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A S ILE ccelerator Neutrino Neutron Interaction Experiment

> ANNIE is a 26-ton Cherenkov neutrino
detector in the BNB line at Fermilab.

> Detector R&D: Demonstrate novel
neutrino detector technologies
Fast Photosensors (LAPPDs
Novel target media (Gd-Water

and WbLS
— » Physics: Neutrino interaction with
S ‘ Gd-loaded water target focused on
ANNIE has 45 collaborators from neutron yield

17 institutions In 6 countries

Marvin Ascencio Sosa - lowa State University



WA SIALE ccelerator Neutrino Neutron Interaction Experiment -

Outline (Spoiler Alert!)
> ANNIE

|:: Physics

Detector

> First beam neutrino experiment
detected by gadolinium-loaded water.

(2019)

» FIrst neutrino experiment using Large
Area Picosecond Photodetectors
(LAPPD).(2022 & 2024 3-LAPPDs)

> First neutrino experiment using Water

Base Liquid Scintillation (WbLS).
(2023)
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Ll arXiv:1305.7513 A. Schukraft, G. Zeller

E 1.4

t 1.2F

- n

. 0.8F

_§ 0.6

O [

» 0.4F

§ [

5 0.2

> L Yovhiy

O Y AETET L [, ~- - TR
10~ 1 10 10°
E, [GeV]
ANNIE (BNB)
IDUNE (LBNF)
| HyperK (J-PARC)
1.0
— 90% Contour
-—— W = 938,1232 MeV
0.8 - °

° > © . ,
0. .'. .~. :/
...... Q2 =02—1 QGeV LY. ;o

<
o

©
A%

Energy transfer ¢° (GeV)

0.2 1 SBND
: : [—1 ANNIE
0.0 - = —
0.0 0.5 1.0

Z [ DUNEFD
1 Hyper-K FD

Momentum transfer ¢°> (GeV/c)

1.5

ANNIE Physics

Gannie

v, CC differential cross section with water target, final

state neutrons.

U NC interaction, background constraint for Long
Baseline, p-decay, and DSNB searches.

High flux (close to BNB) overlaps with HyperK/DUNE
neutrino energy.

Multi-target cross-section measurements (40Ar/ H>O).
Same neutrino beam as SBN LArTPCs
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oAt ANNIE detector

v
Electronics g
Front Muon rack J
Veto (FMW /é
Large Area %
Deployable Picosecond L
vlic))lu}r/ne /C Photodetectors & i
» 7 (LAPPDs) &
N EEREE 4
Gd-loaded l ’
Water 1 / Muon Range
: ’ Detector (MRD)
Tank’s : / 11 layers of
PMTS : ’ scintillator X-Y
(132 PMTs) ? with iron

I
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UNIVERSTY ANNIE detector 3

ANNIE Phase ||
Date: 2022/7/1-11:37

Front electronics ANNIE Run: 3832 (Beam)
Anti-coincidence| racks ANNIE Event: 94
C t PMTs: 25 hits / 2604 p.e.
ounter LAPPDs: 30 module(s) / 12 hits
(FACC) Cluster Time: 1602 ns BV Tok  WRD
Trigger: Beam
Tank PMTs
Gd-loaded

i

water volume

Muon Range
Detector i
(MRD) Wpe

photosensors MRD side view MRD top view
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e ANNIE’s Gd-Loaded water "'

The first application of Gd-loaded water on a neutrino beam

Cluster time beam neutrons

:% o }EHR ANNIE Preliminaryf=ime-rettrons data _ o |
\{# 7w W wel | » o Gadolinium’s average neutron capture
o cross-section is high compared with
of M 1 pure water.
40;_ Michael Niesllony’s \E’}{'\‘F“‘\_I_
°p PDfmess > Neutrons after thermalization, capture time:
e mE m * Gd: ~30 s (about 10 times faster than in
Hit time distribution exemplary beam event p u r e W at e r)
120;: ANNIE Preliminary .
: > Signature:
| Michasl Nieslony's * (Gd: ~ 8 MeV y cascade (about 4 time higher
6017 esis _ _
ol energy than single y in water).
; : ]
205— ' ? T
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O ST ANNIE’s LAPPD O

The first application of LAPPD in a neutrino experiment

> LAPPDs are 20 cm x 20 cm
MCP-based photodetectors.

> Timing resolution ~ 50 ps.

> Spatial resolution ~ few mm.

> Dark rate <1 HzZZmm? at
room temperature.

M. Ascencio Sosa, ISU, ANNIE Experiment



O ST ANNIE’s LAPPD O
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" JWJll LAPPD 64
~ | ANNIE LAPPD 58
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» World’s first: neutrinos observed with multiple LAPPDs!
» Stay tuned; the paper is coming.
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[OWA STATE What a single LAPPD can do? {5

UNIVERSITY

Imaging Photosensors!
Expected track from the MRD
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IOWA STATE ANNIE’s Water-based Liquid Scintillator (WbLS) {5

ANNIE is the first experiment to detect beam neutrinos in WbLS!

Tank Veto > WDLS allows hybrid detection of scintillation and
‘( Cherenkov light: Good energy resolution and
directionality.

> SANDI (acrylic vessel 365kg of WDbLS) in ANNIE
tank from March - May 2023.
» Posible technology for DUNE FD4 (THEIA)

Neutrino candidate events Michel electrons
e ANNIE w/o WbLS vessel . i _OVI\tI)TISEsziS’tgel

e ANNIE with WbLS vessel

el

56’] 0 Jectrum

YQ_ clectrons outside
WDLS vessel

__Electrons inside
WDLS vessel
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[OWA STATE
UNIVERSITY Summary 6

The ANNIE experiment achieved several milestones:

* First detection of beam neutrinos in Gd-loaded water
* First detection of beam neutrinos using LAPPDs

* First detection of beam neutrinos in WbLS

With these technologies in place, ANNIE is poised to make high-impact
neutrino cross-section measurements and ratios with LAr targets.

Future plans:
- Re-deploy the WbLS
- Add more LAPPDs

Stay Tuned!
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IOWA STATE ‘6.
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Back up
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> ANNIE Is placed on-axis in the BNB beamline at Fermilab.

A%

» Neutrino energy is around 800 MeV.
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ONVERSITY ANNIE Experiment .
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CCQE Neutron multiplicity

——— primary + secondary neutrons

———— primary neutrons
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ANNIE’s physics

> Neutron multiplicity from CC interactions and differential

Ccross-sections.

S

> ANNIE shares the BNB with several liquid-argon experiments
(oxygen & argon cross-section comparison).
» NC interactions: background for
Long-baseline oscillation experiments
Diffuse Supernova Neutrino searches
Proton decay searches

(-
-

—— 90% Contour
-=- W =0938,1232 MeV
Q?*=02—-1GeV .

-
—
——__—’

Energy transfer ¢° (GeV)

’/
.
—

\
wnvqgIsvN Y Aq

1 DUNE FD
1 Hyper-K FD
[ SBND
1 ANNIE

|
1

0.5 1.0

1.5

Momentum transfer ¢° (GeV/c)

17

Number of events [bin’]

—

107

1
<
1 |

b
o
T T T 171

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII lllll

1 Atmospheric-v (non-NCQE)
[ ] Atmospheric-v (NCQE)
B Spallation °Li

B Reactor-v _
] Accidental coincidence .
-= DSNB (Horiuchi+09 6-MeV, Max.)

#= signal region

S L | —— | _
ST I
M el eed Wedeololeelose ol ool ees o
10 20 30 40 50 60 70 80

Reconstructed kinetic energy [MeV]

—4— SK-VI observed data (552.2 days) -

€207 dVI “U0uD.10GD]j0d NS g

M. Ascencio Sosa, ISU, ANNIE Experiment



[OWA STATE
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UNIVERSITY ater-based Liguid Scintillator (WbLS) 6

Improved energy reco in ANNIE
WDbLS: We are using 99% water, 0.5% surfactant,

0.5% organic solvent Linear Alkyl Benzen (LAB), w1 water: 14.4% sos.true
and 2,5-Diphenyloxazole (PPO) as fluor. _ | 7Whls:10.6% s- 010
1O%AOLS | 1BWOLS | Allows hybrid detection of scintillation and (unabsorbed) -
' ' Cherenkov signals. N
1) Enhanced neutrino energy reconstruction.
2) Enhanced neutron signals. 2 1 =
M- ” »  WDLS for ANNIE produced at BNL (M. Yeh). "T36 04 02 00 02 04 06
ICE ,"i, > Studying possible Gd-loading. AE/E
_‘""'.?z S50 Hydrophilic y . ,
5’5{0:{153} - heac seivd .
: . .‘ﬂ‘ w.\ ' suw# |
YT ) < Solvent ) scd
LTS 5 + .
i AN fluor C
S AA : 0 10 20 30 time (RS) 300 00 soo “"\M) 0 ©°  ° 120° QD?Q
Sk ' A\’ Hydrophobic We will see in ANNIE We won'’t see in ANNI% We will see in ANNIE
Credit: Gnéc Capk = ‘ w
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UNIVERSHTY ANNIE’s WbLS (First Results & Prospects) "?

Neutrino candidate events

b

3000
| electronics - - » ANNIE w/o WbLS vessel . )
Front Veto : ‘ 4 S - T . .
4 Muon N Pt o S 2000 ‘.':.’ 0..'” o ¢
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: y U i |17 RN e o 5 1500 %S
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-

» “SANDI” acrylic vessel with 365kg of WbLS
» 2 months: few 1073 events

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

> New population of electrons in WbLS produces significantly
more photons than electrons in water
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Photocathod
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Spacers .
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Anode

Sidewalls of Ié)wer
tile assembly

Large Area Picosecond Photo Detector (LAPPD)

e §
P e \

Z b

~N A v
- ~
_ e

Fig. 1. Schematic design of the LAPPD.

N——"

LAPPDs are 20 x 20 cm tiles based on microchannel
plates (MCPs) detectors. Each MCP is a borosilicate
glass structure with millions of 20-micron-diameter
coated capillary pores.
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ONERA Y ANNIE water system "

X >. x | X AX»Spmfilter > UVlamp X |
x 1

< | C= Y
{ Gd Qm _;‘ TOC lamp

| - Port |
Flowm o
x . 1 pm filter - X X Ultrafilter <—X
[ e
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» From Vincent Fischer
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SN ANNIE AmBe setup "9

1) AmBe PMT waveforms
trigger data acquisition

Coaxial

+~ cable

PMT

2) 70 us acquisition
window opened

BGO
AmBe

Shelter

> From Gian Caceres
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JOWA STATE ANNIE Laser setup {5

ANNIE Preliminary
| | | =
Laser trigger delay -
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= -
&
7))
| S
electronics D
racks y—
o
Front Veto R3S
Gd-loaded 1 O_
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Deleckes PMT trigger window (ns)
photosensors S f u, IIIIH?‘ Prelnlnmary S
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ONIVERSTTY ANNIE DAQ "

Code updates in detail
System Overview (new) VMEs

VME ToolChain

Crate

I.APPD PI PSEC ToolChain PGStarter RunControI Reader

stream
RunControI ACC Setup
Boards
Postgr‘ : | l IIE ]

SQL

Server DAQO]_

Main DAQ ToolChain

Data
Calibrate

Monitor ToolChain annielxoz 6
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Ll arXiv:1305.7513 A. Schukraft, G. Zeller
= 14 » Requires a precise neutrino energy reconstruction
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