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Next Generation Neutrino Experiment

r\l i DEEP UNDERGROUND
m— NEUTRINO EXPERIMENT

Sanford Underground
Research Facility

Fermilab

P Shoot a neutrino beam from Fermilab (IL) to SURF (SD), 1300 km
baseline.

P Four 10 kt liquid argon detectors, very promising detector technology.

P Physics goals to measure CP violation (matter-antimatter asymmetry),

mass hierarchy of neutrino, proton decay. ~ - ~
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Liquid Argon TPC

Anode wire planes:

Liquid Argon TPC
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» DUNE uses Liquid Argon Time projection chambers for detecting
neutrinos.

P High energy particles ionize liquid argon atoms along their paths
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Neutrino Oscillation Measurment
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» Produce a pure on-axis v, beam with spectrum matched to
oscillation pattern at the chosen distance.

» Compare the near and far detector spectrum, obtain the
neutrino oscillation parameters.
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The Accelerator Neutrino Neutron Interaction Experiment

New technologies:
Detector Collaboration LAPPDs/WbLS

Gd-loaded water

P More than 30 Collaborators from 5 Countries
» US, Germany, India, UK, Turkey, Greece
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GeV-scale neutrino interactions

~

Relevant interactions in ANNIE:

A Schukaft, G. Zeller
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Across the GeV-energy range, there are multiple possible interaction types

(and particles produced).

Final-state interactions for different events could lead to different neutron

multiplicities.

Additional cross-section measurements can help refine neutrino

interaction models.
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True CCQE interaction

va &

P W+
n/\p

EQE mp — (m, — By)* —m +2(m, — B)E,

2(my, — By — E, + pucost,)

Qbr = 2EZ(E, — pycos,) —m;,

> Two body scattering with an outgoing lepton.

» Target nucleon assumed at rest.

» Calculate kinematics from the outgoing Ie%tonsf
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Role of Understanding the Interaction

Charge Exchange Y
Elastic
Scattering

Pion Production

» Knowledge of neutrino-nucleus

scattering cross sections is crucial
to the global neutrino physics
program.

We still have a long way to
understand the nuclear effects that
define what we see in our
detectors..

Final State Interactions (FSI)
and other nuclear effects make
different interaction channels have
the same final topology
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Neutron multiplicity identification (and confusion)

True CCQE Inelastic CCOpi

Undetected neutrons

2p-2h

Secondary intra-/extra-nuclear neutrons

Stuck
pions

No neutrons! Neutrons!
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Rare Physics searches

Beacom & Vagins, PRL, 53 (2004] 171101
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P Diffuse Supernova neutrino search from accumulation of all past

supernova explosion.
P Small but steady source of supernova neutrinos.
P Never observed, challenging due to significant background

P Tagging atmospheric neutrinos helps ~ more likely to produce neutrons
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Goals of ANNIE

» Primary physics goal is to measure neutrino induced neutron
yields in water as a function of outgoing lepton kinematics.

» Demonstrate new technologies that will be helpful for physics
analysis.

» Perform a measurement of the CC inclusive cross section as a
function of momentum transfer

» ANNIE's in collaboration with SBND would able to compare
cross-sections measurements on water (oxygen) and argon
nuclei.

» Gadolinium loaded water for high efficiency neutron tagging

» Large Area Picosecond Photodetectors (LAPPDs) for precise
event reconstruction

» Use of Water-based Liquid Scintillator
» ANNIE will provide R&D for future large-scale experiments
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Overview of ANNIE

electronics

Front Veto

Gd-loaded

water volume
Muon Range

P Gd-loaded water based detector placed downstream of the Booster
Neutrino Beam at Fermilab.

» 4m height and 3m radius - small detector

P Aims at measuring the production rate of neutrons from neutrino
interactions in water.

P Close proximity to beam target, hight flux of neutgno, 10000 CC/ton/year

13/38
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Booster Neutrino Beam

QG N3 V\
Magnetic focusing horn ; SO 0P M
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Mean neutrino energy of 700 MeV.

Composition: 93 % of v, 6.4 % U, and 0.6 % of v. and 7.
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Phase |

Skyshine neutrons

Booster Neutrino Beam

Dirt neutrons

ANNIE

Image: Vincent Fischer

> Measurement of the neutron background rate is very
important

» Source of neutron background:

» Skyshine neutrons — Neutrons from the beam dump
entering the detector

» Dirt neutrons —Neutrons originating from neutrino
interactions downstream of the dump = B
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Phase |
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» Background neutron flux is different at each position,
especially the skyshine component

» Background rate less than 0.02/m?3/spill
» Not an issue for Phase Il physics measurments
» Published - A.R. Back et al 2020 JINST 15 P03011

=} = = = E DA 16/38



Prospects of Neutron Multiplicity Measurements in Neutrino Interaction

Phase Il

Phase Il detector
] DAQ machines

e 26 scintillator paddles T

e reject muons from upstream Gadolinium « VME acquisition

system for PMT

electronics  signals (500MHz)

racks e ACDC cards
sampling LAPPD
response (10 GHz)

Front
Anti-coincidence|
Counter
(FACC)

26 tons water volume
« |oaded with Gd2(S04)3  Gd-loaded

(0.1% by weight) water volume Muon Range

Detector
(MRD)
Beam
hot » 310 scintillator paddles
photosensors

» 5 vertical layers

« 6 horizontal layers
* 134 PMTs

* 20 % coverage

e 8-, 10-, and 11-inch
) ¢ 5 LAPPDs

Picture fromM.Nieslony LAPPDs o |ocated downstream
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PMT types

Manufacturer  ETEL Hamamatsu Hamamatsu Hamamatsu Hamamatsu
Origin LBNE R&D LUX Watchboy New WATCHMAN
Type D784KFLB r7081 r7081 r5912 r7081
“Name”  LBNE (LB) LUX (LX) Watchboy (WB) New (HM)  Watchman (WM)
Size 11" 10" 10" 8" 10"

HQE? Yes? No No Yes Yes

Quantity 22 20 45 40 10
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How ANNIE Works

Neutron capture cross-section: ~50,000 barn
Total emitted gamma energy: ~8 MeV/

Loading in water possible as suifate or chloride

P> 1 - CC interaction in the fiducial volume

» 1 - Muon direction reconstructed using LAPPDs & momentum
reconstructed with the MRD.

P 2_ Neutrons are getting thermalized in the water volume

P 3-4 Neutron capture on Gd detected by the PMTs .
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ANNIE Event Rates

» BNB delivers 4 x 1012 POT per 1.64s at 5Hz.
» Mean Energy 700 MeV
» Average 1CC v, interaction in every 150 spill - no pileup

Category ‘ NC ‘ CC ‘ CCQE ‘ CC-other
All 11323 | 26239 | 13674 12565
Entering MRD 2 7466 | 4279 3187

Stopping in MRD 2 4830 | 2792 2038

Table: Event counts in 2.5-ton fiducial volume over 2 x 102° POTs
~lyear
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ANNIE Detector during Installation

P Equipped with 132 photomultipliers.
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BNB Beam structure

» 1.6 us wide, 53.1Hz, 2ns width, 82 Bunchs

Event timing distribution from PDS
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Do we see Neutrinos - Phase Il

PMT Cluster Times (>2 p.e.) - Run 2421 - 2425 PMT Cluster Times (>2 p.e.) - Run 2421 - 2425

10°
1000; 1 1 Il Il L 1 L L 1 1 L L L 1
200 400 600 800 1000 1200 1400 1600 1800 2000 10000 20000 30000 40000 50000 60000
oy [NS] tougr [NS]
Prompt window Extended window
1.6us beam spill window visible Less statistics for extended readouts
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Neutrino candidate

ANNIE Phase Il
Date: 2021/1/22-3:37
ANNIE Run: 2423 (Beam)
ANNIE Event: 182179
PMTs: 46 hits / 3501 p.e.
LAPPDs: 0 module(s) / 0 hits
Cluster Time: 1486 ns
Trigger: Beam

FMV  Tank MRD

charae [PMTs]
202p0

'am

MRD Side view MRD Top view

time [MRD]
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Neutron Capture Time- Very Preliminary

P The fit value is in agreement with theorectiocal prediction.

Counts

Cluster time beam neutrons
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Neutron Multiplicity - Very Preliminary

» Neutron multiplicity distribution in data for beam neutrino.

P These are events featuring a stopping muon track in the MRD.

Neutron candidates in beam events

£
5 ™
S Beam MC
- —+ Beam data
102?
105—
TE-
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Number of neutrons
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ANNIE Detector R&D: LAPPDs Developments

top window
onctocatnode (pe)
mep 1

~15 mm

inceming photon

| 20x20 cm?

64500

65000

64 psec sigma

65500 66000 66500
time (psec)

P> LAPPD:s are 8" x 8"MCP-based imaging photodetectors, with target

specifications of:

P ~ 50 picosecond single-PE time resolution

P <1 cm spatial resolution

> > 20% QE

» High gain and low dark noise rate

P Opportunities to work on new detector technology
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ANNIE vertex resolution improvement with LAPPDs

P Large improvement in the in the vertex resolution of reconstructed event.

ANNIE Simulation ANNIE Simulation
20 T T T T
F 1 100+
o ~——— 5 LAPPDs + 128 PMTs : : :
150 —— 128PMTs n 8ol ﬁ
§ | 2 ool ]
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P> 128 PMT-only : 38 cm
P 5LAPPDs+128PMTs: 12cm(more than a factor of 3!)
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LAPPD Deployment

P LAPPD system has been fully tested and validated (tremendous amount

of work during the pandemic)
P Successfully deployed the first LAPPD in the ANNIE tank.

P Exciting results are coming soon!!! stay tuned.
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Phase Il Water based Liquid Scintillator
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arXiv:1409.586

xxxxx

i s 1) micelle structure

Combination of pure water and hydrocarbon liquid scintillator
Directionality & kinematic reconstruction (Cherenkov)

High light yield & calorimetric reconstruction (scintillation)

Combines the advantages of water (low light attenuation, low cost) and
liquid scintillator (high light yield)

ANNIE demonstrated use of WbLs for the first time in neutrino beam -
arXiv:2312.09335
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Conclusions

» ANNIE will assess neutron multiplicity, offering data to validate models
describing final states with multiple nucleons.

P Phase | measurement proves the off beam background is low ~ good

enough for physics measurement

P Data collection is currently in progress, made an initial measurement of

neutron multiplicity

» ANNIE is the first neutrino detector that uses LAPPDs to detect

accelerator neutrinos

P Additionally, we have examined the capabilities of a water-based liquid
scintillator.

P More data is coming! stay tuned.



e
Prospects of Neutron Multiplicity Measurements in Neutrino Interaction

Thank you
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Backup Slides
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Reconstruction

Stepl: “Simple vertex” fit four parameter fit: (x, y, z, t)

Xpi o Ziie s
= Conceptualize Cherenkov light as coming from a point source (Xnits Yhits Znits thic)

= Assume a hypothesized point-source location (Xpyp, Yhyp,

Zhyps thyp)

= For each photon hit, calculate the point time residual:

At =ty Photon travel time

= For all the hits, calculate the timing-based Figure-
of-Merit (timing likelihood)

= Adjust four parameters to maximize time FOM.
FOM takes the maximum value when the width of
the time residual distribution is minimized

(xhyp» yhypl Zhyp, thyp)



Prospects of Neutron Multiplicity Measurements in Neutrino Interaction

Energy Resolution

Total photoelectron distribution for
through-going muon candidates, aggressive cuts
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Detection of Cherenkov Photons

particle
in water
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Muons at MRD
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Detector Calibration

1 6 meters
Jacketed to1¥50
optical fiber PuT
— - Iy
bare optical 17 light guide | %
fiber (nojacket || '3 e
or cladding) “"

scoarysal || _ -~ UVT aarylic container \ | w
_iron

~ Pictures by R.Svoboda, UC Davis

> PMT single p.e calibration
» LED fibers with attached diffuser tip

» LAPPD timing calibration
» 405nm picosecond laser

» Neutron Calibration
> AmBe source, tag neutron events by using coincidentally
emitted gamma
» 100 us detection window ~ 100 tagged neutrons per second



