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ÁNeutrino Interactions in ANNIE

ÁData Analysis Status of ANNIE

ÁSummary
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The ANNIE Collaboration

{ƭƛŘŜ  о6/11/2025

17 Institutions from 6 Countries, ~45 collaborators
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What is ANNIE?

Á The Accelerator Neutrino Neutron 

Interaction Experiment (ANNIE)

Á 26-ton Gd-loaded Water Cherenkov 

detector, located 100 m downstream at 

the Booster Neutrino Beam line at 

Fermilab

Á Physics Goals:

ï Neutrino-induced neutron multiplicity as a 

function of momentum transfer

ï Neutrino interaction cross sections

Á R&D Goals:

ï Large Area Picosecond PhotoDetectors 

(LAPPDs)

ï Water-based Liquid Scintillator (WbLS) 

as a new detection medium
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ANNIE Location at Fermilab

Slide  56/11/2025

~10,000 
Charged current 
neutrino events 
per ton of target 
water per year 

expected at 
ANNIE hall!

SB Near Detector

100 m from target



Jingbo Wang | CIPANP 2025, June 8-13, Madison, Wisconsin

Neutrino Oscillation Physics

Á Precision neutrino oscillation 

programs must accurately 

measure the neutrino energies. 

Á As neutrino energies increase to 

the GeV-scale, hadronic final 

states could be produced

Á Neutrinoïnucleus interactions are 

difficult to model due to nuclear 

effects, which complicates the 

energy reconstruction.

Á Measuring the final-state 

neutrons is a strong handle to 

refine the models ï Primary 

physics goal of ANNIE!
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ANNIE Measurements

Á High-flux ○Ⱨ interactions on water:  

ï Energy range where DUNE & HK overlap

ï Study of neutrino-nucleus interactions with a 

neutron beam

ï Currently taking data and analyzing more 

than 2-year data set

Á Measure final-state neutrons vs 

momentum transfer ╠  in water

ï Improve modeling of final-state interactions

ï Reduce energy reconstruction uncertainty 

Á Measure Multi-target cross-sections

ï Same beam as SBN Liquid argon TPCs

ï Correlated cross section, and hadron 

production between ANNIE and SBN, with 

(ς/ and τπ!Ò targets

ï Possible deployed argon target in the future
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Á ¢ƘŜƻǊŜǘƛŎŀƭƭȅΥ ¢Ƙƛǎ ŘŜǇŜƴŘǎ ƻƴ 
ƴǳŎƭŜŀǊ ǇƘȅǎƛŎǎ ǘƘŀǘ ƛǎ ƴƻǘ ǿŜƭƭ 
ǳƴŘŜǊǎǘƻƻŘ

Á 9ȄǇŜǊƛƳŜƴǘŀƭƭȅΥ ǘƻ ŘŀǘŜΣ ƴŜǳǘǊƻƴ 
ȅƛŜƭŘ  ƳŜŀǎǳǊŜƳŜƴǘ ƛǎ ƭƛƳƛǘŜŘ
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Proton Decay 

Á Predicted by Grand Unification Theories (GUT) 

Á Proton decay for a free hydrogen produces no neutrons

Á Proton decay inside nucleus could emit neutrons through 

nuclear de-excitation or breakup (models predict <10%)

Á Atmospheric neutrino background is likely to produce final 

state neutrons -> background rejection using neutron 

tagging (n-Gd capture)
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Proton decay events rarely 
produce
neutrons in the final state 
(<10% of the time)

Atmospheric neutrinos 
are the dominant 
background, likely with 
neutron production

K.Abe et al., Phys. Rev. D, 95:012004, 2017
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Diffuse Supernova Background 

{ƭƛŘŜ  ф

Á DSNB events are detected via the Inverse Beta Decay (IBD): Ӷ’ ὴO Ὡ ὲ

Á For E>20 MeV the dominant background is from decay of sub-Cherenkov muons 

produced by atmospheric neutrinos: need Gd-water for neutron tagging

Á For E<20 MeV, a major background is from NCQE atmospheric neutrino 

interactions: need NC events identification

Á ANNIE is studying this through measurement of NCQE cross section with Gd-

Water. 
arXiv:2109.11174v2 [astro-ph.HE] JCAP 10 (2022) 033

SK-IV Data 

(Without 

Gd-doping)
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The ANNIE Detector

{ƭƛŘŜ  мл

Inside the tank: 
132 PMTs  installed on the 
inner surface fortrack 
direction reconstruction and 
neutron capture detection

26 scintillator 
paddles to reject 
muons from
upstream

3 m x 4 m tank
filled with 
26-ton Gd-loaded
water (0.1%)

DAQsystem

310 scintillator 
paddles
5 vertical layers 
6 horizontal layers 

5 LAPPDswith < 100 ps time 
resolution for improved 
vertex reconstruction
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Neutrino Detection in ANNIE

Á ANNIE has been taking 

neutrino data for over three 

years with Gd-water

Á Charge Current Quasi-Elastic 

(CCQE) interaction candidates 

are selected for the determination 

of neutron multiplicity. 

Á Candidates are identified by a 

Cherenkov disk in the tank, a 

coincident track in the MRD and 

no signal in the FMV.

Á Right: typical neutrino event 

contains data from tank PMTs, 

LAPPD, and MRD.
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Neutrino Event Display

One LAPPD deployed 

for this event
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Enabling Technology: LAPPD

Slide  12

Large-Area Picosecond PhotoDetectors 
are Micro-channel Plate-based fast-timing 
photodetectors 

Á Flat,Large-area: 20 cm × 20 cm

Á Picosecond timing: <100 ps for SPE

Á Quantum efficiency: >20%

Á Position resolution: mm level

Á ANNIE is the first physics experiment 

employing LAPPDs

Á Adding 5 LAPPDs into ANNIE detector 

can improve the vertex resolution from 

~40 cm (PMT-only) to ~15 cm 

(PMT+LAPPD) (see backup slide)

Á Deployed multiple LAPPDs and 

detected beam neutrinos
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First -ever neutrino detection with LAPPDs

Slide  13

Beam on

Beam off

Worldôs first: neutrinos observed with multiple LAPPDs!

First detection of neutrinos with a LAPPD! 

Á Deployed multiple LAPPDs and 

performed timing calibration with laser

Á BNB spill width was correctly detected.

Á ~1200 neutrino candidates identified 
after cuts for data in ~one beam year. 
(~1020 POT) 

Á Will ultimately deploy all 5 LAPPDs to 

enhance the event reconstruction 

capability

ρȢφ ‘ί "." ÓÐÉÌÌ
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CC0Ù Measurement in ANNIE
Á Select CC0ˊ events using MRD-based muon track reconstruction and ML-based 

multi-ring rejection (without deployed LAPPDs so far)

Á Developed a minimal version of reconstruction tools (known as Reco-1; paper in 

preparation).

Á Reconstruction achieved good agreement between Data and MC in muon 

energy and angle 

Á Performing joint cross section analysis with MicroBooNE, using the same cross 

section extraction tools.

Slide  146/11/2025

Muon energy reconstruction
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Neutron Multiplicity in ANNIE

Slide  15

Á CC0  ́events are selected. 

Á Neutron captures are detected by PMTs 

within a ~70 ɛs acquisition window.

Á Neutron capture time from beam data 

agrees well with prediction for 0.1% Gd.

Á Neutron capture efficiency is calibrated by 

a deployed AmBe source. 

Á ANNIEôs first neutron multiplicity analysis 

will conclude within a year.

prompt ɛ

AmBe Source

0.1% Gd-water

Neutron capture time
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Hybrid Event Detection in ANNIE

Á Water Cherenkov detectors provide 

directionality, and Scintillation detectors 

provide low threshold

Á How about a hybrid event detection?  

Combine Cherenkov and scintillation signals

Á Water-based Liquid Scintillator (WbLS) in 

ANNIE: novel detection medium combining 

advantages of both scintillation and Cherenkov light 

Á LAPPDsô fast timing can potentially be used to 

separate prompt Cherenkov light from the slower 

emission of scintillation light. 

Slide  166/11/2025
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Water -based Liquid Scintillator

Á Higher light yield, better particle identification, improved energy reconstruction, 

access to sub-Cherenkov particles, and moreé

Á Scintillator for ANNIE Neutrino Detection Improvement (SANDI): ~3ôĬ3ô 

acrylic vessel containing 356 kg of water-based liquid scintillator (WbLS), 

deployed in 2023 for two months

Á First beam ˄ observed in WbLS! Light yield increased by a factor of 1.4-1.7 

(through-going muon and Michel electron analyses published in JINST)

Slide  17

ANNIE 365 kg vessel

https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05070/pdf
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WbLS for DUNE Phase-II
Á WbLS is the candidate technology for building the fourth far detector in DUNE 

(Module of Opportunity): similar oscillation sensitivity, broader physics programs

Á US P5 report: ñA range of alternative targets, including low radioactivity argon, 

xenon-doped argon, and novel organic or water-based liquid scintillators, 

should be considered to maximize the science reach, particularly in the low-energy 

regimeò (Also see the Theia whitepaper for the proposed DUNE detector)

Á ANNIE just finished the 2nd deployment with SANDI+LAPPDs. A future full WbLS-

filled phase is being planned for ANNIE Phase 3.

Slide  186/11/2025

THEIA 25kt

THEIA 100kt 

https://link.springer.com/article/10.1140/epjc/s10052-020-7977-8
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Neutrino Energy in DUNE

Alexander Friedland, et. al., arXiv:1811.06159[hep-ph]

Slide  196/11/2025

Hadronic composition of CC 
’+40Ar scattering event (E’ = 4 

GeV). For 10,000 ’+40Ar CC 

scattering events with E’=4 GeV, 
there was 19% energy loss to 
neutrons Simulated with GENIE 
2.12.8 default tune.

Á It is necessary to be able to 
account for neutron 
άƳƛǎǎƛƴƎ ŜƴŜǊƎȅέ ƛƴ ƻǊŘŜǊ ǘƻ 
make precision oscillation 
measurements

Á however, neutrino-induced 
neutrons was never 
measured with argon
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Possible Argon Target in ANNIE

Slide  206/11/2025

Á The mis-modeling of the neutron missing energy may lead to a large bias in CP 

angle measurement. However, no data yet.

Á Possibly perform a direct neutron multiplicity measurement with a deploye argon 

target in ANNIE (idea under development)

Á One month data taking will yield ~4000 CCQE events with LAr, or ~1500 with GAr 

at 300 atm (5E12 POT/pulse@5Hz)
Phys. Rev. D92 , 091301(R)
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Summary

Á ANNIE is a Gd-loaded water Cherenkov detector (26 tons mass) 

located in the Booster Neutrino Beam at Fermilab 

Á ANNIE Physics: 

ï Neutron multiplicity measurement as a function of momentum transfer

ï Joint cross section measurements with SBN liquid argon detectors

Á ANNIE R&D:

ï Demonstrate enabling technologies: Gd-loaded water, fast-timing LAPPDs

ï Test hybrid neutrino detection with WbLS: SANDI deployment

Á ANNIE Accomplishment: 

ï First beam neutrinos detected with Gd-water

ï First neutrinos detected with LAPPDs

ï First neutrinos detected with WbLS

Á Exciting physics results underway! Several papers in preparation.

Slide  21
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Backup

Slide  226/11/2025
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ANNIE Event Schematic

Slide  23

Á 1 ï Charge Current neutrino interaction in the fiducial volume

Á 1 - Muon direction reconstructed using LAPPDs

Á 1 - Muon momentum reconstructed by the MRD

Á 2 - Final state neutrons are getting thermalized in the Gd-water volume

Á 3 - Neutron capture on Gd emitting 8 MeV gammas

Á 4 ï Delayed gamma rays are detected by PMTs

21 3 п

Example of Charge-Current neutrino event
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LAPPDs are Essential for ANNIE

Á LAPPDs provide high time and spatial resolutions to 

enhance neutrino vertex resolution and tracking angular 

resolution 

ïReduce uncertainties on fiducialization

ï Improve precision of energy reconstruction

Á By adding 5 LAPPDs to the existing PMTs the accuracy of the 

vertex reconstruction is improved by a factor of >2

Slide  24
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LAPPD Deployment in ANNIE

Á Six LAPPDs deployed in ANNIE (max 3 at one time). Mix of alkali and non-alkali 

MCP substrates.

Slide  256/11/2025
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LAPPD Imaging for Muon Tracks

Slide  266/11/2025

Á By using this "hit timeñ between strips, we can construct the LAPPD timing gradient 

of a muon track.

Á A single LAPPDôs hit image shows sensitivity of the track direction (work ongoing)
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Stroboscopic Approach with LAPPDs
Á Neutrino energy sorting with stroboscopic 

approaches enabled by LAPPDs. 

Á Fast timing (detector and beam) could enable 

a new handle on neutrino flux complementary 

to off-axis "prism" approaches. 

Á ANNIE can demonstrate this technique ns-

scale binning and the BNB

Á LAPPDs are candidate for building the ND-

GAr near detector 

Slide  276/11/2025

E. Angelico et al., PRD 100, 032008 (2019)

.b. ǿƛǘƘ м ƴǎ ōǳƴŎƘƛƴƎ ƛƴ !bbL9

(ñLBNFò with rebunching)
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Á Neutron multiplicity measurements will be very useful to verify models

Missing Energy

6/11/2025 Slide  28

aΦ !ǾŀƴȊƛƴƛΣ ŜǘΦΣ ŀƭΦΣ 
/ƻƳǇŀǊƛǎƻƴǎ ŀƴŘ 
ŎƘŀƭƭŜƴƎŜǎ ƻŦ ƳƻŘŜǊƴ 
ƴŜǳǘǊƛƴƻπǎŎŀǘǘŜǊƛƴƎ 
ŜȄǇŜǊƛƳŜƴǘǎ
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Neutron Multiplicity Simulations

6/11/2025 Slide  29

Genie Collaboration, Recent highlights from GENIE v3
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No measurement done with argon

{ƭƛŘŜ  ол6/11/2025

ArgoNeuT proton multiplicity (neutrino beam) 

Á Existing Measurements of neutrons

ï MINERvA measured neutron multiplicity on hydrocarbon target

ï SNO measured neutron multiplicity on heavy water and Cl-mixed water

ï Super-K measured neutron multiplicity on water

Á Existing liquid argon experiments measured protons (or charged particles), 

but neutrons are hard to detect (most will escape DUNE far detector 

module)
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SNO Measurement 
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arXiv:1904.01148v3 [hep-ex] 19 Jun 2019
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Super-K Measurement

Slide  326/11/2025

K. Abe et al 2022 JINST 17 P10029
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Minerva Measurement

Slide  336/11/2025

arXiv:1901.04892v2 [hep-ex] 20 Sep 2019
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NCQE Signals in ANNIE

Slide  34сκммκнлнр

Steven Doran, Iowa State University

APS Joint March and 9 April Meeting, 2025


