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ANNIE physics

ANNIE (BNB)
NOvA (NuMI)

DNUE (LBNF)
HyperK (J-PARC)

• ANNIE shares the BNB with several LAr 
experiments.


• Comparison of oxygen & LAr 


• Direct relevance for long-baseline experiments, 
similar kinematic parameters with DUNE and HK FD.


• Neutron multiplicity from CC  for event generators
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σ
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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.
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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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ANNIE technology
• Gd for neutron multiplicity measurements.


• Enhances thermalized neutron capture 
efficiency from ~10% to ~70%.


• Shortens capture time from ~200  of H to 
~20 


• Increase the captured  energy from 
~2.2MeV to ~8MeV


• WbLS test volume deployed.


• Significant increase of light yield observed. 
(Paper here)


• LAPPD applied


• In simulation with 5 LAPPDs, the vertex 
reconstruction can be improved from ~38 
cm to ~12cm.
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A 366L acrylic vessel for WbLS

LAPPD package for deployment 

https://arxiv.org/abs/2312.09335


• ANNIE combined-detector has ~100 PMTs, a MRD, and a few LAPPDs with 26-ton Gd water, 
and a optional WbLS vessel.

ANNIE detector

By Marvin Ascencio

• LAPPD: sub-nanosecond timing.


• Muon Range Detector (MRD): 11 X-Y arranged 
paddle shape scintillator layers with iron absorbers.

4Yue Feng - Iowa State University, DPF 2024 - May 16 2024 Beam axis



An neutrino event in ANNIE detector
• One event contains data from tank PMTs, 

LAPPD, and MRD.


• Combined to give the information of a  event.ν
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A CCQE example  
Red box shows the LAPPD position



LAPPD mechanism

Structure of a LAPPD package Inner structure of a LAPPD Timing reconstruction

Transit time ~60ps

Detection process
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First-ever detection of neutrinos with LAPPDs

• BNB spill width  was correctly detected.


• ~1200 neutrino candidates identified after 
cuts for data in ~half beam year. (~1e20 POT)
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From MicroBooNE

https://arxiv.org/abs/2304.02076


First-ever detection of neutrinos with LAPPDs
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Simulation
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Calculated from corresponded muon

Simulation from 
Jocher 2016

• BNB spill width  was correctly detected.


• ~1200 neutrino candidates identified after 
cuts for data in ~half beam year.

1.6μs

The 20*20cm LAPPD surface
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= 25ns

• Pulse response on LAPPD strip lines detected.


• Imaging feature match the muon information.

https://www.sciencedirect.com/science/article/pii/S0168900216301127?via=ihub


LAPPD imaging capability
• A LAPPD is a self-consistent 2D detector, which means ideally the relative timing between strips can give the event topology, before using 

all-detector reconstruction. 


• For the muon track of each event, project the Cherenkov light to LAPPD surface.


• The projection highly depends on the relative position to the LAPPD.

LAPPD

μ

Muon direction Tank

MRD
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• Without single photon disambiguation, we can still use the piled up “hit” to get the relative timing information between strip.


• Assume the Cherenkov light cover the whole LAPPD surface, pile up all photons on each strip to get a pulse, then get the initial arrival time of this 
“hit”.


• By using this arrival time between each strip, we can construct the LAPPD timing gradient of a muon track.

Calculate

Project

Not a fit, but a match for 
muon-calculated data 
with real LAPPD data
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LAPPD imaging capability



ANNIE summary

• ANNIE will measure neutrino nucleus cross section in water, 
directly comparable to SBND/MicroBooNE data in the same beam.


• ANNIE is a test bed for novel technologies.


• LAPPDs successfully integrated with other subsystems.


• First neutrino detected with LAPPD.


• First demonstration of LAPPD imagine capability with beam 
neutrinos.


• Deploying multiple LAPPDs for physics measurements in one 
system.


• Possible application for LAPPD on Theia


• Apply Gd for neutron multiplicity measurements succeeded.


• First study with small WbLS volume and beam neutrinos.
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ANNIE collaboration

14 member institutions, 40+ active collaborators, new collaborators are welcome!
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Backups 
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Where is ANNIE?

ANNIE

26 ton Gd-water Cherenkov detector at BNB, Fermilab
Yue Feng - Iowa State University, DPF 2024 - May 16 2024 14



LAPPD reconstruction simulation
• In simulation with 5 LAPPDs, the vertex reconstruction can be improved from ~38 cm to 

~12cm.


• Improved knowledge of neutrino energy.


• Better vertex reconstruction for neutron containment.
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ANNIE with WbLS
• Data with WbLS vessel SANDI successfully analyzed. (Scintillator for ANNIE Neutrino 

Detection Improvement)

MRD

Tank Veto

SANDICredit: Michael Nieslony

Upstream

Downstream

Neutrino direction
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ANNIE physics

ANNIE (BNB)
NOvA (NuMI)

DNUE (LBNF)
HyperK (J-PARC)
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LAPPD for precise muon reconstruction
• The MRD has resolution limits ~40cm at the 

center of the tank.


• LAPPD can constraint the muon direction more! 

Hit time MRD top viewMRD side view

(not the same example event) Preliminary 18Yue Feng - Iowa State University, DPF 2024 - May 16 2024



LAPPD for precise muon reconstruction
Allowed region, from MRD hit information 

Default track

~1.12m~0.44m

Refined track

Refining works very well 
around a LAPPD

If without precise calibration
From default reconstructed track

From refined reconstructed track

Refining not very well

All volume and distance proportional to real size.

Preliminary 
Waiting for more data to get a statistic 

performance for LAPPD imaging capability.  
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LAPPD in ANNIE: next 
• All LAPPDs are somehow unique because of the MCPs and the photocathode. 


• Electronics need to be tested to match the the resistances of MCPs and the LAPPD package need to be tested before deployment. 


• Multi-LAPPDs data are being analyzed. 


• How will the multi-LAPPD imaging change the reconstruction? 


• How will the Gen-II LAPPD change the game?


• LAPPD paper under internal review.

Gen-I strip line anode Gen-II metal film anode 

20Yue Feng - Iowa State University, DPF 2024 - May 16 2024



Gen-II LAPPD

Transit time ~60ps

21

Gen-I
Gen-II

Yue Feng - Iowa State University, DPF 2024 - May 16 2024

Gen-I package 

One kind of Gen-II example



Charge ratio distribution for transverse fitting
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Neutron background
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Muon distribution with/without WbLS
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Amplitude distribution of different HV

Amplitude (mV)
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Disambiguation with noise, σ = 2mV

A=30mv, t=9.75ns

A=30mv, t=10.25ns
A=30mV, t=10ns A=30mV, t=10ns
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Simulation



Comparison between NNLS and formula fitting 
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Data

Data



Resolution for Averaged fitting, xreco − xtrue

σ = 20.41mmσ = 2.03mm σ = 26.58mm








σ1 = 19.77mm
σ2 = 24.43mm
σ3 = 28.05mm
σ4 = 31.66mm

28Yue Feng - Iowa State University, DPF 2024 - May 16 2024

Simulation

Result for multiple hits not showing the real behavior, but an 
estimation of noise effect and algorithm. 

Simulation consider hits in the whole range of readout 
window.



Resolution for Averaged fitting, treco − ttrue

σ = 0.085nsσ = 0.03ns








σ1 = 0.056ns(56ps)
σ2 = 0.078ns(78ps)

σ3 = 0.102ns(102ps)
σ4 = 0.161ns(161ps)

σ = 0.092ns
30ps 85ps 92ps

In ns
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Simulation

Result for multiple hits not showing the real behavior, but an 
estimation of noise effect and algorithm. 

Simulation consider hits in the whole range of readout 
window.


