

• Deployed Gd-WbLS for first time observing enhanced neutron signal. 

• Demonstrated basic hybrid event topology, but larger active volume required 
to demonstrate full event reconstruction.
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Hybrid Light Detection in ANNIE: In-Beam Studies 
of  Water-based Liquid Scintillator

ANNIE Experiment
● 26 tonnes Gd-loaded water cherenkov detector 
● Upstream (FMV) and downstream (MRD) muon detectors
● On axis, 100m from the BNB target at Fermilab → high 𝜈𝜇 flux!

Rich science program and detector R&D:
Neutron multiplicity on 𝜈𝜇 - nuclei Interaction 
CC/NC cross-section in Oxygen and relative to Argon
Multiple Large Area Picosecond Photodetectors (LAPPD)
Water-based Liquid Scintillators (WbLS)

Water-based liquid scintillator (WbLS)
● Novel enhanced detection medium capable of adding Scintillation to 

Cherenkov-like detectors. 
● Mixture of water and scintillator with tunable light yield and timing profile 
● Micelles of surfactant with liquid scintillator in the center
● Hybrid event detection:

Good energy resolution + directionality 
Sensitive to low energy particles 
Background rejection
Scalable due to high transparency

SANDI Deployment

● ANNIE WbLS is composed of 
Surfactant: polyethylene glycol-based
Liquid Scintillator: diisopropyl naphthalene (DIN)
Fluor: 2,5-diphenyloxazole (PPO)

● Produced at BNL and shipped to Fermilab

● 366 L of WbLS deployed in UVT acrylic cylinder: SANDI

● Enhanced neutron detection capability at Run 2 with Gd-loaded Wbls

Run 1 - Scintillation from muons

Known MIP deposition from triple-tagged through-going rock muons
Events on WbLS volume produce both Cherenkov and scintillation

● Cherenkov light:
→ Direct Cherenkov light detected by downstream PMTs

→ Indirect Cherenkov reflections detected by upstream PMTs

● Scintillation light is isotropic:
→ Detected by both Upstream and Downstream PMTs

 Run 1 - Scintillation from Michel electrons

Very well known energy spectrum for direct comparison 
Direct comparison energy spectrum Water-WbLS 

● Event selection: prompt muon event followed by an electron 
Electron clusters timing showed good agreement with the expected 
muon lifetime, indicating good purity

● Two types of michel electron events:
→ WbLS volume events (Cherenkov + Scintillation) 
→ Pure Water events (Cherenkov photons only)

● Increase in photoelectrons (PE) detected for Michel electrons 
created inside SANDI:

→ Relative increase in detected PE estimated using the ratio of the 
mean number of detected PE by the two event types

WbLS produced a measured increase in detected light: 
(77 ± 8)% for Michel electrons 

Conclusion and Takeaways
ANNIE successfully demonstrated the capabilities of novel WbLS detection media 

→ Demonstrated the detection of both cherenkov and scintillation light
→ Two independent analyses to estimate the increase in light production
→ Demonstrated WbLS stability over the full deployment period 

Rich R&D program ahead  
→ SuperSANDI deployment with Gd-loaded WbLS for neutron capture
→ Timing separation of scintillation and Cherenkov signal with LAPPDs

By Amala Augusthy, Johann Martyn, Noah Goehlke,  Johannes Gutenberg-University Mainz
Presented by Bruno Gelli✝, UC Davis - on behalf  of  the ANNIE collaboration
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Run 2 - Gadolinium Loaded WbLS

SANDI-II redeployed the acrylic vessel with Gd-loaded WbLS
The Gadolinium Loading enhanced the Neutron-Detection capability

● AmBe source was used as source of tagged neutrons:
→ Coincident gamma to tag neutron emission 
→ Direct comparison to Gd-Water filled vessel 

Comparison with AmBe data shows increased cluster charge and more hit PMTs
→ Full capture efficiency extraction still requires simulation
→ Brighter Events!

SuperSANDI
After the successful deployment of the SANDI vessel, a new 
larger WbLS deployment is planned - SuperSANDI!

→ New vessel will be 8 tonnes, roughly 22x bigger than SANDI
→ One whole beam beam-year of exposure, starting Fall 2026 
→ New and improved WbLS mixing and water-handling system 

Comparison between the SANDI and SuperSANDI

More information at DOI 10.1088/1748-0221/19/05/P05070 →

Surfactant and self-assembled micelle morphology 

Total Neutron Cluster ChargeNumber of PMT hits per Neutron Cluster
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51 (Watchboy / Watchman) / 132 (total) affected PMTs

Observations of PMT tilting in ANNIE
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What is next for ANNIE
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• We are deploying a larger 7 ton WbLS vessel/balloon 
filling the entire active volume and add Gen-II LAPPDs. 

• By adding scintillation we are able to detect and 
demonstrate reconstruction of recoil hadrons as well as  
more neutron captures:  
→ neutron detection efficiency: 80%  

• In addition, LAPPDs in ANNIE have the potential to 
demonstrate enhanced Cherenkov/scintillation 
separation based on sub-nanosecond timing. 
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• We are deploying a larger 7 ton WbLS vessel/balloon 
filling the entire active volume and add Gen-II LAPPDs. 

• By adding scintillation we are able to detect and 
demonstrate reconstruction of recoil hadrons as well as 
more neutron captures:  
→ neutron detection efficiency: 80%  

• In addition, LAPPDs in ANNIE have the potential to 
demonstrate enhanced Cherenkov/scintillation 
separation based on sub-nanosecond timing. 
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Summary
• ANNIE is in a unique position to measure neutrino-nucleus-cross 

sections in water (first results shown today!), with complementary 
sensitivity to LAr-TPCs (neutron vs. proton yield!) and directly comparable 
due to MicroBooNE/SBND argon data in the same beam.  

• ANNIE is a testbed for novel technologies: Detector operation of past 
years has established Gd-loaded water, WbLS and LAPPDs for the 
detection of neutrinos. 

• ANNIE continues to collect a substantial multi-LAPPD data set (10x 
data from first paper). Work on advanced event reconstruction is on-
going and will lead to a second series of analysis papers.  

• Deploying a large WbLS vessel and new LAPPDs in 2026-2027, 
harvesting the return on substantial R&D efforts over the past years.
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