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The Accelerator Neutrino Neutron Interaction Experiment

• Physics: measurement aimed at better 
understanding neutrino-nucleus 
interactions


• Technology: An R&D platform to develop 
and demonstrate new neutrino detection 
technologies/techniques


• Training: 10+ Annie postdocs and 
students now have faculty or permanent 
lab positions

We have an international collaboration, consisting of 
45 collaborators from 17 institutions in 6 countries
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The Accelerator Neutrino Neutron 
Interaction Experiment

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

• Physics: Study neutrino-
nucleus interactions. 

• Technology: R&D platform for 
new neutrino detection 
technologies/techniques 

• Training: 10+ ANNIE postdocs/
students now have faculty or 
permanent lab positions.
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ANNIE is an international collaboration of 45 collaborators from 17 institutions in 
6 countries. 

ANNIE is a neutrino experiment deployed on the Fermilab Booster Neutrino Beam
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ANNIE Detector
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ANNIE Detector
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ANNIE Detector: Gd-Loaded Water Target
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ANNIE Detector: Conventional PMTs
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ANNIE Detector: LAPPDs

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
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The ANNIE Detector
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Front Muon Veto (FMV) 
(2 overlapping scintillator 
layers)

132 PMTs (8’’-11’’)
Water Tank 
26 t Gd-H2O

Muon Range Detector (MRD) 
11 X-Y layers, alternating 

scintillator with 5cm iron

3 20x20 cm LAPPDs (100 
ps timing, sub-cm spatial 
resolution)

CC  μ

Enhanced   reconstruction and vertexingμ

Rejects upstream  μ

νμ

Potential application 
in DUNE Phase 2 
(MCND) 
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ANNIE Detector: Front Muon Veto
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ANNIE Detector: Muon Range Detector



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
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Mayly Sanchez, Michi Wurm     Status of ANNIE     

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

Mayly Sanchez, Michi Wurm     Status of ANNIE     

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

(Eμ)

T2K

(pT
μ )

Ryosuke Akutsu, PhD thesis (2019)
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ANNIE Physics

Close proximity to a high intensity GeV-scale neutrino beam makes ANNIE well-suited 
for high statistics cross-section program, primarily on O and H.

Amanda Weinstein- Iowa State University Fermilab Users Meeting—July 11, 2024

• High-flux GeV   on fixed target  Study of neutrino-nucleus interactions


• Neutrino-induced neutron multiplicity vs.  


• Probe critical systematic uncertainty for neutrino oscillation measurements.


• Multi-target cross-sections


• Same neutrino beam as SBN


• Correlated  , hadron production with LArTPC  

νμ →
Q2

σ 40Ar

 3

ANNIE Physics Program

Primary physics goal: Neutron multiplicity and CC cross sections as a function of 
kinematic variables such as lepton momentum and direction

• Measuring correlated cross sections on the same beam as LAr

• Sub-nanosecond timing with respect to beam RF (new techniques/BSM)

• Neutral current measurements with gamma cascades and neutrons

But ANNIE is capable of more:
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Emerging Technologies
ANNIE is a flexible test-bed for next generation detector technologies 
(novel photosensors/fast-timing and novel detection media)

Adding LAPPDs to PMTs enhances 
interaction vertex resolution, fiducialization. 

Gd-water (High efficiency 
neutron tagging)Deployable volume of water-based 

liquid scintillator (WbLS)

(Calorimetry, elements of interaction 
below Cherenkov threshold)

p

First ν’s detected with LAPPDs

First ν’s detected in WbLS

First ν’s detected in Gd-water
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1.CC interaction in the fiducial volume produces a muon, reconstructed in the 
water volume and MRD


2. Neutrons scatter and thermalize

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

A Schematic of  a Typical Event
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Reconstruction in ANNIE
ANNIE leverages multiple detector subsystems to 
reconstruct muon angle and energy, using both 
Cherenkov (scintillation) light in the water volume and 
the MRD.

Significant progress in achieving MC-data agreement

• MRD requirement restricts μ momentum and 
angular coverage


• 0.4 ≲ Eμ ≲ 1.2 GeV, θμ ≳ 60 


• Tank-only ring reconstruction (under development) 
enables wide coverage for CC kinematics 


Thesis: M. Nieslony
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Neutron Detection

Amanda Weinstein - Iowa State University Fermilab Users Meeting—July 11, 2024

• Tank PMTs used to detect 
neutrons


• Neutron capture time profile from 
beam data agrees well with 
prediction for nominal 0.1% Gd 
concentration.


• Position dependent neutron 
capture efficiency has been 
measured to be consistent with 
expectations: ~55-70%.

Detecting neutrons in ANNIE
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ANNIE Preliminary

 
τ = 29 ± 7μs

1.5 months of beam data

M. Nieslony, PhD thesis (2022)

prompt µ

delayed neutron captures in extended 
acquisition window (70  s)μ

Scaffolding of neutron multiplicity 
measurement in place

Sample event 

First neutrons from   observed with Gd-loaded 
water

ν
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τ = 29 ± 7μs
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prompt µ

delayed neutron captures in extended 
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Scaffolding of neutron multiplicity 
measurement in place

Sample event 

First neutrons from   observed with Gd-loaded 
water

ν

• Tank PMTs used to detect neutrons

• Neutron capture time profile from beam data 

agrees well with prediction for nominal 0.1% Gd 
concentration. 


• Position dependent neutron capture efficiency has 
been measured to be consistent with expectations: 
~55-70%. 

First ν-induced neutrons detected in Gd-water

ANNIE Preliminary
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LAPPD Collaboration: Large Area Picosecond Photodetectors

Introduction: What If?

What if we could build cheap,
large-area MCP-PMTs:

• ~ 100 psec time resolution.

• ~  millimeter-level spatial
resolution.

• With close to 100% coverage.

• Cost per unit area comparable to
conventional PMTs.

How could that change the next-gen WC Detectors?
• Could these features improve background rejection?

• In particular, could more precision in timing information combined with better coverage

improve analysis?

Large Water-Cherenkov Detectors will likely be a part of future long-

baseline neutrino experiments.

NNN09

LAPPDs Then and Now
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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

NNN09 NNN24 (ANNIE)
LAPPDs Then and Now
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Be a PAL (Packaged ANNIE LAPPD)

• Waterproof housing

• Digitization and high 

voltage produced close 
to the detector


• Triggering and 
communications


• Environmental monitoring 
and slow controls
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First Neutrinos on (multiple) LAPPDs

Amanda Weinstein - Iowa State University Fermilab Users Meeting—July 11, 2024

• Neutrinos seen concurrently by the 3 LAPPDs currently operating in 
ANNIE (a first!)


• 1.6 μsec wide excess = LAPPD-triggered events in-time with the BNB 
spill.

First Neutrinos on (multiple) LAPPDs
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Beam Neutrinos!!

ANNIE 
Preliminary

World’s first: neutrinos observed with an LAPPD!

Neutrinos seen concurrently by three LAPPDs operating in ANNIE

World’s first: Neutrinos observed with LAPPDs!
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First Neutrinos on (multiple) LAPPDs

We are able to leverage multiple detector 
subsystems to eliminate nearly all dark noise 
accidentals with near 100% efficiency.

ANNIE Preliminary
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First Neutrinos on (multiple) LAPPDs

We are able to leverage multiple detector 
subsystems to eliminate nearly all dark noise 
accidentals with near 100% efficiency.

CC neutrino interactions in the tank selected 
by requiring an MRD coincidence and no 
signal in the forward veto.

ANNIE Preliminary

ANNIE Preliminary
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Building a Bank of  LAPPD Events 

These selections provide a “golden sample”  of neutrino interactions we can use to study 
LAPPD performance in relation to independent event information.

~7.7 E19 POT → 1000 LAPPD events with CC muons / 500 CC interactions in the detector

More and multi-LAPPD data on the way!

ANNIE Preliminary
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LAPPDs Are IMAGING Photosensors
Time evolution of a Cherenkov ring across the 
surface of a single LAPPD depends on track 
direction

Amanda Weinstein- Iowa State University Fermilab Users Meeting—July 11, 2024

LAPPDs are Imaging Photosensors! 

 14

•Time evolution of Cherenkov ring across a single LAPPD can 
reconstruct track direction

•Sub-ns gradient resolved


•First step toward full 3D reconstruction and absolute timing 
benchmarks.  (Paper in prep.).

Predicted avg. 
arrival time vs strip 
from independently 
reconstructed 
muon track (MRD) 

Transverse reconstruction:  
Avg. arrival time at both sides of stripline

Not a fit!

ANNIE Preliminary

Active Volume

LAPPD

muon

Hit order
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•LAPPDs can reconstruct simultaneous time and spatial gradient 
of light on their surface

Active Volume
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LAPPDs are Imaging Photosensors 

 13

•LAPPDs can reconstruct simultaneous time and spatial gradient 
of light on their surface

Active Volume

LAPPD

muon

Predicted gradient base on independent MRD 
track reconstruction!

Hit order

ANNIE Preliminary
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LAPPDs Are IMAGING Photosensors
Because LAPPDs are imaging photodetectors, they are MORE than faster swap-in replacements for PMTs

Multi-bounce optics (U Chicago - 
Oberla, Frisch, Angelico, Elagin)

Plenoptic imaging (Dalmasson et al)
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FIG. 2: Diagram of a Design 2 optical assembly with on-axis
and full field rays. Also shown is the pupil. The parameters
of the design are given in Table I. No linear dimensions are
provided, since these are changed in the course of the opti-
mization while maintaining all angles constant.

e�ciency, the angles of incidence and refraction on the
lenses were kept to a minimum, reducing reflections at
the boundaries. Lenses with refractive index n > nscint

(high index) and n < nscint (low index) materials were
tested. The use of low index elements (e.g. air elements)
did not prove to be beneficial in this preliminary study.
Given the modest angular resolution requirements, mold-
able glass and plastics appear to be plausible materials,
although the requirement on the high refractive index
may constrain the choices. Specific manufacturability
and cost considerations are disregarded here. Lastly, her-
metically sealed designs, alternating low index regions
with high index elements were compared to immersed
designs but were eventually discarded due to their added
complexity.

Design 2, with more optical surfaces, results in smaller
angles of incidence and refraction, hence achieving
smaller light losses than the single-lens Design 1. For in-
stance in the case of 538 pixels/lens and 200 lenses with
maximum numerical aperture Design 1 (2) achieve 8%
(20%) photon collection e�ciency. For this reason, only
results from Design 2, shown in Figure 2 with on-axis
and field rays, are described in the rest of this paper.

The detector optimization proceeds by varying the size
of the lenses and the number of pixels behind each lens.
This is achieved with a similarity transformation applied
to each lens assembly, keeping the size of each pixel, and
hence the total number of pixels in the entire detector,
approximately constant. Here and in the following “lens
assembly” refers to the combination of lens(es), pupil and
focal array, shown in Figure 2.

EVENT SIMULATION AND RECONSTRUCTION

Detector performance is studied using the CHROMA ray-
tracing package [10] that runs on Graphics Processing
Units (GPUs) and is substantially more computationally
e�cient than CPU-based software. CHROMA also includes
an interface to GEANT4 [11]. An “event” is the overall
energy deposit in the scintillator from some interaction,
resulting in a 3D pattern of scintillation light that may
originate from one or more “sites” (or even from a con-
tinuous distribution of sites, as in the case of an ionized
track). Scintillation emission is considered monochro-
matic with the exact value of � being irrelevant from the
point of view of the simulation. Photons are always emit-
ted isotropically at each site, starting from the 8000 pho-
tons/MeV yield and immediately applying a detection
quantum e�ciency of 33%, which is realistic for modern
photocathodes and conservative for many solid state pho-
todetectors. Self-absorption in the scintillator material is
not considered. To estimate the confusion arising from
dark current hits, we assume a photocathode dark rate
of 10 cm�2s�1 (reasonable at 10 �C) and an integration
time window of 50 ns. This would result in a total rate
of ⇠ 3 event�1, too small to be of concern and hence not
considered further. Ray-optics e↵ects are properly ac-
counted for by the simulation, including some confusion
derived from reflections and the loss of some photons.

As mentioned, most of the study is carried out by set-
ting the total number of pixels to 105. Some special runs
were performed with a larger or smaller number of pixels.
Of course, as the number of pixels increases so does the
cost.

In the detector optimization, the number of lenses per
face of the icosahedron (and hence the total number of
lenses in the detector) is varied, resulting in a di↵erent
number of pixels per lens assembly; the product of the
two being constant (e.g. at ⇠ 105). In order to assess
the position-dependence of the detector performance, for
most of the runs, events, whether point-like, dummy pho-
ton sources or physics generated by GEANT4, are produced
at random positions in two di↵erent regions of scintilla-
tor. These regions are a sphere of 1 m radius in the center
of the detector and a spherical shell with radii between 3
and 4 m.

The photon collection e�ciency (including quantum
e�ciency) is shown in Figure 3 for Design 2 and two dif-
ferent pupil sizes. The detector configuration, as just de-
scribed, is identified in terms of pixels per lens assembly
(bottom scale) or total number of lens assemblies in the
entire detector (top scale). The width of the two bands
spans the e�ciency of the detector for events produced
in the central 1 m radius and in the spherical shell men-
tioned above. The broad maxima indicate that, from the
point of view of light collection e�ciency, there is sub-
stantial flexibility in the detector design optimization.
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A Note on Mirrors and the Optical TPC
E. Oberla

E. Angelico

Simulation of reflection points 
of 20 photons inside a silvered 
sphere, color-coded by time

• Photo-cathode coverage is expensive
• Mirrors may help to reduce cost of 

very large detectors

“Adding psec-resolution changes the space in which considerations 
of  Liouville’s Theorem  operates from 3-dimensional to 4-
dimensional. In analogy with accelerator physics, we can exchange 
transverse emittance to longitudinal emittance.

There may be interesting and clever ways to exploit this in large 
water/scint Cherenkov counters”           -H. Frisch

Homage to T. Ypsilantis

https://arxiv.org/abs/1510.00947

https://arxiv.org/abs/1711.09851

Dichroicons (Kaptonoglu, Kein - U Penn)

Complementary to WbLS, slow scintillator, fast photdetectors, etc.

The Dichroicon

Timing+imaging could enable novel approaches to 
light concentration and sorting, interesting games in 
optical phase space.

Can we move beyond bounding volumes with 
phototubes on the surface?

Spectral Sorting Plenoptic Imaging

Reflective optics

https://arxiv.org/abs/1912.10333

Artist: Yayoi Kusama

https://arxiv.org/abs/1510.00947
https://arxiv.org/abs/1711.09851
https://arxiv.org/abs/1912.10333
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• SANDI 


• ~3’×3’ acrylic vessel containing 
356 kg of 0.5% LS water-based 
liquid scintillator (WbLS)


• Deployed March 2023

First Water-based LS Deployment in a    beamν
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• Hybrid detection of scintillation 
and (unabsorbed) Cherenkov 
signals


• Enhanced neutrino energy 
reconstruction


• Enhanced background 
rejection, particle ID


• Enhanced neutron signals

Candidate technology for 
DUNE FD4

5

THEIA25

70m

20m

18m

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 middle 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.

are practically undetectable as much of the energy from
the neutrino electron scattering reaction is invisible.

Organic liquid scintillators (LS) have been used to
enhance sensitivity for below Cherenkov threshold par-
ticles. LS is currently being used in the KamLAND,
Borexino, and SNO+ detectors, and is planned for use
in the JUNO detector now under construction. While
this is very effective at increasing sensitivity at low en-
ergies, it comes at the loss of the directional sensitivity
and multi-track resolution that is a hallmark of WC

detectors. Use of organic LS also introduces issues of
high cost, short optical transmission lengths, and un-
desirable environmental and safety problems.

The recent development of water-based liquid scin-
tillator (WbLS) [22] has the potential to alter this sit-
uation. By introducing a small amount (typically 1%-
10%) of liquid scintillator into water, the liquid yield
can be adjusted to allow detection of particles below
Cherenkov threshold while not sacrificing directional
capability, cost, or environmental friendliness. First de-
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First Water-based LS in a ν-Beam
Addition of WbLS enables hybrid detection of both Cherenkov and scintillation light, 
providing both prompt tracking information (Cherenkov) and calorimetry (scintillation)

C. Aberle, A. Elagin, H.J. Frisch, M. Wetstein, L. Winslow.  (2013)

• Enhanced Energy Reconstruction

• Detection of particles below Cherenkov threshold

• Better particle ID/background rejection

• Enhanced neutron signals

Scalable to large detectors

Candidate technology for DUNE FD4

https://arxiv.org/abs/1307.5813

See also, EOS talk by Lu Ren: 
https://indico.ggte.unicamp.br/event/4/contributions/448/

Theia25

https://arxiv.org/abs/1307.5813
https://indico.ggte.unicamp.br/event/4/contributions/448/
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M. Ascencio-Sosa et al 2024 JINST 19 P05070 

First Water-based LS in a ν-Beam
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• ~3’×3’ acrylic vessel containing 
356 kg of 0.5% LS water-based 
liquid scintillator (WbLS)


• Deployed March 2023

First Water-based LS Deployment in a    beamν
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• Hybrid detection of scintillation 
and (unabsorbed) Cherenkov 
signals


• Enhanced neutrino energy 
reconstruction


• Enhanced background 
rejection, particle ID


• Enhanced neutron signals

Candidate technology for 
DUNE FD4
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• March -May 2023 (2 months) = 
few thousand events


• Candidate neutrino events with 
WbLS vessel show substantially 
more light in upstream PMTs 


• Now published in JINST   →

First Water-based LS Deployment in a    beamν
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M. Ascencio-Sosa et al 2024 JINST 19 
P05070

First beam   observed in WbLS!ν

World’s first: Neutrinos observed with WbLS!

• Candidate events with WbLS show 
substantially more light in the 
upstream TPCs


• Now published in JINST!

• SANDI is back in ANNIE for the 

beginning of the FY24 beam year (w/ 
LAPPDs!)

• SANDI - a ~3’x 3’ acrylic vessel containing 356 kg of 0.5% LS 
water-based liquid scintillator (WbLS)


• March -May 2023 (2 months) = few thousand events 

https://arxiv.org/abs/2312.09335

https://arxiv.org/abs/2312.09335
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Beam Timing

Amanda Weinstein- Iowa State University Fermilab Users Meeting—July 11, 2024

250 ps bunches, 100 ps detector (“LBNF” with rebunching)

• Timing-based separation of 
Cherenkov and scintillation 
light in WbLS using 
LAPPDs. 


• Fast timing could provide a 
complementary approach 
to off-axis “prism” 
approaches


• Lower-energy hadrons 
 lower   later  


• ANNIE with LAPPDs 
could demonstrate this 
stroboscopic technique 
with ns-scale binning 
and BNB beam.

→ β→ ν

Upcoming Fast-Timing Applications

 17

C. Aberle, A.Elagin, H.J Frisch, M. 
Wetstein, L. Winslow. 
arXiv:1307.5813

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

Higher energy pions travel faster than low energy 
pions with respect to the timing of the proton bunch.

 
This means it is possible to theoretically select 
different neutrino energy spectra based on the timing 
of the interaction with respect to the beam RF - though 
it does necessitate shorter bunch sizes.


In future long baseline experiments, this could enable 
techniques similar to approaches sampling off-axis 
angles (“Prism” concept). Only it could be applied to 
far, as well as near detectors.

Amanda Weinstein- Iowa State University Fermilab Users Meeting—July 11, 2024

250 ps bunches, 100 ps detector (“LBNF” with rebunching)

• Timing-based separation of 
Cherenkov and scintillation 
light in WbLS using 
LAPPDs. 


• Fast timing could provide a 
complementary approach 
to off-axis “prism” 
approaches


• Lower-energy hadrons 
 lower   later  


• ANNIE with LAPPDs 
could demonstrate this 
stroboscopic technique 
with ns-scale binning 
and BNB beam.

→ β→ ν

Upcoming Fast-Timing Applications

 17

C. Aberle, A.Elagin, H.J Frisch, M. 
Wetstein, L. Winslow. 
arXiv:1307.5813

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

Evan Angelico, Jonathan Eisch, Andrey Elagin, 
Henry Frisch, Sergei Nagaitsev, Matthew Wetstein

https://arxiv.org/abs/1904.01611

Also see: Workshop on Precision Time Structure in On-Axis Neutrino Beams

ANNIE is capable of measuring this effect on the BNB

https://arxiv.org/search/?searchtype=author&query=Angelico%2C+E
https://arxiv.org/search/?searchtype=author&query=Eisch%2C+J
https://arxiv.org/search/?searchtype=author&query=Elagin%2C+A
https://arxiv.org/search/?searchtype=author&query=Frisch%2C+H
https://arxiv.org/search/?searchtype=author&query=Nagaitsev%2C+S
https://arxiv.org/search/?searchtype=author&query=Wetstein%2C+M
https://arxiv.org/abs/1904.01611
https://indico.fnal.gov/event/21409/
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Summary
ANNIE has achieved many important technical firsts


• First detection of neutrinos with Gd-water
• First detection of neutrinos with an LAPPD
• First detection of neutrinos with WbLS

With 3+ LAPPD modules installed & commissioned, ANNIE is set for 2 years of high quality 
data taking to leverage the excellent event reconstruction enabled by multiple LAPPDs.

• Gained considerable operational experience w/ these technologies

• Made significant progress on the reconstruction tools

• First data with LAPPDs shows powerful imaging capabilities

ANNIE is now in a unique position to measure neutrino-
nuclear cross sections in water - complementary and 
synergistic the the LAr short baseline program at FNAL

Amanda Weinstein - Iowa State University Fermilab Users Meeting—July 11, 2024

• March -May 2023 (2 months) = 
few thousand events


• Candidate neutrino events with 
WbLS vessel show substantially 
more light in upstream PMTs 


• Now published in JINST   →

First Water-based LS Deployment in a    beamν
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M. Ascencio-Sosa et al 2024 JINST 19 
P05070

First beam   observed in WbLS!ν
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• SANDI 


• ~3’×3’ acrylic vessel containing 
356 kg of 0.5% LS water-based 
liquid scintillator (WbLS)


• Deployed March 2023

First Water-based LS Deployment in a    beamν
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• Hybrid detection of scintillation 
and (unabsorbed) Cherenkov 
signals


• Enhanced neutrino energy 
reconstruction


• Enhanced background 
rejection, particle ID


• Enhanced neutron signals

Candidate technology for 
DUNE FD4
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Looking Ahead
ANNIE is an ideal testing ground for WbLS for hybrid Cherenkov/ scintillation 
reconstruction of neutrino events in future long-baseline experiments.  

• Larger data sample with multi-LAPPD read-out

• Demonstrate C/S separation based on LAPPD data

• Look for scintillation-only hadronic neutral current events

• Plans for Gadolinium-loaded WbLS → enhanced neutron detection 

Planning for R&D program with an enlarged WbLS volume and 
new upstream LAPPDs with updated electronics. 

•Received positive feedback from the Fermilab PAC.

•A high-statistics measurement is a key step in demonstrating  
these technologies for long-baseline neutrino experiments. 
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Thanks!
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Backups
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Amanda Weinstein- Iowa State University Fermilab Users Meeting—July 11, 2024

• Qualitative difference 
between


• Tracks to left and right of 
LAPPD


• Tracks intersecting LAPPD

LAPPDs are Imaging Photosensors

 21

ANNIE Preliminary

ANNIE Preliminary

ANNIE Preliminary
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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

Mayly Sanchez, Michi Wurm     Status of ANNIE     

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)
Credit: Andy Mastbaum (NUINT 24)



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
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Mayly Sanchez, Michi Wurm     Status of ANNIE     

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

Mayly Sanchez, Michi Wurm     Status of ANNIE     

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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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
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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

SNO/SK

(Eμ)

T2K

(pT
μ )

Ryosuke Akutsu, PhD thesis (2019)
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Credit: Andy Mastbaum (NUINT 24)



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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Mayly Sanchez, Michi Wurm     Status of ANNIE     

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)
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Credit: Andy Mastbaum (NUINT 24)
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Credit: Andy Mastbaum (NUINT 24)

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

ANNIE Physics Program
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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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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

16

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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ANNIE Background Neutron Characterization
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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 –

Data was collected over 2016-2017 in a partially instrumented implementation of 
the detector. This served as an engineering run and an opportunity to 
characterize background neutrons on the main ANNIE physics measurements. 

These backgrounds were found to be small and will be mitigated by the buffer 
layer of water above the detector 

Thesis: S. Gardiner
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Enabling Technology:

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

Large Area Picosecond Photodetectors (LAPPDs)

LAPPDs are 8” x 8” MCP-based imaging 
photodetectors, with tens of picosecond 
single photon time resolution and mm-scale 
spatial resolution

These advanced photosensors are now 
commercially available (Incom, Inc)

This fall, ANNIE will become the first application of LAPPDs in a neutrino exp.

The ANNIE collaboration has purchased and received the 
initial 5 LAPPDs for our physics measurement
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Enabling Technology: LAPPDs and Fast Timing
• Simulations show that the addition of 

the 5 initial LAPPDs provides the factor 
of 2 improvement in vertex resolution 
needed to achieve target neutron 
containment and energy resolutions


• Similarly impressive gains in directional 
resolution will help with reconstruction 
of more exclusive neutrino final states

ANNIE Preliminary

Muon Energy Resolution
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• Testing of these LAPPDs is nearly complete and 
preparations for summer deployment are underway

amplitude (mV)
0 10 20 30 40 50 60 70 80 90

1
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210

time (psec)
64500 65000 65500 66000 665000

100

200

300

400

500

600
64 psec sigma 31 mV SPE peak

• The LAPPDs perform with resolutions consistent with 
our requested specifications:

• <100 ps time resolution

• gains of 107


• few mm spatial resolutions

Enabling Technology: LAPPDs and Fast Timing
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Enabling Technology: Gd-loading of water

• Efficient neutron counting is 
made possible by Gadolinium 
loading of water


• Gd has a high neutron 
capture cross section for 
thermal neutrons


• These captures produce a 
delayed (O(10) microsecond) 
~8 MeV gamma cascade, 
detectable in water from its 
Cherenkov light

This fall, ANNIE will become the first Gd-loaded near detector on a beam



NNN24Rio M Wetstein - ANNIE 48

Detector construc2on - current events

06/05/2019        ANNIE          18

Current status of other subsystems

Water filtra?on system 
ready for water fill

MRD fully refurbished 
& opera?onal

tank deployment at  
ANNIE hall 

planned ~ June 2019

SOON

EVERYTHIN
G 

ALMOST  

READY

Side panels partly 
mounted on the 
Inner Structure

Enabling Technology: Gd-loading of water

ANNIE water skid

• Development of a low-cost purification 
system for smaller scale Gd-water 
deployments


• Additional work on Gd compatibility, 
teflon wrapping/liner


• Developed a method of making low-
cost, sulfate-loaded resin using 
commercially available materials


• removes nitrates and free radicals 
from the water, leaving the Gd-
sulfate in solution
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Tagging Nuclear De-excitation Gammas

• Neutrino interactions typically leave the nucleus in an excited final state
• Many de-excitations involve the emission of MeV gammas with an O(1) sec time constant
• There is an opportunity to expand on prior work looking at de-excitations from neutral 

current interactions (T2K/Super-K)
• There is an opportunity to demonstrate a newer capability: tagging de-excitation gammas 

following a CC-interaction. This would provide a handle to separate between CC 
interactions on H versus O

Neutral currents with a 
prompt gamma and 
subsequent neutron capture 
are a background for IBD 
neutrino interactions. 

ANNIE can characterize and 
measure those backgrounds

48 CHAPTER 4. PREDICTION OF OBSERVABLES AT SUPER-K

O16 *15   *15 ON or

(~ 6MeV) 

ν ν 

O16

γ 

*15   *15 ON or

γ p or n 

Primary Gamma 

Secondary Gamma 

Z0 

Observe Cherenkov light 

ν-16O NCQE interaction 

Figure 4.6: Neutrino-oxygen NCQE interaction and emission of de-excitation �-rays
schematic. The knocked out nucleon interacts with the other oxygen nucleus. Then,
the hadronic interaction produces �-rays which are called secondary �-rays.

uum states with the larger removal energy E than eF . The spectral function extends to
the region |p| � pF and E � eF , where pF = 225 MeV/c and eF ⇠30 MeV for oxygen
nucleus. As a result, the spectral function of the protons in oxygen nucleus is as shown
in Figure 4.7 [112].

In a 16
8 O nucleus, the probability of removing each nucleon depends on its removal

energy E. For a simple shell model, the nucleons occupy three states: 1p1/2, 1p3/2 and
1s1/2 with a removal energy of 12.1, 18.4 and 42 MeV respectively. In the LDA model,
the removal energy of nucleon state is not a single value. Figure 4.8 shows the integral
of Equation (4.33) over nucleon momentum, and the red line in the figure represents the
removal energy distribution of the protons in 16

8 O [115]. There are two sharp peaks of
1p1/2 state and 1p3/2 state, while the peak of 1s1/2 state is distributed over a broad energy
range.

In practice, the spectroscopic factor (strength) of ↵-th state represents the probability
to remove a nucleon in ↵-th state. The spectroscopic factor of the ↵-state is calculated by
integrating the removal energy distribution over the corresponding energy region of the
↵-th state. Here, the three spectroscopic factors of the proton states is calculated as the
integral value over the removal energy range of 11.0  E  14.0 MeV, 17.25  E  22.75
MeV, and 22.75  E  62.25 MeV respectively. The removal energy distribution of the
neutrons in 16

8 O is similar to the proton one, but the distribution of the neutrons is more
strongly bound by 3.54 MeV than the proton one from Ref. [119]. The spectroscopic
factors are expected be the same between the neutron and proton states.

Recently, a theoretical calculation for the spectroscopic factors and the NCQE cross-

source: dissertation of Huan Kuxian (T2K)
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Radiative Fast-Neutron Capture on Oxygen

cross sections for these lines are shown in Figure 8. In all
of these cross sections we again see second maxima
associated with the break up of the alpha particle. We do
not include the cross section for the 4.445 MeV line of 11B
from spallation of 16O because it is less than 10 mb.
[25] Spallation of oxygen also produces lines at 0.277

and 0.297 MeV from 16O(n, p)16N*, at 2.313 MeV from
16O(n,‘t’)14N* and at 5.270, 5.299, and 6.324 MeV from
16O(n,‘d’)15N*. At neutron energies less than 30 MeV, we
used the ENDF measurements of Nelson et al. [2002], and
at neutron energies greater than 30 MeV we scaled the
calculated TALYS cross sections to match the measure-
ments at ∼30 MeV. The evaluated cross sections for these
lines are shown in Figures 9 and 10. For the same reason
discussed above for reactions having tritium or deuterium
in the exit channel, there is again no significant production
of intact tritium or deuterium. We do not include the cross
section for production of the 1.635 MeV 14N line from
spallation of 16O because it is less than 10 mb.

2.2. Neutron Capture Lines
[26] Neutron capture on nitrogen (14N(n, g)15N) produces

a number of lines with significant cross section at terrestrial
thermal energy. At neutron energies less than ∼250 keV,
the total cross section for radiative neutron capture by 14N
is inversely proportional to velocity, reaching a value of
∼75 mb at thermal energy. This cross section, obtained from
ENDF, is shown in Figure 11.
[27] For the various neutron capture lines, we use their

energy‐dependent yields as given by ENDF. The ten stron-
gest lines for capture by nitrogen are at 10.829, 7.299, 6.322,
5.562, 5.533, 5.297, 5.269, 4.508, 3.677 and 1.884 MeV,
and their respective yields (number of photons per one
neutron capture) at thermal energy are 0.14, 0.09, 0.18,
0.11, 0.20, 0.21, 0.30, 0.17, 0.15 and 0.19. We note that,
except for the 10.829 MeV line, the yields of all of these
lines are negligible above ∼200 keV. The cross section to
produce a specific neutron capture line is the product of its
yield and the total radiative neutron capture cross section of
Figure 11. As an example, we show the cross section for the
5.297 MeV capture line in Figure 11. Since the cross sec-

Figure 7. Evaluated cross sections for lines at 2.742,
6.129, 6.917, and 7.117 MeV from inelastic scattering of
neutrons on 16O.

Figure 8. Evaluated cross sections for lines at 0.169,
3.089, 3.684, and 3.854 MeV from 16O(n,‘a’)13C* and at
4.439 MeV from 16O(n,n ‘a’)12C*.

Figure 10. Evaluated cross sections for lines at 5.270,
5.299, and 6.324 MeV from 16O(n,‘d’)15N*.

Figure 9. Evaluated cross sections for lines at 0.277 and
0.297 MeV from 16O(n,p)16N* and at 2.313 MeV from
16O(n,‘t’)14N*.

MURPHY ET AL.: GAMMA RAY LINE CROSS SECTIONS A03308A03308

6 of 9

Roughly 10% of fast (>10 MeV) neutrons will capture on 16O in water targets!!

The gamma emission from radiative capture happens on nanosecond timescales

Can we disentangle the 5-10 
MeV gammas from the 
prompt event?

What do we measure that 
capture rate to be?

Is it more useful or less 
useful that Gd-captures?

credit: Bei Zhou and John Beacom (OSU)

Oxygen captures may 
provide better constraints 
on the initial neutron 
energy.
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Basic Timing Concept

• Precision timing can be used to 
measure the arrival time of 
neutrinos with respect to the rest 
of the bunch

• Later neutrinos tend to have 
lower energies due to the 
correlation between neutrino 
energy and the velocity of the 
parent hadron

• This allows one to select 
different flux spectra based on 
timing

• All of these fluxes co-exist within 
a single on-axis detector



LBNF Flux (Simulation)
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Fast Timing and Beam Physics

• Timing could potentially be used to 
select narrower, lower-E neutrino 
spectra, much like looking off-axis


• Is driven by time-of-flight differences 
between pion energies


• O(1) nsec time structure of the bunch 
washes out the effect but the broad tail 
of late neutrinos remains


• Requires sub-nsec time resolution

• Would enable on-axis experiments to 

select different fluxes in both near and 
far detectors


• This is technique is possible for DUNE 
Theia and testable by ANNIE
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Figure 5: TOP LEFT: A plot of mean relative neutrino arrival time as a function of
the parent pion energy as derived from Eq 4 TOP RIGHT: A full simulation of the rel-
ative neutrino arrival times versus parent hadron energies. BOTTOM: The equivalent
distribution of relative neutrino arrival times versus neutrino energy.

2.4. Achieving Su�ciently Short Proton Bunch Size

The di↵erentiation of pion energies based on the neutrino arrival time
spectrum is tightly peaked in time, with a broad tail. This timing e↵ect
is smeared out by the time spread of the proton bunch impinging on the
target. Figure 6 shows how the e↵ectiveness of time-slicing depends on the
time-profile of the proton bunch. At the roughly 1 ns bunch lengths, typical
of the Fermilab neutrino facilities, the correlation between timing and energy
is mostly washed out except for a small, low-statistics tail.

Fully exploiting the stroboscopic techniques in the paper would require
much shorter bunch sizes, approaching 100 ps. These shorter bunch times
can be achieved by rebunching the proton beam at a higher frequency.

We propose to rebunch the beam, superimposing a higher 10th-harmonic
frequency substructure (see Section 4). With existing RF technology one

9

9

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 270 ps bunch width and 100 ps detector timing in 200 ps bins
(right). Both plots include pile-up a↵ects 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.

bins. The neutrinos that are contained in these time-bins
are plotted as individual curves in the flux/energy plots
(bottom). The left column shows the ideal case where 531
MHz bunches have zero width and the neutrino detector
has perfect timing resolution on the neutrino arrival time.
The right column shows how both distributions smear
when 270 ps bunch RMS bunches are used and 100 ps
timing resolution is assumed at the detector.

Because the 531 MHZ bunches are separated by only
1.88 ns, high energy neutrinos that arrive early relative to
the proton bunch will leak into the low energy neutrino
time-bins. Energy discrimination is still possible; how-
ever, this “pile-up” e↵ect adds additional degradation of
energy discrimination at the low neutrino energies.

Even with smearing e↵ects from finite timing resolu-
tion and the structure of the bunches, it is possible to use
timing cuts to select a subset of the flux peaked in the en-
ergy range of the LBNF second oscillation maximum [31]
and to suppress backgrounds from higher energy neutri-
nos such as neutral current resonant pion events [32].

Studying the time evolution of the flux may also open
the possibility of studying changes in the flavor, sign, or

parent hadron composition of the beam in time. The top
row of figure 11 shows the neutrino flavor composition as
a function of neutrino arrival time relative to the proton
bunch. Smearing is applied using 270 ps bunch widths
and 100 ps detector resolution. The parent hadron and
flavor contributions are shown in the lower two rows nor-
malized to the primary parent or flavor (⇡+ and ⌫µ re-
spectively).
The results in this section were derived for the far de-

tector but apply equally to the near detector. For the
near detector the stroboscopic approach can be applied
together with prismatic measurements [6, 7] that sample
multiple o↵-axis angles. In combination, the two tech-
niques provide additional constraints on flux and cross-
section uncertainties.

VI. CONCLUSIONS

A single superconducting cavity at the 10th RF fre-
quency harmonic of the current 53 MHz RF structure

ideal
finite bunch width and 
detector resolution

https://arxiv.org/abs/1904.01611

https://arxiv.org/abs/1904.01611
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Prior Efforts on Timing

• M Goldhaber suggested that neutrino arrival times could be used in the 
analysis of SN1987a


• MINOS demonstrated precision timing with the sub-structure of NUMI in 
their neutrino time-of-flight paper


• MiniBooNE recently published a stopped Kaon analysis based on arrival 
time with respect to the bunch.


• MiniBooNE also explored the idea of selecting different energy spectra
Melanie L Novak, Bucknell (2002)

https://arxiv.org/abs/1801.03848

https://arxiv.org/abs/1408.6267

10.1142/S0217751X03017154
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• The hadrons decay into muons and 𝜈𝜇’s with a strongly forward directionality.


• An intrinsic background or 𝜈e’s originates from early-decay of the muons. An additional 
wrong-sign component originates from hadrons not rejected by the magnetic horns.

• Proton beams collide with a target, producing 
pions and kaons


• These hadrons are selected by sign and 
momentum and focused by a series of magnetic 
horns

The final kinematics of the neutrinos are driven by hadron kinematics & decay time
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Kinematics of the Neutrino Timing 
The arrival time difference between neutrinos from relativistic hadrons and neutrino from 
hadron of energy E: 

relative neutrino arrival time (ns)
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Kinematics of the Neutrino Timing 

𝚫t(E) =  𝝉(E)[1-𝜷(E)]

𝚫t(E) =  (𝛄𝝉0)[1-√(1-1/𝜸2)]

𝚫t(E) → 𝝉0 𝛄 → 1as

𝚫t(E) → 𝝉0/2𝛄 𝛄 >> 1for
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Characteristic Timescales/Limiting Factors

infinitesimal 
proton bunch

200 psec 
smearing

1 nsec 
smearing

• If all hadrons are produced at 
the same time, the different 
neutrino energies will stratify 
over roughly ~1 nsec


• This effect starts to wash out if 
the proton beam width or 
detector resolutions exceed a 
nsec


• The current Fermilab RF 
structure is not designed to 
deliver proton bunches much 
shorter than 1 nsec. 

Stroboscopic techniques require sufficiently short bunch sizes
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Rebunching the Beam
• Compressing the existing 

proton bunches in time in not 
feasible


• However, imposing a higher 
frequency harmonic on top of 
the bunch structure would be 
compatible with FNAL 
accelerator operation.

O(1) ns bucket every 20 ns → O(100) ps bucket every 2 ns
53.1 MHz → 531 MHz

• The 10x harmonic, going from 53.1 
MHz to 531 MHz, has a particularly 
advantageous relationship between 
bunch size and spacing


• The total number of protons is 
preserved, just “reorganized”

20 ns

1 ns

2 ns

100 ps
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Bunch Rotation

9

Fig. 11: Simulation of phase space with nominal (blue) and
minimized (red) bunch lengths. The plot shows the exchange
of time (dT) and energy (dE) with varying bunch lengths in
the Booster at Fermilab.

While the current bunch lengths in both the Main Injector
and Booster are longer than ideal for the stroboscopic ap-
proach, ongoing efforts to shorten them are crucial for im-
proving the precision of both long and short baseline neutrino
experiments at Fermilab. These advancements will enhance
the accuracy and effectiveness of future neutrino detection and
measurement techniques.

IV. BUNCH ROTATION METHODOLOGY: RF
MANIPULATION TECHNIQUES

In this study, we applied a bunch manipulation technique
known as ”bunch rotation” to create a narrow bunch spread
in the Booster. The Accelerator Neutrino Neutron Interaction
Experiment (ANNIE), a water Cherenkov detector at Fermilab,
is already equipped with a fast photodetector system capable
of providing the necessary time resolution for this technique.
Located downstream of the Booster Neutrino Beam (BNB),
ANNIE motivates the use of bunch rotation in the Booster
as part of a first proof-of-principle demonstration of the
stroboscopic approach. Due to the lower energy of neutrinos in
the BNB, the stroboscopic effect is more pronounced and can
be observed with bunch lengths on the order of 1 ns, as shown
in Figure 7, although shorter bunch lengths are preferable.
Currently, the Booster beam is bunch rotated before being
sent to the BNB line and Recycler ring, but this process is
typically used to elongate the bunch spread. In contrast, we
performed bunch rotation in the Booster to achieve a shorter
bunch spread. Additionally, the use of narrow proton bunches
could benefit a fast Near Detector capable of scanning the
off-axis neutrino beam, enhancing its sensitivity to light dark
matter searches [16]. MiniBooNE has recently utilized timing
in several analyses to select stopped kaons from the NuMI
beam and to search for heavy dark matter particles [17].
In a recent beam study, our goal was to achieve the narrowest

possible proton bunch lengths within the Fermilab Booster by
adjusting key parameters such as extraction time, beam inten-
sity, and RF frequency. These efforts focused on optimizing the
bunch rotation process, which is essential for implementing the
stroboscopic approach in neutrino experiments.

The Fermilab Booster is a rapid-cycling synchrotron ring
with a 474.2-meter circumference, equipped with 22 RF
cavities and 96 combined-function magnets. Each cavity can
deliver up to 50 kV of RF voltage, with the RF frequency
modulated from 38 to 53 MHz as the beam energy increases
from 0.4 to 8.0 GeV. This modulation is critical to managing
the beam’s longitudinal dynamics as it accelerates, ensuring
the beam can be properly shaped for experiments downstream.
Figure 12 shows the Booster RF cavity and the layout of

Fig. 12: An example of a refurbished Booster RF cavity (left)
and schematic view of the Fermilab Booster ring indicating the
distributions of RF cavities (right). Location of the wall current
wall monitor used for measuring the line- charge distributions
of the beam pulses in the Booster is also shown [18].

the Booster RF cavity and the resistive wall current monitor
(RWM) in the Booster Ring. To rotate the Booster beam bunch,
an RF electric field at twice the synchrotron frequency is
applied in the Booster RF cavities, superimposed on the nom-
inal stationary RF bucket. This technique, known as Quadratic
Booster Rotation (QBR), induces a longitudinal phase rotation
that affects both the bunch length and the momentum spread
of the Booster beam at the doubled synchrotron frequency
[19] (see Figure 13. This figure illustrates this process, with
the longitudinal bunch length (in ns) on the x-axis and the
momentum spread (in MeV/c) on the y-axis. The blue solid
curve outlines the RF bucket boundary, representing the stable
region for synchrotron oscillations. The black solid curve
shows the trajectory of a beam particle undergoing small-
angle synchrotron oscillations within the bucket, while the
dashed red line represents the RF waveform applied during
QBR. Consequently, the final bunch length in the Booster ring
is determined by the timing of the Booster beam extraction.
Under nominal beam operation, the QBR technique is used
to elongate the bunch length to facilitate slip stacking in the
Recycler Ring for 120 GeV neutrino oscillation experiments.
However, this study demonstrates the ability to achieve shorter
bunch lengths using QBR by rotating the beam’s phase space.

Credit: Ganguly et al
https://arxiv.org/abs/2410.18256

Some techniques within the current capability of the Fermilab accelerator complex could shorten bunch times.

https://arxiv.org/abs/2410.18256
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Fast Timing and Beam Physics

• Timing could potentially be used to 
select narrower, lower-E neutrino 
spectra, much like looking off-axis


• Is driven by time-of-flight differences 
between pion energies


• O(1) nsec time structure of the bunch 
washes out the effect but the broad tail 
of late neutrinos remains


• Requires sub-nsec time resolution

• Would enable on-axis experiments to 

select different fluxes in both near and 
far detectors


• This is technique is possible for DUNE 
Theia and testable by ANNIE
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Figure 5: TOP LEFT: A plot of mean relative neutrino arrival time as a function of
the parent pion energy as derived from Eq 4 TOP RIGHT: A full simulation of the rel-
ative neutrino arrival times versus parent hadron energies. BOTTOM: The equivalent
distribution of relative neutrino arrival times versus neutrino energy.

2.4. Achieving Su�ciently Short Proton Bunch Size

The di↵erentiation of pion energies based on the neutrino arrival time
spectrum is tightly peaked in time, with a broad tail. This timing e↵ect
is smeared out by the time spread of the proton bunch impinging on the
target. Figure 6 shows how the e↵ectiveness of time-slicing depends on the
time-profile of the proton bunch. At the roughly 1 ns bunch lengths, typical
of the Fermilab neutrino facilities, the correlation between timing and energy
is mostly washed out except for a small, low-statistics tail.

Fully exploiting the stroboscopic techniques in the paper would require
much shorter bunch sizes, approaching 100 ps. These shorter bunch times
can be achieved by rebunching the proton beam at a higher frequency.

We propose to rebunch the beam, superimposing a higher 10th-harmonic
frequency substructure (see Section 4). With existing RF technology one

9

finite bunch width and 
detector resolution

https://arxiv.org/abs/1904.01611

https://arxiv.org/abs/1904.01611
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Separating different components of the beam 

• The relative normalization and shape of the different components of the 
neutrino flux (wrong-sign, intrinsic 𝜈e , K/π) evolve differently and in 
deterministic ways with respect to the timing cuts


• Fitting in multiple time slices greatly constrains the fit to the overall flux

Wrong-sign flux
Overall LBNF ND (RHC) flux

time slice from -0.3 to –0.1 ns time slice from 0.9 to 1.1 ns

Wrong-sign flux
Overall LBNF ND (RHC) flux
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Separating different components of the beam 

• The relative normalization and shape of the different components of the 
neutrino flux (wrong-sign, intrinsic 𝜈e , K/π) evolve differently and in 
deterministic ways with respect to the timing cuts


• Fitting in multiple time slices greatly constrains the fit to the overall flux

time slice from -0.3 to –0.1 ns time slice from 0.9 to 1.1 ns

Kaon daughters
overall LBNF ND (RHC) flux

Kaon daughters
overall LBNF ND (RHC) flux
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Separating different components of the beam 

• The relative normalization and shape of the different components of the 
neutrino flux (wrong-sign, intrinsic 𝜈e , K/π) evolve differently and in 
deterministic ways with respect to the timing cuts


• Fitting in multiple time slices greatly constrains the fit to the overall flux

• Imagine having to fit the flux model to a 2-d grid of spectra binned in 
off-axis angle and time slice!

time slice from -0.3 to –0.1 ns time slice from 0.9 to 1.1 ns

Kaon daughters
overall LBNF ND (RHC) flux

Kaon daughters
overall LBNF ND (RHC) flux
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