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The Accelerator 
Neutrino Neutron 

Interaction Experiment

• ANNIE is a neutrino experiment 
deployed on the Fermilab Booster 
Neutrino Beam.  

• It is aimed at better understanding 
neutrino-nucleus interactions, 
specifically the neutron yield. 

• It is also an R&D platform to develop 
and demonstrate new neutrino 
detection technologies/techniques. 

• Fast photosensors (LAPPDs) and 
detection media (Gd-loaded water 
and eventually water-based liquid 
scintillators).

(ANNIE)
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The almost complete Phase II ANNIE detector is commissioned and taking beam neutrino data! 
 First LAPPD deployment coming soon !   
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• Introduction to ANNIE 
◦ Goals & capabilities 
◦ The ANNIE detector 

• Physics program 
◦ Neutrino interactions 
◦ Neutrino-induced neutrons 

• Neutrino detector R&D 
◦ Novel targets, fast timing 

• Status & Prospects
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ANNIE in a nutshell
ANNIE : Accelerator Neutrino Nucleus Interaction Experiment

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

● Setup: 26-ton Water Cherenkov detector with ~100 PMTs 
in the Booster Neutrino Beam (BNB)

● 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 photo sensors to improve event reco

2



ANNIE Collaboration March 2024 at 
Florida State University

!"# Small collaboration, 17 institutions, 6 countries $%& 3
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ANNIE Goals
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PHYSICS         
• Neutrino-nucleus interactions 

◦ GeV  + H2O target 

◦ High flux near fixed target 
• Neutrino-induced neutron 

multiplicity, vs.  
◦ Probe an important source of 

systematic uncertainty for 
oscillation measurements 

◦ Gd-loaded H2O target 
• Multi-target cross sections 
◦ Same neutrino beam as SBN 

LArTPCs, strongly correlated flux

νμ

Q2

R&D           
• Flexible testbed to develop next-

generation neutrino detector 
technologies 

• Gd-loaded water target 
◦ High-efficiency neutron tagging 

• Fast timing 
◦ Large-Area Picosecond 

Photodetectors (LAPPDs) 
• Novel target media 
◦ Deployable volume of Water-based 

Liquid Scintillator (WbLS) with 
Cherenkov + scintillation signals

Marvin Ascencio11

Current ANNIE status

ANNIE in 10 minutes - New Perspective

ANNIE aims to deploy 5 LAPPDs. 
We deployed 1 last year and 2 this year. So, we have 3 working LAPPDs in Gd-Water. 
Data acquisition with multiple LAPPDs 

LAPPDs
Characterization and  
Integration Testing

Credit: Michael Nieslony

ACDCLVHV Analog pickup card

ACDC: PSEC chips capture signals from both  
sides of each stripline and it has 10 GS/s,  
25 ns buffer. 

LAPPD triggers asynchronously within a  
20 us (adjustable) beam window.

Deployed!

Waterproof  
housing

Fast Electronics



Linear Accelerator

Booster

Target

Booster Neutrino Beam 
(8 GeV protons)
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FIG. 27: Total predicted flux at the MiniBooNE detector by neutrino species with horn in neutrino

mode.
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FIG. 28: Total predicted flux at the MiniBooNE detector by neutrino species with horn in anti-

neutrino mode.
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MiniBooNE, PRD 79, 072002 (2009)
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∼ 94 %
∼ 6 %
≲ 0.6 %
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The Experimental Hall

ANNIE Detector

ANNIE Hall 
(formerly SciBooNE)
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1. Neutrino charged current interaction in the fiducial volume 
produces a muon. Vertex reconstruction by LAPPDs and muon 
momentum reconstructed in MRD. 

2. Neutrons travel, scatter and thermalize. 

3.- 4. Thermalized neutrons are captured on the Gd producing 
flashes of light by standard PMTs.

Neutrino Interactions in ANNIE

7

ANNIE Detector

7

FMV 
Muon Veto

MRD 
Muon Range 

Detector

Water Tank 
26 t Gd-H2O

132 PMTs 
8" – 11" LAPPDs 

∼100 ps timing
Highest Gd 

concentration (0.1%) First  in LAPPDsν
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Draf
t

Figure 12: Photographs from the deployment of LAPPD-40 in March 2022: Preparing the surfboard
(left), overhead view of the surfboard being lifted toward the open mailslot (center), and lowering
the surfboard into the mailslot (right).

loop (PLL) synchronization with the central clock present in the early LAPPD data. These462

issues have since been corrected.463

Once an ANNIE LAPPD sub-event has been matched to information from the rest of the464

ANNIE tank, information from the other ANNIE subsystems may be used to select the LAPPD465

events most consistent with neutrino interactions in the tank. Figure 13 shows, overlaid, the beam466

timing plot for two more restricted samples of LAPPD events. The full sample of LAPPD sub-events467

that can be successfully matched to information from the ANNIE tank PMTs is shown in brown468

(vertical stripe fill). A sub-sample of matched events that pass a PMT cluster requirement of five469

PMT hits within 50 ns is overlaid in blue (cross-hatch fill).470

The sequential efficiencies of these cuts are reported in Table ?? for both the entire sample471

(beam events and background) and for the beam events. The beam event count is determined by472

requiring events to fall within the spill region, and using a sample well outside the spill region473

to estimate the background. The PMT cluster requirement eliminates all but 4.5% of the total474

sample of paired LAPPD events, but the estimated efficiency of the same cut for true beam events475

is consistent, within errors, with 100%. It is therefore clear that the cluster requirement eliminates476

the majority of the background while sparing the beam events.477

Figure 14 shows the further impact of (a) requiring activity in the MRD consistent with a muon478

(and therefore consistent with a muon arising from a neutrino interaction) and (b) requiring the479

absence of activity in the forward veto. No coincident veto hit is allowed within a window of 750ns480

< �C�"+ ,%") < 850ns. This further restricts the LAPPD event sample to neutrinos that interacted481

in the ANNIE tank, rather than upstream. The additional background suppression provided by the482

MRD requirement is modest once the PMT cluster requirement has been made, with the fraction483

of beam events in the LAPPD sample being enhanced from 62.82% ± 1.43% to 73.7% ± 2.62%.484
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ANNIE Timeline
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recommissioning/LAPPD development

• Data was collected over 2016-2017 in a partially instrumented 
implementation of the detector (so-called Phase I). This served 
as an engineering run and an opportunity to characterize 
background neutrons for the ANNIE physics measurement.  

• These backgrounds were found to be small and are mitigated 
by the buffer layer of water above the detector. Published in:  
JINST 15 (2020) 03, P03011 arXiv:1912.03186.
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Figure 10. Beam-correlated neutron candidate event rates measured during ANNIE Phase-I. The
inset diagram shows the NCV positions included in the red and blue datasets. The dashed line
indicates which NCV positions are contained within the active region of ANNIE Phase-II. Position
0 (the center of the tank) is shown in purple to indicate that it is included in both the red and blue
data. For the blue dataset, the “water thickness” is the depth of the water above the top of the NCV.
For the red dataset, it is the smallest distance between the side of the tube forming the NCV vessel
and the beam side of the tank. Error bars shown in the plot include both statistical and systematic
contributions.

water volume will be doped with a 0.1% concentration of dissolved Gd in mass. Neutron526

capture candidates will be accepted anywhere in the ⇠14 m3 active volume bounded by the527

tank PMTs.528

The dashed line on the inset of fig. 10 shows which NCV positions are located within529

the active detection volume of the ANNIE Phase-II detector. The active region will be530

located from 36 cm below the water line (at the top) to 353.5 cm below the water line531

(at the bottom). Similarly, the octagonal footprint of the inner region of the detector will532

be 20.3 cm away from the wall of the tank at the octagon corners as as far as 27.2 cm at533

the midpoint of each side. The highest beam-induced background neutron rate within this534

active volume was measured at position V2, at 0.020 neutrons per m3 per spill. This rate535

– 23 –
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Measurements relevant to the neutrino oscillation program: 
• Proximity to BNB target → high flux, overlap with T2K/LBNF 
◦ Spans the neutrino energy range where DUNE & HK overlap 
◦ Currently taking data, analyzing existing ∼2 year dataset

ANNIE Physics Program

9

Andrew Sutton Aug 25, 2023

Why ANNIE?
• Significant data/MC discrepancies have been seen  

• ANNIE is near the target of a neutrino beam 

- High statistics: O(104) neutrino events per year 

• Gd loading → high detection efficiency (~65%)

8

SNO/SK (atm. neutrinos)T2K (beam neutrinos)MINERvA (beam neutrinos)

NOvA
DUNE

Hyper-K

ANNIE
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ANNIE’s physics
Direct relevance for long-baseline neutrino program 
since kinematic parameters of BNB neutrino 
interactions largely overlap with DUNE and HK FDs

● ANNIE shares the BNB with several liquid-argon 
experiments
→ direct comparison of oxygen & argon 
     cross-sections (MicroBooNE, SBND)

3

Momentum and energy transfer of neutrino 
interactions in the BNB largely overlap with 
those of DUNE and HK Far Detectors.

by A. M
astbaum

See also: Mun Jung Jung's SBND talk (April 17)



Measurements relevant to the neutrino oscillation program: 
• Proximity to BNB target → high flux, overlap with T2K/LBNF 
•  interactions with oxygen, final state neutrons 

◦ Differential cross sections, high-statistics  multiplicity vs.  
◦ Improved modeling of FS neutral production, input to generators 
◦ Constrain systematics for  reconstruction in oscillation experiments

νμCC
n Q2

Eν

ANNIE Physics Program

10
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ANNIE’s physics
Direct relevance for long-baseline neutrino program 
since kinematic parameters of BNB neutrino 
interactions largely overlap with DUNE and HK FDs

● ANNIE shares the BNB with several liquid-argon 
experiments
→ direct comparison of oxygen & argon 
     cross-sections (MicroBooNE, SBND)

● Neutron multiplicity from CC interactions 
and differential cross-sections on oxygen
→ important input for neutrino event generators

4

In CCQE interactions, 
primary neutrons are created 
by nuclear effects. Added to 
this are secondary neutrons 
caused by e.g. 16O(n,2n)15O 
reactions on neighboring 
nuclei.

νμ
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ANNIE’s physics: Neutron multiplicity

● Improve understanding of CC 
interactions on oxygen

● 3-dimensional differential 
cross-section measurement:

a. Final-state lepton energy
b. scattering angle
c. neutron multiplicity

● High-statistics measurement, several 
104 neutrino events per beam year

● Comparison to 
LAr cross-sections measurements 
(neutrons versus recoil protons!)

12

SNO/SK: 
neutron production 

from atmospheric 
neutrinos vs. 

lepton energy 

T2K: 
neutron production 

vs. transverse 
momentum,

limited statistics
 

SNO, PRD 99 (2019) 11, 112007 

T2K
, TAU

P 2019
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SNO/SK: 
neutron production 

from atmospheric 
neutrinos vs. 

lepton energy 

T2K: 
neutron production 

vs. transverse 
momentum,

limited statistics
 

SNO, PRD 99 (2019) 11, 112007 

T2K
, TAU

P 2019

SNO/SK

(Eμ)

T2K

(pT
μ )

Ryosuke Akutsu, PhD thesis (2019)



Measurements relevant to the neutrino oscillation program: 
• Proximity to BNB target → high flux, overlap with T2K/LBNF 
•  interactions with oxygen, final state neutrons 

•  interactions (  cascade and neutrons) 
◦ Constrain backgrounds for LBL & p decay, DSNB searches 
◦ ∼10k fiducial NC events/beam year, ∼50% of which are NCQE

νμCC
νNC γ

ANNIE Physics Program
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ANNIE’s physics
Direct relevance for long-baseline neutrino program 
since kinematic parameters of BNB neutrino 
interactions largely overlap with DUNE and HK FDs

● ANNIE shares the BNB with several liquid-argon 
experiments
→ direct comparison of oxygen & argon 
     cross-sections (MicroBooNE, SBND)

● Neutron multiplicity from CC interactions 
and differential cross-sections on oxygen
→ important input for neutrino event generators

● NC interactions: background for 
○ Long-baseline oscillation experiments 
○ Diffuse Supernova Neutrino searches
○ Proton decay searches

5

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

by SK
 collaboration, TAU

P 2023

SK DSNB

Steven Doran | NC Cross Section Update23

"NCQE Interactions
• At . energies ≥ 200 MeV, NCQE interactions 

dominate over NC inelastic processes
• At ~1 GeV, resonant meson production kicks in
• Identify interactions using Cherenkov light from 

EM cascade of primary de-excitation (-rays
• Signal = prompt $ with %$	~	6 MeV
• Production of secondary gammas from nucleon-

nucleus interactions
• n-capture (~)* later) can serve as coincident signal

• 4 possible states following nucleon knockout:
• "+%/#     { "+!/#     ",%/#     -./01, }
 (Ground)                (Excited)

Ankowski and Benhar, 2012

NC cross sections 
as a function of "" NCQE

NC12 RES

Neut Simulation - Huang Kunxian 2015

n or p

See also: Jie Cheng, Atm. NC (April 15); Anna Ershova, de-ex in p FSI (April 15)



Measurements relevant to the neutrino oscillation program: 
• Proximity to BNB target → high flux, overlap with T2K/LBNF 
•  interactions with oxygen, final state neutrons 

•  interactions (  cascade and neutrons) 
• Same neutrino beam as SBN LArTPCs 
◦ Precision 40Ar/H2O  comparisons 
◦ Probe  scaling, simultaneous tuning 
◦ Correlations in hadron production (n/p)

νμCC
νNC γ

σ
A
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Magnetic focusing horn

horn. The largest field values of 1.5 Tesla are obtained
where the inner conductor is narrowest (2.2 cm radius).
The effects of time-varying fields within the cavity of the
horn are found to be negligible. The expected field prop-
erties of the horn have been verified by measuring the
current induced in a wire coil inserted into the portals of
the horn. Figure 5 shows the measured R dependence of the
azimuthal magnetic field compared with the expected 1=R
dependence. The ‘‘skin effect’’, in which the time-varying
currents traveling on the surface of the conductor penetrate
into the conductor, results in electromagnetic fields within
the conductor itself.

During operation, the horn is cooled by a closed water
system which sprays water onto the inner conductor via
portholes in the outer cylinder. The target assembly is
rigidly fixed to the upstream face of the horn, although
the target is electrically isolated from its current path. At
the time of writing, two horns have been in operation in the
BNB. The first operated for 96! 106 pulses before failing,

FIG. 4 (color online). The MiniBooNE pulsed horn system.
The outer conductor (gray) is transparent to show the inner
conductor components running along the center (dark green
and blue). The target assembly is inserted into the inner con-
ductor from the left side. In neutrino-focusing mode, the (posi-
tive) current flows from left-to-right along the inner conductor,
returning along the outer conductor. The plumbing associated
with the water cooling system is also shown.

FIG. 3 (color online). Left: Neutrino event times relative to the nearest RF bucket (measured by the RWM) corrected for expected
time-of-flight. Right: An oscilloscope trace showing the coincidence of the beam delivery with the horn pulse. The top trace (labeled
‘‘2’’ on the left) is a discriminated signal from the resistive wall monitor (RWM), indicating the arrival of the beam pulse. The bottom
trace (labeled ‘‘1’’ on the left) is the horn pulse. The horizontal divisions are 20 !s each.

0

0.2

0.4

0.6

0.8

1

0 10 20 30
0

0.2

0.4

0.6

0.8

1

0 10 20 30
r0 (cm)

B
φ/

I (
10

-2
 T

/k
A

)

FIG. 5. Measurements of the azimuthal magnetic field within
the horn. The points show the measured magnetic field, while the
line shows the expected 1=R dependence. The black lines
indicate the minimum and maximum radii of the inner conduc-
tor.
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Mayly Sanchez, Michi Wurm     Status of ANNIE     

Status of joint ANNIE/MicroBooNE analysis
● O/Ar analyses need comparable data sets, 

e.g. CC events without pions (CC0pi)

● ANNIE: 
○ Basic selection as for neutron multiplicity
○ Event ID for single-/multi-ring events

● MicroBooNE:
○ Corresponding analysis already existing
○ Adaptation of standard tooling to extract an 

ANNIE-like CC0pi sample

● Common handling of BNB flux and GENIE 
cross section systematics between SBN and 
ANNIE already implemented for joint analysis

● MicroBooNE-ANNIE MoU is under 
development for limited data sharing
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Current status of Single-Ring (SR) vs. Multi-Ring (MR) 
discrimination based on PMT patterns (ML) (by Daniel Schmid)

MicroBooNE 0pi analysis
(courtesy by Steven Gardiner)

Flux correlations ANNIE/MicroBooNE
(by James Mynock)

PRELIMINARY

Prelim
inar

y

See also: Steven Gardiner, Andy Furmanski, μBooNE CC0πNp (April 17)
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energy loss in a water Cherenkov detector can be assumed to be constant and on the order
of dE

d x ⇡ 1.992MeV
cm [236]. The total particle energy can therefore be estimated by combining

the information about the muon track length in the water and the additional energy loss
in the sandwich-structured Muon Range Detector. The latter quantity is derived based on
the reconstructed track topology in the MRD, as briefly discussed in chapter 4. The track
length in the tank, on the contrary, is estimated based on the amount of charge detected
by the PMTs in the tank.

Figure 6.15 schematically displays the event topology of a typical interaction for which
an incoming muon neutrino (dashed, black) creates a muon (red) in a Charged Current
interaction which then propagates through the water tank and stops in the MRD. The
different stages of energy losses are depicted in various colors: Within the PMT-enclosed
volume, the energy Eµ,tank (orange) is deposited in the water and will be accessible in
terms of the total charge Q detected by the PMTs, connected by a proportionality factor ↵:

Eµ,tank = ↵ ·Q, (6.3)

where ↵ takes on units of p.e.
MeV and Q is inserted in units of photo-electrons.

μ

ν

Eloss,MRD

Etank

vertex

PMT-enclosed 
 volume

Eouter

Figure 6.15: Principle of the simple energy reconstruction algorithm used to estimate the
energies of muons in the presented analysis. The total energy of the considered muons is
calculated by combining the energy loss reconstructed in the MRD (Eloss,MRD), the light levels
observed in the tank (Etank), and the energy lost outside of the PMT-enclosed volume (Eouter).

After leaving the PMT-enclosed volume which is separated from the rest of the water tank
by a black liner sheet, the muon further traverses more water until it reaches the edge of

Prompt: Final state muon energy 
and angle reconstruction using tank 
PMTs + MRD tracking
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Figure 6.19: Muon energy distributions for events with a stopping track in the MRD (blue)
and events with a muon originating in the Fiducial Volume (red). Reconstructed distributions
for data (crosses with error bars) are contrasted with the expected distributions in the Monte
Carlo (solid lines).

In our case, the muon direction ~dµ is obtained from the reconstructed track in the MRD
and the neutrino direction is inferred to be purely in z-direction based on the geometry of
the beam:

~dµ = ~rMRD,stop � ~rMRD,start =

0
@

dMRD,x

dMRD,y

dMRD,z

1
A , ~d⌫ =

0
@

0
0
1

1
A . (6.11)

The equation for the calculation of the angle therefore simplifies and takes on the following
form:

cos✓µ =
dMRD,zq

d2
MRD,x + d2

MRD,y + d2
MRD,z

(6.12)

The resulting distributions for neutrino candidate events with a stopping muon track and
with the additional constraint of a reconstructed interaction vertex in the FV of ANNIE are
shown in figure 6.20 as blue and red curves, respectively. While the distributions obtained
from data are depicted as crosses with error bars, the equivalent MC distributions are
shown as solid lines in the plot.

In general, the geometrical setup of ANNIE leads to a selection of primarily downstream-
oriented muons, with cos(✓µ) ⇠ 1. More tilted tracks are observed with a decreased
probability up until values of cos(✓µ) ⇠ 0.6. Some discrete peaks seem to be present in
the angular distribution which are an inherent feature of the MRD track reconstruction
technique due to the dimensions of the single scintillator paddles. The comparison of the
distributions shows that the selected neutrino candidates in the data and the simulation

PreliminaryDELAYED EVENT ANALYSIS - NEUTRON COUNTING 211

seem to exhibit a very similar behavior for both samples, demonstrating that the selected
events also match in terms of their angular properties.
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Figure 6.20: Muon angular distributions for events with a stopping track in the MRD (blue)
and events with muons originating in the Fiducial Volume (red). Reconstructed distributions
for data (crosses with error bars) are contrasted with the expected distributions in the Monte
Carlo (solid lines).

The investigation of the vertex, energy, and angular distributions of associated muons
in neutrino candidate events concludes the characterization of the prompt activity in
the tank. While it is in principle also possible to extract the neutrino energy for events
which were created in a CCQE interaction based on the reconstructed muon energy and
the angle between the neutrino and muon directions, this additional step creates further
uncertainties and is much more prone to introduce biases, and will hence be included in a
future more in-depth analysis.

6.4 DELAYED EVENT ANALYSIS - NEUTRON COUNTING

The number of neutrons produced in the neutrino interaction (often referred to as neutron
yield or neutron multiplicity) is a useful indicator for the inelasticity of any given event and
can hence be used to reduce biases in the neutrino energy reconstruction. Furthermore, a
better understanding of the neutron multiplicity for high-energetic neutrinos will help to
constrain backgrounds in DSNB and proton decay searches more efficiently, as presented
in subsection 2.3.4 of the theory chapter. The current section will present the prospects of
a neutron yield measurement in ANNIE by first highlighting the expected neutron levels
based on simulation studies in subsection 6.4.1 before moving on to discuss appropriate
selection cuts for neutron candidates based on the calibration campaign in subsection 6.4.2.
The properties of selected neutron candidates in the considered data sample will then
be shown in subsection 6.4.3 in terms of the associated charge and time spectra. The
final subsection 6.4.4 presents the integrated neutron multiplicity results in the data

Preliminary

• MRD requirement restricts  
momentum and angle coverage 

• ,  
• Tank-only ring reconstruction 

(under development) enables 
wide coverage for CC kinematics

μ

0.4 ≲ Eμ ≲ 1.2 GeV θμ ≳ 60∘

M. Nieslony, 
PhD thesis (2022)

M. Nieslony, 
PhD thesis 
(2022)

∼15k CC events 
per beam year
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Delayed: 8 MeV  signal from 
neutron captures on gadolinium

γ
Marvin Ascencio16ANNIE in 10 minutes - New Perspective

First application of Gd-loaded water on a neutrino beam
 

Gadolinium’s average neutron capture  
cross-section is high compared with  
pure water. Cross-section: 
 * Gd: 49000 barns. 
 * H: 0.33 barns. 

Neutrons after thermalization, capture time: 
 * Gd: 20 μs. 
 * H: 200 μs. 

Signature: 
 * Gd: ~ 8 MeV  cascade. 
 * H: ~ 2.2 MeV  cascade. 

γ
γ
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FSI

n

Gadolinium 

Backup slides

H Gd

σ 0.33 bn 49000 bn
τ 300 μs 30 μs
Eɣ 2.2 MeV 8 MeV
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Figure 6.23: The visualization of the neutron selection cuts in the Charge Balance - Total
Charge plane for neutron calibration data. Events located in the lower left region are identified
as neutron candidates by the cuts that are employed.
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Figure 6.24: Time distribution of tank PMT hits detected in an exemplary beam trigger event
with an extended acquisition window. The large prompt activity around 1000 ns is indicative
of a muon-like event signature while the smaller sharp peaks at later times after 10 µs are
potential neutron candidates. Clusters which passed the neutron selection cuts are marked
by red arrows. The increased number of hits in the time frame between 6 µs and 10 µs can
most likely be traced back to afterpulsing effects. In addition, single uncorrelated noise hits
are visible across the entire acquisition window.

6.4.3 PROPERTIES OF SELECTED NEUTRON CANDIDATES

The properties of the selected neutron candidates can be evaluated in terms of their charge
and time response in order to validate that the employed cuts worked reasonably well to
identify neutron-like clusters. In this context, figure 6.25 shows the time distribution of
selected neutron candidates in the beam data sample. As expected, a clear exponential
shape representative of the neutron capture process is visible. A fit with an exponential

Example 
event

M. Nieslony, PhD thesis (2022)
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function and a constant term of the form

f (t) = c + A · e�t/⌧ (6.13)

yields the following best fit parameters:

c = (14± 12)
counts
2400ns

,

⌧= (29± 7) µs.

The constant term c is included in the fit to account for the amount of beam-uncorrelated
background neutrons. The determined decay time constant ⌧ is in accordance with the
theoretically expected value of ⌧theo = 30µs [177] within the determined uncertainties.
From the point of view of their timing characteristics, the selected neutron candidates
hence behave according to expectations.

h_time_neutrons_data
Entries  1769
Mean   3.181e+04
Std Dev    1.575e+04

 / ndf 2χ  14.16 / 20
const     12.32± 13.92 
A         17.2± 198.5 
     τ  6.991e+03± 2.855e+04 
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Cluster time beam neutrons

Figure 6.25: Time distribution of neutron event candidates from beam neutrino interactions.
The distribution was fit with an exponential function including a constant offset. The resulting
best fit value for the decay time ⌧decay = (29± 7) µs is in good agreement with the expected
value of ⌧theo = 30µs.

Apart from the timing behavior, the other main quantity of interest is the total charge
detected by the ensemble of ANNIE PMTs. The charge distribution of the selected neutron
candidates in beam events is depicted in figure 6.26. Data events are depicted as red
crosses with error bars while the expected behavior based on the Monte Carlo simulation is
shown as a shaded blue area. In general, the distributions look rather similar and feature a
peak in the charge region between 10 and 30 p.e. followed by a decreasing slope up until
a maximum total charge of around 70 photoelectrons. While small differences are visible
due to statistical uncertainties and a potential small fraction of remaining background
in the selected data sample, the spectra resemble each other closely enough to further
confirm the validity of the employed selection approach.

Capture times

(1.5 months of 
beam data)

Preliminary
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First application of Gd-loaded water on a neutrino beam
 

Gadolinium’s average neutron capture  
cross-section is high compared with  
pure water. Cross-section: 
 * Gd: 49000 barns. 
 * H: 0.33 barns. 

Neutrons after thermalization, capture time: 
 * Gd: 20 μs. 
 * H: 200 μs. 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 * Gd: ~ 8 MeV  cascade. 
 * H: ~ 2.2 MeV  cascade. 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Figure 6.23: The visualization of the neutron selection cuts in the Charge Balance - Total
Charge plane for neutron calibration data. Events located in the lower left region are identified
as neutron candidates by the cuts that are employed.
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Figure 6.24: Time distribution of tank PMT hits detected in an exemplary beam trigger event
with an extended acquisition window. The large prompt activity around 1000 ns is indicative
of a muon-like event signature while the smaller sharp peaks at later times after 10 µs are
potential neutron candidates. Clusters which passed the neutron selection cuts are marked
by red arrows. The increased number of hits in the time frame between 6 µs and 10 µs can
most likely be traced back to afterpulsing effects. In addition, single uncorrelated noise hits
are visible across the entire acquisition window.

6.4.3 PROPERTIES OF SELECTED NEUTRON CANDIDATES

The properties of the selected neutron candidates can be evaluated in terms of their charge
and time response in order to validate that the employed cuts worked reasonably well to
identify neutron-like clusters. In this context, figure 6.25 shows the time distribution of
selected neutron candidates in the beam data sample. As expected, a clear exponential
shape representative of the neutron capture process is visible. A fit with an exponential
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function and a constant term of the form

f (t) = c + A · e�t/⌧ (6.13)

yields the following best fit parameters:

c = (14± 12)
counts
2400ns

,

⌧= (29± 7) µs.

The constant term c is included in the fit to account for the amount of beam-uncorrelated
background neutrons. The determined decay time constant ⌧ is in accordance with the
theoretically expected value of ⌧theo = 30µs [177] within the determined uncertainties.
From the point of view of their timing characteristics, the selected neutron candidates
hence behave according to expectations.
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Entries  1769
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Figure 6.25: Time distribution of neutron event candidates from beam neutrino interactions.
The distribution was fit with an exponential function including a constant offset. The resulting
best fit value for the decay time ⌧decay = (29± 7) µs is in good agreement with the expected
value of ⌧theo = 30µs.

Apart from the timing behavior, the other main quantity of interest is the total charge
detected by the ensemble of ANNIE PMTs. The charge distribution of the selected neutron
candidates in beam events is depicted in figure 6.26. Data events are depicted as red
crosses with error bars while the expected behavior based on the Monte Carlo simulation is
shown as a shaded blue area. In general, the distributions look rather similar and feature a
peak in the charge region between 10 and 30 p.e. followed by a decreasing slope up until
a maximum total charge of around 70 photoelectrons. While small differences are visible
due to statistical uncertainties and a potential small fraction of remaining background
in the selected data sample, the spectra resemble each other closely enough to further
confirm the validity of the employed selection approach.
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Marvin Ascencio16ANNIE in 10 minutes - New Perspective

First application of Gd-loaded water on a neutrino beam
 

Gadolinium’s average neutron capture  
cross-section is high compared with  
pure water. Cross-section: 
 * Gd: 49000 barns. 
 * H: 0.33 barns. 

Neutrons after thermalization, capture time: 
 * Gd: 20 μs. 
 * H: 200 μs. 

Signature: 
 * Gd: ~ 8 MeV  cascade. 
 * H: ~ 2.2 MeV  cascade. 

γ
γ

μνμ

FSI

n

Gadolinium 

Backup slides

H Gd

σ 0.33 bn 49000 bn
τ 300 μs 30 μs
Eɣ 2.2 MeV 8 MeV

Andrew Sutton Aug 25, 2023

Background measurement (Phase-I)
• Partially instrumented, pure water target without Gd  

• Inserted an optically-isolated, Gd-loaded neutron capture volume 

• Measure beam-correlated neutron backgrounds 

- Skyshine: neutrons that bounce off the 
atmosphere 

- Dirt: from neutrino interactions in 
upstream rock

5

Phase I: Beam-correlated 
neutron background 

characterization

Position-dependent in situ 
measurements of neutron 

capture rates
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Figure 6.23: The visualization of the neutron selection cuts in the Charge Balance - Total
Charge plane for neutron calibration data. Events located in the lower left region are identified
as neutron candidates by the cuts that are employed.
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Figure 6.24: Time distribution of tank PMT hits detected in an exemplary beam trigger event
with an extended acquisition window. The large prompt activity around 1000 ns is indicative
of a muon-like event signature while the smaller sharp peaks at later times after 10 µs are
potential neutron candidates. Clusters which passed the neutron selection cuts are marked
by red arrows. The increased number of hits in the time frame between 6 µs and 10 µs can
most likely be traced back to afterpulsing effects. In addition, single uncorrelated noise hits
are visible across the entire acquisition window.

6.4.3 PROPERTIES OF SELECTED NEUTRON CANDIDATES

The properties of the selected neutron candidates can be evaluated in terms of their charge
and time response in order to validate that the employed cuts worked reasonably well to
identify neutron-like clusters. In this context, figure 6.25 shows the time distribution of
selected neutron candidates in the beam data sample. As expected, a clear exponential
shape representative of the neutron capture process is visible. A fit with an exponential

Example 
event

M. Nieslony thesis
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function and a constant term of the form

f (t) = c + A · e�t/⌧ (6.13)

yields the following best fit parameters:

c = (14± 12)
counts
2400ns

,

⌧= (29± 7) µs.

The constant term c is included in the fit to account for the amount of beam-uncorrelated
background neutrons. The determined decay time constant ⌧ is in accordance with the
theoretically expected value of ⌧theo = 30µs [177] within the determined uncertainties.
From the point of view of their timing characteristics, the selected neutron candidates
hence behave according to expectations.

h_time_neutrons_data
Entries  1769
Mean   3.181e+04
Std Dev    1.575e+04

 / ndf 2χ  14.16 / 20
const     12.32± 13.92 
A         17.2± 198.5 
     τ  6.991e+03± 2.855e+04 
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Figure 6.25: Time distribution of neutron event candidates from beam neutrino interactions.
The distribution was fit with an exponential function including a constant offset. The resulting
best fit value for the decay time ⌧decay = (29± 7) µs is in good agreement with the expected
value of ⌧theo = 30µs.

Apart from the timing behavior, the other main quantity of interest is the total charge
detected by the ensemble of ANNIE PMTs. The charge distribution of the selected neutron
candidates in beam events is depicted in figure 6.26. Data events are depicted as red
crosses with error bars while the expected behavior based on the Monte Carlo simulation is
shown as a shaded blue area. In general, the distributions look rather similar and feature a
peak in the charge region between 10 and 30 p.e. followed by a decreasing slope up until
a maximum total charge of around 70 photoelectrons. While small differences are visible
due to statistical uncertainties and a potential small fraction of remaining background
in the selected data sample, the spectra resemble each other closely enough to further
confirm the validity of the employed selection approach.

Capture times

(1.5 months of 
beam data)

JINST 15, P03011 (2020)
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energy loss in a water Cherenkov detector can be assumed to be constant and on the order
of dE

d x ⇡ 1.992MeV
cm [236]. The total particle energy can therefore be estimated by combining

the information about the muon track length in the water and the additional energy loss
in the sandwich-structured Muon Range Detector. The latter quantity is derived based on
the reconstructed track topology in the MRD, as briefly discussed in chapter 4. The track
length in the tank, on the contrary, is estimated based on the amount of charge detected
by the PMTs in the tank.

Figure 6.15 schematically displays the event topology of a typical interaction for which
an incoming muon neutrino (dashed, black) creates a muon (red) in a Charged Current
interaction which then propagates through the water tank and stops in the MRD. The
different stages of energy losses are depicted in various colors: Within the PMT-enclosed
volume, the energy Eµ,tank (orange) is deposited in the water and will be accessible in
terms of the total charge Q detected by the PMTs, connected by a proportionality factor ↵:

Eµ,tank = ↵ ·Q, (6.3)

where ↵ takes on units of p.e.
MeV and Q is inserted in units of photo-electrons.

μ

ν

Eloss,MRD

Etank

vertex

PMT-enclosed 
 volume

Eouter

Figure 6.15: Principle of the simple energy reconstruction algorithm used to estimate the
energies of muons in the presented analysis. The total energy of the considered muons is
calculated by combining the energy loss reconstructed in the MRD (Eloss,MRD), the light levels
observed in the tank (Etank), and the energy lost outside of the PMT-enclosed volume (Eouter).

After leaving the PMT-enclosed volume which is separated from the rest of the water tank
by a black liner sheet, the muon further traverses more water until it reaches the edge of

σ(Eμ, cos θμ |MRD)

σ(Eμ, cos θμ)

MRD 
track 

selection

Tank 
track 

selection

 InclusiveνμCC

∼104 CC 
events/beam year
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• Large-Area Picosecond Photodetectors 
◦ 8"×8" MCP-based photodetector 
◦ Absolute 1 pe timing ∼100 ps 
◦ Spatial resolution ∼1 cm 
◦ Multi "pixel" imaging detectors

First Results & Prospects
LAPPDs
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Sub-nanosecond timing with LAPPDs
● Electron amplification in flat geometry

→ excellent timing
● Incom’s Gen-I LAPPDs feature

○ Large detection area (8’’ x 8’’)
○ Timing:   - in-situ ~ 50ps

               - absolute ~ 100ps
○ Anode structured in strips, 

28 strips with double-sided readout
→ spatial resolution better ~1cm

● To maintain sub-ns resolution, signals 
have to be digitized directly at LAPPD
→ underwater electronics (10 GS/s)
→ waterproof housing 

18

LAPPDs use two layers of 
multi-channel plates to 
enable electron 
amplification in a very 
uniform geometry for a 
large photocathode

LAPPD strips are read 
out from both ends to 
determine hit positions 
along the strip by relative 
signal timing.

Marvin Ascencio11

Current ANNIE status

ANNIE in 10 minutes - New Perspective

ANNIE aims to deploy 5 LAPPDs. 
We deployed 1 last year and 2 this year. So, we have 3 working LAPPDs in Gd-Water. 
Data acquisition with multiple LAPPDs 

LAPPDs
Characterization and  
Integration Testing

Credit: Michael Nieslony

ACDCLVHV Analog pickup card

ACDC: PSEC chips capture signals from both  
sides of each stripline and it has 10 GS/s,  
25 ns buffer. 

LAPPD triggers asynchronously within a  
20 us (adjustable) beam window.

Deployed!

Waterproof  
housing

Fast Electronics
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First-ever multi-LAPPD system deployed
● Early 2023: LAPPDs 63+64 success- 

fully deployed and commissioned

● DAQ has been expanded to receive 
data from multiple LAPPDs

● Commissioned time synchronization 
amongst individual LAPPDs and 
global trigger

● Lesson learnt: 
current LAPPDs are all different
→ electronics have to be configured to 
    match e.g. the resistances of MCPs

● First data set with multiple LAPPDs 
acquired towards end of beam year 
→ analysis in progress
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View of the LAPPDs in the Water Tank through the top hatch
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Figure 14: Time difference, in microseconds, between the receipt of the beam gate by the PAL
and the LAPPD autonomous trigger, for all LAPPD events paired to ANNIE PMT tank information
passing PMT cluster cuts (blue, solid fill), all paired LAPPD that pass both PMT cluster requirements
and having an MRD track (violet, vertical stripe), and all paired LAPPD events that pass PMT cluster
and MRD track requirements that have no activity in the forward veto (red, cross-hatch).

a stripline, and the horizontal position is localized to the level of a readout strip. Calculating the501

vertical position along the stripline and using charge-sharing information to interpolate between502

striplines will be the subject of a future paper.503

For this study, only information from the MRD was used to reconstruct the muon track direction.504

The muon is highly relativistic and the Cherenkov light angle is assumed to be ⇠ 42�. The light505

propagation time in water is assumed to be . Under these assumptions, the relative arrival time506

of photons at each position on the LAPPD can be calculated and translated to an estimated pulse507

arrival time at each side of the LAPPD strip. These are averaged together, and then predictions at508

all points along a stripline are averaged under a flat prior, for comparison to the LAPPD data.509

Only the relative trend in hit times is being compared, not the absolute time reference. There510

is an offset g between the calculated prediction and the data that is unknown, which we fit for using511
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Expected impact of LAPPDs
● Simulation studies show that 

X-shaped arrangement of 5 LAPPDs 
provides optimal performance for 
vertex reconstruction

● Relevant for physics program: 
→ improved energy and angular 
resolution of final-state muons

● Integration of LAPPDs in vertex 
reconstruction on-going (see below) 

→ collect data for differential  
cross-section analysis for 2 years

→ explore potential for beam timing
(by resolving substructure of spills)

17

Simulation of 
vertex resolution 
with 5 LAPPDs 

(X-array) vs. 
PMTs-only

PMT event 
display with 
X-array of 
LAPPDs 
indicated
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• Time evolution of the Cherenkov 
ring across a single LAPPD can 
reconstruct track direction 

• Currently planning to deploy 5 
LAPPDs in ANNIE during the 
current Phase II

First Results & Prospects
LAPPDs

18
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An ANNIE neutrino candidate on LAPPD – A first!
● For muon track exiting the tank close 

to an LAPPD, expect multiple strips 
hit (in more than one position)

● Information of hit time (and position 
along the strip) determined based on 
absolute (relative) time recorded on 
strip ends

● Reconstructed hit positions on strips 
compared to MRD prediction for 
Cherenkov ring → good agreement!

● Ongoing development of reco code 
forward-folding track hypothesis to 
predict (and fit) LAPPD hit pattern

21

Detector components of ANNIE

ANNIE event display of an example 
neutrino event recorded with LAPPD 40:

MRD registers out-going muon, FMV quiet,
forward Cherenkov ring/disc on PMTs. 

MRD side view MRD top view 

Tank PMTs
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For comparison: Dirt muon with diagonal track 

25

Horizontal muon track entering the water tank upstream and reconstructed diagonally by MRD.

MRD track

LAPPD hit pattern

PMT hit pattern
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For comparison: Dirt muon with diagonal track 

25

Horizontal muon track entering the water tank upstream and reconstructed diagonally by MRD.

MRD track

LAPPD hit pattern

PMT hit pattern

MRD vs. LAPPD 
(not a fit!)



• Fast timing (detector and beam) could enable a 
new handle on neutrino flux complementary to 
off-axis "prism" approaches 
◦ Lower-E hadrons → lower  → later  
◦ (Note: ≲250 ps bunches for the LBNF beam 

(at right) would require high-frequency RF 
proton beam rebunching to preserve intensity)

β ν

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

FIG. 9. Projection of the initial (53.1 MHz, red) and final (531 MHz, blue) bunches onto the phase space variables ϕ and δ using the
proton bunch initial conditions from 6. The simulation includes 20 neighboring 53.1 MHz rf buckets. The resulting width of the
531 MHz bunches is affected by interbucket cross-talk. The number of protons contained in each 531 MHz bunch varies from 15% to
5% of the number of protons in the initial 53.1 MHz bunch.

FIG. 10. The plots on the top row show the relative time-of-arrival of all neutrinos at the far detector for the zero bunch width and
perfect detector timing (left) and 250 ps bunch width and 100 ps detector timing in 200 ps bins (right). Time cut ranges that produce the
fluxes on the bottom row (red, magenta, indigo, blue, light blue, cyan, teal) are shown as shaded regions in the time-of-arrival plots on
the top row. All plots include pile-up affects from neighboring 531 MHz bunches. The plots on the bottom row show the simulated
LBNF neutrino energy distribution (outer envelope), overlaid with the fluxes corresponding to increasingly later binned time-cuts
relative to the bunch arrival time. The bins are 200 ps wide in both cases. Both plots are in forward horn current mode, as reverse horn
current versions look identical.

E. ANGELICO et al. PHYS. REV. D 100, 032008 (2019)
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250 ps bunches, 100 ps detector

NuMI beamline (FNAL), e.g.
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◦ Lower-E hadrons → lower  → later  
◦ (Note: ≲250 ps bunches for the LBNF beam 

(at right) would require high-frequency RF 
proton beam rebunching to preserve intensity)

β ν

• ANNIE with LAPPDs could demonstrate this 
technique using coarse ns-scale binning (and the 
relatively lower-energy BNB beam)
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250 ps bunches, 100 ps detector

BNB, 1 ns bunches at ANNIE

M. Wetstein

Simulation

NuMI beamline (FNAL), e.g.



• Water-based Liquid Scintillator (WbLS) is 
a novel target medium 
◦ Cherenkov & scintillation, tunable ratio 
◦ Calorimetric reconstruction of low-

energy hadrons in WC-like detectors 
◦ Improved particle ID using C/S ratio 
◦ C+S improves vertex & energy reco 

• Ton-scale prototypes: Eos, BNL 1t/30t, 
BUTTON, ANNIE 

• WbLS Theia is a DUNE FD4 option, 
offering a complementary FD target

First Results & Prospects
Water-Based LS
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Hybrid Cherenkov/scintillation detection in WbLS
Water Cherenkov detectors are great in
identifying (multiple) high-energy leptons/pions 
but no signal from low-energy hadrons

WbLS has the potential to 

● Detect hadronic recoils by scintillation
→ calorimetric energy reconstruction

● Enhance Particle ID using the 
Cherenkov/scintillation ratio 

● Improve position reconstruction due to 
isotropic light emission at vertex

● Add gadolinium to enhance neutron sensitivity

→ in ANNIE, Cherenkov/scintillation separation 
can be achieved by fast LAPPD timing

29

Separating Cherenkov and scintillation signals 
with an LAPPD (CHESS@UC Berkeley)

timing                   spectrum                     angle
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Together these upgrades more than quadruple the DUNE Phase I exposure to achieve 
600 kt*MW*yr by the mid-2040s, the originally envisioned timescale. At this integrated 
exposure we expect statistical and systematic uncertainties to be roughly balanced, giving 
DUNE significant and unique discovery potential across the neutrino mixing landscape.

With higher statistics, control of systematic uncertainties (such as those arising from 
the interaction of neutrinos and nuclei) becomes increasingly crucial. A more capable 
near detector (MCND), a gas target combined with a magnetic field and electromagnetic 
calorimeter, is indispensable for this purpose. In addition, by being exposed to the world’s 
most intense neutrino beam, it will create a unique laboratory for the discovery of novel 
particles and interactions, many of which could shed light on the nature of dark matter 
and possible hidden sectors.

The opportunities opened by DUNE Phase II shine brightest when complemented by 
a strong theory effort. The interaction of neutrinos and nuclei represents a complex many- 
body quantum problem, and significant theoretical work is required to gain quantitative 
understanding at a subatomic or nuclear level. This work will further reduce systematic 
uncertainties. Similarly, theoretical models of new physics will help interpret any anomalies 
or surprises in DUNE data. In fact, new developments in theory can open up the science 
opportunities of new physics searches both at the near and far detectors, many of which 
are not directly related to neutrinos. 

3.1.4 –  Future Opportunities: DUNE FD4,  
the Module of Opportunity 

The advent of ACE-MIRT will enable rapid acquisition of beam neutrino statistics, allowing 
DUNE to achieve 600 kt*MW*yr without deploying a fourth detector module (FD4). This 
paves the way for an expanded physics program, featuring an upgraded, more efficient 
detector with enhanced charge reconstruction capabilities. Such a detector would allow 
for full exploitation of the long baseline neutrino program. A more capable detector with 
significantly improved light collection, charge granularity, and high radiochemical purity 
would push the detector energy threshold down to MeV, or lower, while improving track 
and energy reconstruction.

A 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 regime. Increased radiochemical purity 
would enhance detection sensitivity to low-energy supernova burst neutrinos, and in some 
cases even to coherent elastic neutrino-nucleus scattering (CEvNS) interactions triggered 
by a nearby core-collapse supernova. An upgraded detector module will provide excellent 
prospects for underground physics, including direct dark matter detection, exotic dark 
matter searches, and expanded sensitivity to solar neutrinos. R&D for advanced detector 
concepts should be supported.

The plethora of science opportunities has already sparked wide international interest 
and has been discussed in DUNE-organized workshops featuring presentations of nov-
el technologies and detection approaches to improve DUNE’s capabilities. Maximizing 
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Fig. 1 The Theia detector. Top panel: Theia-25 sited in the planned
fourth DUNE cavern; lower left panel: an interior view of Theia-25
modeled using the Chroma optical simulation package [27]; lower mid-
dle panel: exterior view of Theia-100 in Chroma; lower right panel:

an interior view of Theia-100 in Chroma. In all cases, Theia has been
modelled with 86% coverage using standard 10-inch PMTs, and 4%
coverage with LAPPDs, uniformly distributed, for illustrative purposes

loaded scintillator would make a long-baseline analysis more
complex from an optical standpoint, or reduce fiducial mass.

A major advantage of Theia is that the target can be mod-
ified in a phased program to address the science priorities. In
addition, since a major cost of Theia is expected to be pho-
tosensors, investments in Theia-25 instrumentation can be
transferred directly over to Theia-100. Thus, Theia can be
realized in phases, with an initial phase consisting of lightly-

doped scintillator and very fast photosensors, followed by
a second phase with enhanced photon detection to enable a
very low energy solar neutrino program, followed by a third
phase that could include doping with a 0νββ isotope and
perhaps an internal containment vessel. Table 2 lists the pri-
mary physics targets and the general configuration required
to achieve those physics goals for each phase.
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ANNIE in a nutshell
ANNIE : Accelerator Neutrino Nucleus Interaction Experiment

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

● Setup: 26-ton Water Cherenkov detector with ~100 PMTs 
in the Booster Neutrino Beam (BNB)

● 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 photo sensors to improve event reco

2

BNL ANNIE Eos

http://2023p5report.org


• "SANDI" deployed March 2023 
◦ First WbLS in a neutrino beam 
◦ 2 months, few thousand events 

• 365 kg of 0.5%LS WbLS 
• Planning future deployments, 

SANDI+LAPPDs, and potentially a 
future WbLS-filled phase

ANNIE Deployment
Water-Based LS

21
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First deployment of WbLS in March 2023

30

● “SANDI” acrylic vessel with 365kg of WbLS

● Organic fraction of 0.5% (Gd-ready)
→ scintillation cf. Cherenkov light yield
→ high transparency 

● 2 months: few 103 events

Mayly Sanchez, Michi Wurm     Status of ANNIE     

First SANDI WbLS data

31

● Selecting neutrino candidates with (no) Front Muon 
Veto and track in Muon Range Detector

● Compare data with and without WbLS vessel

→ WbLS: new population of events with significantly
     more photons detected by upstream PMTs

● Selection of Michel electrons from stopped muons

● New population of electrons in WbLS produces 
significantly more photons than electrons in water

→ effective increase in light output: (77±8)%

Michel electrons

arXiv:2312.09335
submitted to JINST

arxiv:2312:09335, accepted to JINST
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First deployment of WbLS in March 2023

30

● “SANDI” acrylic vessel with 365kg of WbLS

● Organic fraction of 0.5% (Gd-ready)
→ scintillation cf. Cherenkov light yield
→ high transparency 

● 2 months: few 103 events

Measured the 
upstream/
downstream 

asymmetry from 
isotropic scintillation, 
full MC/reco is now 

in progress
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a 366 L capacity. The vessel is held by a stainless steel frame, which serves as a lifting structure.
Electro-polished SAE 304 stainless steel is used to ensure compatibility with the gadolinium-loaded
water. With the stainless steel structure, the vessel weighs ⇠163 kg when empty. After fabrication,
the vessel was leak tested by pressurizing it to 2 psi for 24 hours, during which time the vessel
maintained this pressure.

To deploy SANDI, a steel support structure was designed, fabricated, and installed by the
Fermilab engineering staff. The structure consists of two 4-inch square steel support tubes with
1/4-inch thick walls. A W8⇥13 steel I-beam spans the columns to support the SANDI vessel.
Connected to the I-beam is an electrical winch with a Teflon-wrapped stainless steel cable. The
winch is on rollers and was used to lift the vessel, maneuver it into position, and lower it into the
water. Figure 2 shows the vessel, hanging from the deployment structure.

Figure 2: The SANDI vessel suspended from the deployment structure.

Filling the SANDI vessel took two days to complete. Two days prior to filling, the SANDI
vessel was flushed with nitrogen to reduce the potential for biological contamination. To account
for fluid displacement, gadolinium-loaded water was removed from the tank, stored in two drums
lined with polyethylene, and later reused after extracting SANDI. The top hatch of the ANNIE tank,
along with its four PMTs, was removed and stored on the tank lid. The empty SANDI vessel was
then lowered into the center of the tank, just to the point where it became buoyant. As the vessel was

– 4 –
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ANNIE’s physics
Direct relevance for long-baseline neutrino program 
since kinematic parameters of BNB neutrino 
interactions largely overlap with DUNE and HK FDs

● ANNIE shares the BNB with several liquid-argon 
experiments
→ direct comparison of oxygen & argon 
     cross-sections (MicroBooNE, SBND)

● Neutron multiplicity from CC interactions 
and differential cross-sections on oxygen
→ important input for neutrino event generators

4

In CCQE interactions, 
primary neutrons are created 
by nuclear effects. Added to 
this are secondary neutrons 
caused by e.g. 16O(n,2n)15O 
reactions on neighboring 
nuclei.

νμ

• Phase I completed: detector characterization, 
measurements of beam-induced neutron backgrounds. 

• Now in Phase II: next-generation detector R&D and 
collecting physics data for our initial cross section results: 

• Physics program and data taking are underway now: 

◦ Differential  cross sections on , inclusive and  

◦ Neutron multiplicities, vs. differential  kinematics 
◦ Correlated , hadron production with LArTPC  

• Novel detector R&D relevant to neutrino interactions 
◦ Gd-H2O → High-efficiency neutron reconstruction 
◦ LAPPDs deployed → Event reco, stroboscopic  flux 
◦ Water-based LS deployed → Water Cherenkov + 

calorimetry & hadrons

νμCC 16O 0π
μ

σ 40Ar

ν

First Results & Prospects
Outlook
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annie

The Accelerator 
Neutrino Neutron 

Interaction Experiment

• ANNIE is a neutrino experiment 
deployed on the Fermilab Booster 
Neutrino Beam.  

• It is aimed at better understanding 
neutrino-nucleus interactions, 
specifically the neutron yield. 

• It is also an R&D platform to develop 
and demonstrate new neutrino 
detection technologies/techniques. 

• Fast photosensors (LAPPDs) and 
detection media (Gd-loaded water 
and eventually water-based liquid 
scintillators).

(ANNIE)

2

The almost complete Phase II ANNIE detector is commissioned and taking beam neutrino data! 
 First LAPPD deployment coming soon !   

Status Report
of ANNIE
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