ANNIE: A Testbed for Hybrid Detector ®
Technology
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# Fermilab g ANNIE is located on the

: Fermilab Booster
Booster Neutrino Beam 5 .
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. Note: The BNB has a bunch structure that
Neutrino FluX ANNIE will seek to exploit - more on this later

ANNIE Detector Dlrt muon tlmlng diStribution Dirt muon timing distribution
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Physics Goals of ANNIE -G

Conduct a broad physics program using v,
interactions in water

* Demonstrate new technology for
a future hybrid optical neutrino
detector (e.g. THEIA)
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* Water-based Liquid Scintillator
(e.g. SANDI)
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* Fasttiming (e.g. Large
Area Picosecond Photo
Detectors - LAPPDs)
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Averaged number of
produced neutrons

ANNIE Physics Program

® o 1,CC interactions with oxygen, final state neutrons

annie o Differential cross sections, high-statistics n multiplicity vs. Q?

o Improved modeling of FS neutral production, input to generators

SNO, PRD 99 (2019) 11, 112007
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ANNIE Physics Program

Measurements relevant to the neutrino oscillation program:

e Proximity to BNB target — high flux, overlap with T2K/LBNF
o Spans the neutrino energy range where DUNE & HK overlap

annie

o Currently taking data, analyzing existing ~2 year dataset
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ANNIE Physics Program

e UNC interactions (y cascade and neutrons)

o Constrain backgrounds for LBL & p decay, DSNB searches

o |~10k fiducial NC events/beam year, ~50% of which are NCQE]|

v-180 NCQE interaction SK DSNB
————————————
I ‘lr|102:|| ||||||||||||[||l||[||||||||l||||:
; = = _g . —+— SK-Vl observed data (552.2 days) 7-
70 I SITAIY SauIN. ;‘ [ 1 Atmospheric-v (non-NCQE)
I (~ 6MeV) = [ Atmospheric-v (NCQE)
| o B Spallation °Li
. ()
|_,|_1" Observe Cherenkov light w 10E BN Reactor-v —
=i I = m 8 - [ ] Accidental coincidence 7
i == DSNB (Horiuchi+09 6-MeV, Max.) ]
16 I 1SN* .. 150)* 3
__O___.‘_J N or O E #= signal region
norp Z 7 |_|
~OOm 15 5
OO .., :
L8 A @@= |Secondary Gamma
E3 *
60 |\, 5N or50
’ 10-1 :TI.I B T I 11 L_1x 1t l I | B S | 11 1 1 I S | BB l_:
. 10 20 30 40 50 60 70 80

annie

Ankowski and Benhar, 2012

Reconstructed kinetic energy [MeV]

R. Svoboda, Workshop on Hybrid Detectors, June 2025

£C0C dNVI Af)’(',‘_/’]/),f()ézf1.7/_/()53 NS Ag

¢



3]

M. Harada et al 2023 ApJL 951 L27

DSNB Primary Background

Atmospheric neutrino (NC elastic)

Supernova relic neutrino (IBD)
H
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Yosuke Ashida, The 32" SRN Workshop, 2019

“Present uncertainty on [vNCQE] interactions induces a large error on
atmospheric neutrino backgrounds, limiting the sensitivity at low energies
where the [DSNB] flux is predicted to be large.” — T2K collaboration

Steven Doran | APS Joint March and April Meeting, 2025

PHYSICAL REVIEW D 100, 112009 (2019)
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] DSNB prediction: Black Hole
An AsId®... fraction is a major uncertainty

Black hole contribution can be big

e Strong EOS dependence

 (Can bedriven by late-time accretion  Nakazato et al (2024) ,
Ashida & Nakazato (2022)
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So where to now?

This is just my contribution to a much wider active field:

PHYSICAL REVIEW D 79, 083013 (2009)
Diffuse supernova neutrino background is detectable in Super-Kamiokande

Shunsaku Horiuchi,"*> John E. Beacom,”>* and Eli Dwek’

* Spherical symmetric simulations
* Thermal neutrino spectra

* No black hole considerations

* Core-collapse rate sysmatics

PHYSICAL REVIEW D 109, 023024 (2024)
Diffuse supernova neutrino background with up-to-date star formation rate
measurements and long-term multidimensional supernova simulations

Nick Ekanger ,"" Shunsaku Horiuchi®,"*" Hiroki Nagakura ;> and Samantha Reitz"*

Multi-dimentional long-term simulation sets
@ Accounting for stellar & collapse diversity
Black hole considerations (but still rich!)
Shunsaku Horiuchi Core-collapse rate well established and cross checked 35

S. Horiuchi, GdFather Reborn Workshop IPMU 2025



So where to how?

An attempt at the error budget: (SFRD=Stellar Formation Rate Density)

— IMF

1 L L 1 L L 1 L 1 L L 1 . L L ) | R -1

FIG. 6. Estimated errors of DSNB event rates for normal or-
dering at SK-Gd from SFRD measurements (‘SFRD’), late-
phase treatment (‘LP,” Analytic or RenormLS), failed super-
nova modeling (‘BH,’ see Fig. 7), Hp, and IMF assumption
(‘IMF, Chabrier, Salpeter A, or Baldry-Glazebrook). Quan-
titative values are given in Table II.

Shunsaku Horiuchi Ekanger et al (2024)

S. Horiuchi, GdFather Reborn Workshop IPMU 2025

Core collapse rate

i—> Neutrino emission

Cosmology

Assumptions (no late-
time accretion, 2D
sims, no binary, etc)
= Nevertheless,
showcases the exciting
prospects of studying
core collapse &
neutrino physics




ANNIE Physics Program

FlUX Flux correlations A.Mastbaum
x 20 1

0.8

e Same neutrino beam as SBN LArTPCs o = i ot

0.4

o Precision 40Ar/H>0 6 comparisons o ——

o Probe A scaling, simultaneous tuning

o Correlations in hadron production (n/p) R
uB ANNIE

Magnetic focusing horn Thecay pipe

BNB
_—
8 GeV p

eI

& 7 ~100 m ~500 m ~600 m

(not to scale)
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ANNIE Detector

MRD
i Muon Range
Muon Veto Detector

Deployed Ta

First Water-Based
Liquid Scintillator in a
v beam

(see J.Martyn talk)
Neutrino

Beam

77/

132 PMTs
Water Tank 8" - 11" LAPPDs
26 t Gd-H>0 ~100 ps timing
Highest Gd

concentration (0.1%) First v in LAPPDs

ANNIE Phase Il
Date: 01/29/2020
ANNIE Run: 1415
ANNIE Event: 4893
PMTs: 124 hits / 5.906500 nC
LAPPDs: 0 module(s) / 0 hits
Trigger: Beam

Example Prompt Event

o

charoe [PMTs]
0 308400 nC

I 0050000 nC

MRD Top view

time [MRO]

Prompt u Cherenkov + MRD track
Delayed Gd neutron capture y
Front veto rejects upstream u
Deployable target volumes

(see AWeinstein talk)

R. Svoboda, Workshop on Hybrid Detectors, June 2025




ANNIE R&D Technologies

ANNIE is a flexible test-bed for next generation detector technologies
(novel photosensors/fast-timing and novel detection media)

Adding LAPPDs to PMTs

prompt signal

oo Gd-water
Deployable volume of water-based liquid & ray

scintillator (WbLS)

delayed signal



ANNIE in the broader R&D ecosystem

6‘
annie

Ton-scale demonstrator projects to show the feasibility and versatility of a future large-scale neutrino detectors using hybrid
Cherenkov/scintillation detection.

Mayly Sanchez (FSU)

ANNIE: 26 ton Gd-H20
(365kg WDBLS) Optimized
for reconstruction on a
neutrino beam, Cher/Scint
separation with LAPPDs

BNL: 1 ton and 30 ton

WbLS deployment,

purification, recirculation,

transparency

AN

detectors for non-

Large-scale

proliferation &

physics

i

EOS: 20 ton WbLS
Low-energy
reconstruction,
model validation,
chromatic sorting

N

NUDOT: Isotope
; loading NLBDB
g  topology

BUTTON:

30 ton, WbLS
underground
deployment,

low bkgd
verification

ANNIE is complementary and synergistic with these projects

s —



The ANNIE Gd
Water System

In order to load ANNIE with WbLS
it will be necessary to have a system
than can continuously clean the water

...out ANNIE has very little money!

What to do?



Why does the water
need to be cleaned?

Quantitative tests using a 19 meter
attenuation arm at LLNL showed that
even clean stainless steel exposed to
ultrapure water will leech impurities into
the water that absorb UV light.

It was also shown that this could be due
to ironions going into solution even
at ppb levels.

Table 3
The change in p resulting from the addition of FeCl; to pure water

Pure water value 14 ppb FeCl; in water 28 ppb FeCl; in water

0.901 +£0.018 0.355+0.018 0.156 + 0.008

; 3 Nuclear Instruments and Methods in
f& Physics Research A

journal hamepage: www. .elsavier. .com/locate /nima

EAE
Loy
& a‘;:

0-78 = T T T I T T T T ' T T T T I

Transparency of 0.2% GdCl; doped water in a stainless steel test environment

W. Coleman **, A. Bernstein ®, S. Dazeley °, R. Svoboda "<
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0-64IIIIIIIIIEIIIIIIIIIi|||||§I|||;||
0 50 100 150 200 250 300

Hours since recirculation stopped

Fig. 5. p of pure water measured over approximately 14 days at 337 nm.
Recirculation of the water through the system was turned off at t = 0. From this
point, the water remained undisturbed in the LTA and p decreased at the rate of
~1% per day.

R. Svoboda, Workshop on Hybrid Detectors, June 2025
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Fig. 7. Decrease in transparency versus time resulting from addition of 0.2% GdCl;
in pure water for 337 nm (a), 400nm (b) and 420nm (c). The red line shows the

least squares best fit to the data after addition of the GdCls.

at ScienceDirect

Nuclear Instruments and Methods in

R_ . Physics Research A
LLNL teStS ShOWed that the ELSEVIER journal homepage : www.elsevi ier.com/locat e/nima
I.OS S Of t ran Sp aren Cy Transparency of 0.2% GdCl; doped water in a stainless steel test environment

W. Coleman **, A. Bernstein ®, S. Dazeley °, R. Svoboda "<

is broad spectrum, not
just Gd absorption lines

These same tests showed that for Gd the ion itself
did not cause a loss of transparency - it was just that
fact that the liquid can now conduct charge that
accelerated the leeching of steel contaminants

ANNIE needs a cheap
Gd water system!

R. Svoboda, Workshop on Hybrid Detectors, June 2025



AN N | E Gd Development of an ion exchange resin for
gadolinium-loaded water
Water System

V. Fischer, ¢ J. He,* M. Irving,” R. Svoboda“
“Department of Physics, University of California, Davis, CA 95616, USA

ABsTrRACT: Large water Cherenkov detectors have beei
low-energy particle physics. Nevertheless, detecting ney

since a neutron capture on a hydrogen atom doesn’t release a sufficient amount of gamma energy to be
observed efficiently. The use of gadolinium in the form of soluble salts has been explored extensively
to remedy this issue, as gadolinium exhibits both a very large neutron capture cross section and a
subsequent high-energy gamma cascade. However, in order for large gadolinium-loaded detectors
to operate stably over long time periods, water optical transparency must be maintained by in situ
purification. New methods have been developed involving band-pass molecular filtering. While
these methods are very successful, they are expensive and consume considerable power and space
as they seek to minimize loss of gadolinium while removing other impurities. For smaller detectors
where some gadolinium loss can be tolerated, a less expensive way to do this is very desirable.
In this paper, we describe the design, development and testing of a system used to purify the
gadolinium-loaded water in the 26-ton ANNIE neutrino detector.

R. Svoboda, Workshop on Hybrid Detectors, June 2025



Interactions
Prompt Scattering Events

Prompt: Final state muon energy

and angle reconstruction using tank
PMTs + MRD tracking

e m b
M PMT-enclosed

, volume ~15k CC events
annie per beam year

e MRD requirement restricts u
momentum and angle coverage

e 04 SE, 512 GeV, 0,200

e Tank-only ring reconstruction

(under development) enables
wide coverage for CC kinematics
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Good agreement
between MC

and data in muon
energy and
angles



Interactions
Delayed Neutron Events

o | 0.33 bn | 49000 bn

T | 300 us 30 ps
Ey 22 MeV | 8 MeV

Delayed: 8 MeV y signal from Gadolinium
neutron captures on gadolinium

AmBe source calibrations

§ 140 :— (1 5 months of h_time_neutrons_data
S = . Entries 1769 1
: F peam data) |, e triggered
= 120 H— 100 — )c(;:sr:df 13.9124 :?éiz AmBe
B C A 1985 +17.2
: &b = T 2.855e+04 + 6.991e+03 S O u C e
need to 100 H- - _|_
. B 60_—
wait 10 us i i
80 H- o
dueto . 1 Example .- Capture times I
afterpulsing . 1 : | | | | |
£fPMT i event 18000 20000 30000 40000 50000 60000 70000
O S n tcluster [ﬂS]
ol portversus
i 0 n - . depthmap
E = ..
» *\ \ ’ n i ofefficiency
00_ 10000 20000 30000 40000 50000 60000 70000 0
. . t.. [ns -
M. Nieslony thesis it [1¢] »



ANNIE Baseline Performance (no LAPPD or WDBLYS):

ANNIE is too small for PMT timing alone to fit event vertices. Also photon calorimetry in

the tank is hampered by geometry effects

ANNIE Phase Il
Date: 2021/4/7-14:51
ANNIE Run: 2630 (Beam)
ANNIE Event: 5301
PMTs: 82 hits / 2024 p.e.
LAPPDs: 0 module(s) / 0 hits
Cluster Time: 733 ns
Trigger: Beam

FMV  Tank MRD

- time o)

4000 ns

TYPICAL ANNIE CCOm EVENT

Answer: Fit muon track length in the
MRD and the target Tank and use
stopping power to infer muon energy

PRELIMINARY

R. Svoboda, Workshop on Hybrid Detectors, June 2025



ANNIE Baseline Performance (no LAPPD or WDBLYS):

ANNIE is too small for PMT timing alone to fit event vertices. Also photon calorimetry in

the tank is hampered by geometry effects

4 ) hit PMT

Oc -
event back-extrapolated
vertex a: MRD muon track
i
light

emission
point

PMT plane

1. Extrapolate MRD track fit
back into the Target Tank

A\

_ * \ b 1st wavefront
emission - 2nd wavefront
point

2. Calculate expected number of p.e. based
onring spreading and PMT coverage in
solid angle and look for ring edge.

R. Svoboda, Workshop on Hybrid Detectors, June 2025



ANNIE Baseline Performance (no LAPPD or WDbLYS):

ANNIE Phase I
Date: 2021/4/7-14:51
ANNIE Run: 2630 (Beam)
ANNIE Event: 5301
PMTs: 82 hits / 2024 p.e.
LAPPDs: 0 module(s) / 0 hits
Cluster Time: 733 ns
Trigger: Beam

FMV  Tank MRD

ch~r~n [PMTs]
268 p.e.

MRD Side view MRD Top view

[ time (MRO)

4000 ns:

WO
Hom o Im

R. Svoboda, Workshop on Hybrid Detectors, June 2025

# entries

- h_ediff
70— Entries 995
C Mean -8.105
o PRELIMINARY Std Dev 83.08
_ ) ¥2 [ ndf 73.61/ 49
- (JHe theSIS) Constant B42+25
50— Mean —-15.42 + 2.29
C Sigma 66.33 £ 2.09
40—
30 :—
20—
10 :—
0 LT [ | | L1 1 1 | I | | I | | 1 1 1 | n'l ‘_I'I L 1M
~400 —300 —200 ~100 0 100 200 300 400
recoE-trueE [MeV]

ANNIE energy resolution on single
track muons is about 12%
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ANNIE and Water-based
Liquid Scintillator

‘mmwmv&nm&mmzm
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ANNIE and Water-based
Liquid Scintillator (WbLS)

~10 Nnm

4

surfactant
molecules

L

%'%ééﬁ%

o LS ooe

pd

Ry

Liquid scintillator forms small (~10 nm scale) droplets
called micelles in water that are stabilized by surfactant
molecules with a hydrophilic head and hydrophobic tail.
Micelles form under controlled chemical conditions and
are shown to be stable over year time scales.

Advantages: Disadvantages
Cheaperthan LS Radiological cleanliness?
Non-combustible Faster than LS?

Ease of loading Lower light yield

Environmentally better
Oxygen nuclei

R. Svoboda, Workshop on Hybrid Detectors, June 2025



ANNIE WbLS High Energy
Reconstruction Test

SANDI

(Scintillator for ANNIE Neutrino Detection Improvement)

TN

Cherenkov -~ % i
cone _--~ | i
i , outgoing

-
-
-
-
-
-
muon

Le incomin
A = downstream 72 neutrinog WhbLS
PMTs ., WS | ______
O | ]
o A — \

ﬁ T 8
. ~ { exterior
neuwino O Bt i Gd-loaded
beam O‘. water
upstream
PMTs
ANNIE
Front Muon Tank Muon Range
Veto (FMV)

Detector (MRD)
Tracking Calorimeter

R. Svoboda, Workshop on Hybrid Detectors, June 2025



SANDI vessel &
4 support frame
A inserted in Jan

Insertion of
vessel inside
ANNIE tankin

removed in May after [
taking 2 months worth %
of beam data L

2024 deployment

SANDI Acyrlic Vessel

= cylinder holding 365 kg of WbLS
submerged in ANNIE water tank

= WbLS produced at BNL

- goals of first run:

= detect scintillation of hadrons
= use LAPPDs for C/S separation
= detect neutron capture on H

= show general compatibility for
second GAWbLS run

electronics
racks

Front Veto

photosensors

OO

AN

A

ARV ATARRTANRES
NN




When a muon hits SANDI isotropic
downstream peaks, SANDI at -0.75m

light is generated, which is
especially apparent upstream

+ with SANDI
double Gaussian fit
—— 1st sub-Gaussian fit

! 2nd sub-Gaussian fit
30 - .+ w/oSANDI

/ \ — Gaussian fit
-y

40 1

Cherenkov
cone .-
—*’,”” /'
] -¥ ’ downstream
e — . . ; , . ;
2500 3000 3500 4000 4500 5000
— cluster charge (p.e.)
neutriho upstream peaks, SANDI at -0.75m
beam ’ S~o ¢ with SANDI
}l RN double Gaussian fit
upstream \\ ¢ w/o SANDI
PMTs S~ A 601 Gaussian fit
50
\ / 40 A
- H*
30 -
ANNIE
Front Muon Tank Muon Range 201
Veto (FMV) Detector (MRD) 1o
0- [ X B X R R ]

R. Svoboda, Workshop on Hybrid Detect%)ros,JJﬁ%2d§%0 1250 1500 1750 2000 2250 2500
cluster charge (p.e.)



ANNIE and Fast
Timing with LAPPDs

——
S ——

| e — e

e ——a——

EANTAGRAPHICS BOOK

R. Svoboda, Workshop on Hybrid Detectors, June 2025



| APPDs in ANNIE O

top window -
e Incom’s Gen-| LAPPDs feature I I L PPDe e
: 5 i pc gap _
o Large detection area (8" x 8”) I N\X\ K\\& %ﬁe%'%gé}o
o Timing: - intrinsic ~ 50ps inter-mcp gap 2%%%;03”
-in situ goal ~100ps | - [ o,
o Anode: 28 microstrips with double- o | | 2n0de g2 large o

sided readout
— spatial resolution better ~1cm

100 Reconstruction resolution of variable Ar

 ANNIE has the first data from multiple LAPPDs
operating in a neutrino beam. 80

o Precious operational experience. é i
o Data provides insights into the challenges 3
inherent in interpreting LAPPD data. g 40
* We aim to demonstrate improved muon 5 . - ea%CL
kinematics and neutrino vertex reconstruction —— PMTS+5 LAPPDS
with LAPPDs. : —

Ar [cm]

R. Svoboda, Workshop on Hybrid Detectors, June 2025



First-ever detection of neutrinos with LAPPDs

« BNB spill width 1.6us was correctly detected. * Pulse response on LAPPD strip lines detected.

* ~1200 neutrino candidates identified after * Imaging feature match the muon information.

cuts for data in ~half beam year. : 5 .
3 40 o 5 40 o (‘dL‘)iﬁ—dR=D'dL—)
A neutrino candidate 5 2 B £ 5
5 ©
in 2023 beam year £ ° 5 2 .
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LAPPDs in Theia

* LAPPDs are too expensive to use large numbers in Theia, they are
not practical for photon calorimetry.

* ANNIE experience has been that very few LAPPDs are needed
Inside a Cherenkov ring to reconstruct long track directions. Theia
may only need a small fraction of sensors to be LAPPDs

* Current electronics implementation has several disadvantages

* Short buffer (25 ns) requires local self-triggering. It would be better to
have a triggerless system for Theia for non-beam physics.

* Two large underwater cables now needed are unwieldy and expensive.
Not so practical for large-scale deployment with long cable distances.

 Current 18W power usage of current electronics leads to heating issues
that are not prohibitive, but are not optimal

R. Svoboda, Workshop on Hybrid Detectors, June 2025



ANNIE Accomplishments "

ANNIE is a flexible test-bed for next generation detector technologies
(novel photosensors/fast-timing and novel detection media)

First v's detected with LAPPDs

e First deployable waterproof LAPPD

prompt signal

modules M
e First experiment to operate a multi-
LAPPD system R
Vi o)
First v's detected in WbLS 5 .
® First near-to ton-scale deployment of @%a e Highest-concentration of Gd-
WDBLS in a neutrino experiment 73 water in a neutrino exp.
First v's detected in Gd-water

Several technical papers in preparation, delayed signal

first WbLS published [JINST 19 (2024) 05, P05070]
R. Svoboda, Workshop on Hybrid Detectors, June 2025
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Next steps in R&D: 8 tons of WbLS in Super-SANDI

Compatibility
test of WbLS

e Demonstration of event reconstruction capability in WbLS and nylon
requires extended scintillator volume.

e Super-SANDI: install an 8ms3 cylindrical nylon vessel in
the inner volume of the ANNIE tank.

e Builds on experience from Borexino/KamLAND.

e German collaborators recently received a DFG grant for
construction of the balloon vessel.
Mock-up installation in Mainz next summer.
Installation in ANNIE tank in summer break 2026.
Potential for 1.5 years of data until long shutdown.

R. Svoboda, Work_s_ho_p on I:|¥t3r_i_d__D_etectors, June 2025



Next steps in R&D: Addition of upstream Gen-ll LAPPDs G‘

annie

e |sotropic scintillation signal will hit upstream PMTs first
— additional LAPPDs improve vertex position

reconstruction and hadronic signal detection. electronics
e Deploy Gen-ll LAPPDs with capacitively-coupled Front Veto
anode and flexible readout geometry.
Muon
Gd-water Range

— Future Incom production will be Gen-llI. l
— Substantial community interest in testing Gen-Il. ~ ---..__ s, D(i;%c;)r
under realistic experimental conditions. | & Y [

Recent Gen-I1 W | * AL
LAPPDs with a pad- [ Ggevt g
style anode geometry
(potentially reduces
photon pile-up).

e Several Gen-ll LAPPDs will be purchased at
FSU.

e ISU/FSU-led team is developing plan to
update electronics and PAL.

R. Svoboda, Workshop on Hybrid Detectors, June 2025

Anode geometry
defined on electronics
external to LAPPD



Thanks!
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The Packaged ANNIE LAPPD (PAL) O

BACK FRONT
_ *  We packaged LAPPDs in
waterproof connectors Trigger Board waterproof housing in order to
operate underwater.
LVHV board

*  We kept digitization close to
the detector to ensure sub-ns
timing.

« 25ns digitization buffer required
LAPPD trigger inside housing.

* Environmental monitoring, slow
controls, and power also
needed to be handled inside
housing.

« Laser-calibrated prior to
deployment.

The package performance is

adequate. We have identified key
ACDC cards LAPPD Assembly potential improvements.

R. Svoboda, Workshop on Hybrid Detectors, June 2025




Practical Cherenkov/Scintillation Light Separation

Timing Spectrum Angular distribution

“instantaneous chertons” UV/blue scintillation vs. increased PMT hit density

vs. delayed “scintons” blue/green Cherenkov under Cherenkov angle

— ns resolution or better - wavelength-sensitivity — sufficient granularity
#) 4, #*a

. C
scint

+ + < > Y : : > 4 - —
0 0 20 30 time(®s) 30 oo soo 0 Nlom) 0 o 9%° 190" angle
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—— LAB absorption

—— PPO absorption
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First Neutrinos on (multiple) LAPPDs

0.02 A
Jﬂ] ' LAPPD 64
1 ANNIE P 1 LAPPD 58
1 Preliminary 1 LAPPD 39

Beam Neutrinos!!

: [LHH L S OTR——

Data from 2023-2024 beam year

Normalized Event / 125 ns
o
(@]

0.00

0.0 2.5 5.0 7:0 10.0 12.5 15.0 17.5 20.0
At (us)

Neutrinos seen concurrently by three LAPPDs operating in ANNIE

World’s first: Neutrinos observed with LAPPDs!
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LAPPDs as imaging photosensors O

Time evolution of a Cherenkov ring across the
surface of a photosensor depends on track
direction. Imaging LAPPDs can capture this.

2.0 40 f ‘ ‘

MRD Hit Top View

)
\
v
1
v
\
\

- ANNIE N
e A3 Preliminary 30 2 .
Q O £
€ 1.04 ‘°om & 2.0
— L D o © — \“\
q.>) 0 5 T 0 G# ®e 20 "3 1 LS% m“
I e 3 il IGE e
S 00T @ | |F10 E |
e 0.0 - ) B = < | i 0.5 T
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Transverse Position from LAPPD edge (cm) ol o N
104

Gradient matches predicted (sub-ns) gradient !
based on independent MRD track reconstruction!

e~ NN
\"‘vc::’}“’c\‘ ~—

—— —~
O = £

Cross-talk makes this challenging for other events.

R. Svoboda, Workshop on Hybrid Detectors, June 2025



m—)

neutrino
beam

Veto (FMV)

When a muon misses SANDI the
light from the Cherekov cone is
partially absorbed by the WbLS
downstream

I

Cherenkov -
cone _--~

— < downstream

PMTs O

upstream
PMTs

| SN~ -
ANNIE

Front Muon Tank

’/
O .-~ O -

Muon Range
Detector (MRD)

40 1

30

# 20-

10 -

downstream peaks, SANDI at -0.75m

+ with SANDI
double Gaussian fit

—— 1st sub-Gaussian fit
2nd sub-Gaussian fit
¢+ w/o SANDI
Gaussian fit

2000 2500 3000 3500 4000 4500 5000
cluster charge (p.e.)
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First SANDI WDLS data 6

Upstream charge [p.e.]

Neutrino candidate events

3000 _ _ _ )
i :ﬁ‘g‘l':x’tz"v‘\’l‘;tz ‘;:ZZ'l - .. ®Selecting neutrino candidates with (no) Front Muon
25001 e N e, Veto and track in Muon Range Detector
- o:.: %' . .
- 3<%, +.1 o Compare data with and without WbLS vessel
- et »
1500— o, ° ; " ; i
F ot o * | — WDLS: new population of events with significantl
N K
1000 SErT . more photons detected by upstream PMTs
5oof% Michel electrons
d i _ ANNIE with
A AT BT S SR T i WbLS vessel
1000 2000 3000 4000 5000 80— __Fit of Michel
Downstream charge [p.e.] o - electron spectr.um
| | & o ~ oo™
e Selection of Michel electrons from stopped muons < w ElccHDB el
Q401 X
e New population of electrons in WbLS produces 5
significantly more photons than electrons in water 20, bty |
— effective increase in light output: (77£8)% 0%""200 400 600 800 . 1000

Charge [p.e.]
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