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PHYSICS

e Neutrino-nucleus interactions

o GeVy, + H20 target
o High flux near fixed target

e Neutrino-induced neutron
multiplicity, vs. O?

o Probe an important source of
systematic uncertainty for
oscillation measurements

o Gd-loaded H20O target

e Multi-target cross sections

o Same neutrino beam as SBN
LArTPCs, strongly correlated flux

Flexible testbed to develop next-
generation neutrino detector
technologies

Gd-loaded water target
o High-efficiency neutron tagging
Fast timing

o Large-Area Picosecond
Photodetectors (LAPPDs)

Novel target media

o Deployable volume of Water-based
Liquid Scintillator (WbLS) with
Cherenkov + scintillation signals
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ANNIE Detector

MRD
FMV Muon Range
Muon Veto Detector
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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

FMV Tank MRD

charoe [PMTs)
0.308400 nC

MRD Top view

Delayed Gd neutron capture y
-ront veto rejects upstream u
Deployable target volumes

time [MRD)

Prompt u Cherenkov + MRD track



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

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

Measurements relevant to the neutrino oscillation program:

e 1,CC interactions with oxygen, final state neutrons

o Differential cross sections, high-statistics n multiplicity vs. O
o Improved modeling of FS neutral production, input to generators

o Constrain systematics for E, reconstruction in oscillation experiments
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ANNIE Physics Program

Measurements relevant to the neutrino oscillation program:

e UNC interactions (y cascade and neutrons)

o Constrain backgrounds for LBL & p decay, DSNB searches

~10k fiducial NC events/beam year, ~50% of which are NCQE
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See also: Jie Cheng, Atm. NC (April 15); Anna Ershova, de-ex in p FSI (April 15)



ANNIE Physics Program

Measurements relevant to the neutrino oscillation program:

FlUX Flux correlations

e Same neutrino beam as SBN LArTPCs

o Precision 4°Ar/H>0O o comparisons

o Probe A scaling, simultaneous tuning

10 12 14 16 18 20
in index

uB ANNIE |

o Correlations in hadron production (n/p)
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See also: Steven Gardiner, Andy Furmanski, uBooNE CCOnNp (April 17)
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Interactions
Prompt Scattering Events

Prompt: Final state muon energy

and angle reconstruction using tank
PMTs + MRD tracking
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e MRD requirement restricts u

momentum and angle coverage

e 0.4 SE, $12GeV, 6,260

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

o
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Nhits

Interactions
Delayed Neutron Events

Delayed: 8 MeV 7 signal from

neutron captures on gadolinium
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M. Nieslony, PhD thesis (2022)
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Nhits

Interactions
Delayed Neutron Events

Delayed: 8 MeV 7 signal from

neutron captures on gadolinium
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Nhits

Interactions

Delayed Neutron Events

Delayed: 8 MeV 7 signal from

neutron captures on gadolinium

Gadolinium

w —
:C‘.s 1401+ h_time_neutrons_data
8 - (15 months Of Entries 1769
' peam data) | Bn
B C 2 / ndf 14.16 /20
120 H— 100 — const 13.92 = 12.32
B : A 198.5 = 17.2
| - 2.855e+04 = 6.991e+03
| | 80—
100 ~
B 60— —|_
80 1 40—
1 Example b Capture times T
60 BB t : 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1
m eve n 18000 20000 30000 40000 50000 60000 70000
: cluster [ns]
40 n
| [} N
- {
20 H- n
: L ‘
O: | 1l | | l s | [ | I|| Il I T ||I||I|| ] o les 1 g ob |
0 10000 20000 30000 40000 O O 60000 70000
h|t [ns]

M. Nieslony thesis

events / m> /5 x 1012 POT

0.20
0.18F
0.16 5
0145
0.12¢
0.10¢
0.08
0.06:
0.04
0.02F
0.00°

H Gd

o | 0.33 bn | 49000 bn

T | 300 ps 30 ps

Ey| 2.2 MeV | 8 MeV

Phase |: Beam-correlated

neutron background
characterization

|||||||||||||||||||||||||||||||||||||||||||||||||||||||

- vertical scan

-@- horizontal scan

...............

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
watcr thickness (cm)

Position-dependent in situ
measurements of neutron
capture rates

JINST 15, P03011 (2020)
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CC Program

With Neutron Captures
MRD

le PMT-er/:cIosed
' |
I/MCC Inclusive volume
track
selection
............. »! G(E//l’ COS 9;4 | MRD)

Tank
track
selection
—> o(E, cosd,)
~104 CC

events/beam year
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CC Program

With Neutron Captures
MRD

I/MCC Inclusive
track
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Neutron
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CC Program

With Neutron Captures

PMT-enclosed
volume

Tank ring
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CC Program

With Neutron Captures

Tank ring

MRD

counting
l///lCC InC|USIVe .................. )
track
selection
beregensnens >» G(E//l’ COS 9//[ | MRD)

Y, vertex

W PMT-enclosed
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A —0
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N _,E  cos6
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;_ﬂ___J

- Improved measurements of neutrino-induced neutron production

- New constraints for neutral energy

losses in neutrino energy reconstruction

- Correlated measurements with BNB LArTPCs (low-threshold protons)
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incoming photon
S top window -

First Results & Prospects

e Large-Area Picosecond Photodetectors
o 8"x8" MCP-based photodetector
o Absolute 1 pe timing ~100 ps

pcgap |

i AT

inter-mcp gap

o2 - (I

anode gap

o Spatial resolution ~1 cm

o Multi "pixel" imaging detectors
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incoming photon
S top window -

photocathode (pc) |- =meems I
First Results & Prospects

R DA
e || [

e Large-Area Picosecond Photodetectors

o 8"x8" MCP-based photodetector

o Absolute 1 pe timing ~100 ps

anode gap

anode readout-.

o Spatial resolution ~1 cm
o Multi "pixel" imaging detectors
e Deployed 1-3 LAPPDs since May '22

o First neutrinos seen by LAPPDs:

g 350 L L L L L -
Lo I p—
N 300 - AN N I E Data —— 5162 events, with PMT cluster —|
I ~ a
g - —— 1911 events, + with MRD activity -]
> 250 £ ]
m E ——— 1238 events, + pass front veto E
200 [ -
150 - 1.6 ps BNB spill -
100 =
50 [ =
o
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incoming photon
S top window -

First Results & Prospects

e Large-Area Picosecond Photodetectors
o 8"x8" MCP-based photodetector
o Absolute 1 pe timing ~100 ps

pc gap |

i AT

inter-mcp gap

o2 (I

anode gap

anode readout-.

o Spatial resolution ~1 cm

o Multi "pixel" imaging detectors

e Deployed 1-3 LAPPDs since May '22
o First neutrinos seen by LAPPDs:

g 350 :I | L L L I =
To) — ] Reconstruction resolution of variable Ar
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2 L .
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LAPPDs

First Results & Prospects

coincident FMV hit

MRD track

back-propagated
muon trajectory

Detector Side View Detector Top View

_________

Y(m)
o
Z(m)

MRD track

-1 0 1 2 3 4 5 6
Z(m)

reconstructed

Time Gradient(ns)

e Time evolution of the Cherenkov
ring across a single LAPPD can
reconstruct track direction
Currently planning to deploy 5
LAPPDs in ANNIE during the
current Phase |l

40

. LAPPD Hit Time Gradient 35

30

4_

;] MRD vs. LAPPD O 25 ¢
. (not a fit!) 20%
£
1- ',\‘"@--. ’Q-.. 15<E(

Py . - It T S 10

—1 T T T ! 5

0 5 10 15 20

Transverse Position from LAPPD edge (cm)

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

LA I I DS 250 ps bunches, 100 ps detector

Stroboscopic Approaches :
‘§’ 107
e Fast timing (detector and beam) could enable a £
new handle on neutrino flux complementary to
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LA I I DS 250 ps bunches, 100 ps detector

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

Stroboscopic Approaches E
=
‘g’ 107
. . s
e Fast timing (detector and beam) could enable a 3
new handle on neutrino flux complementary to |
. . -1 -0.5 0 0.5 1 1.5
off-axis "prism" approaches nentrino arrival time (ns)
o Lower-E hadrons — lower f# — later v _
g
o (Note: =250 ps bunches for the LBNF beam :
(at right) would require high-frequency RF 2
=
proton beam rebunching to preserve intensity) ° [ |\ ——
e ANNIE with LAPPDs could demonstrate this S —
. . . . neutrino energy (GeV)
technique using coarse ns-scale binning (and the
relatively lower-energy BNB beam) BNB, 1 ns bunches at ANNIE
600
_ - B inclusive BNB flux
TargjetHall Decay Pipe Absorber I PRI 5005_ o >2 Imr.ec atheereIam start
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19



spectrum

Water-Based LS

First Results & Prospects

e Water-based Liquid Scintillator (WbLS) is
a novel target medium

o Cherenkov & scintillation, tunable ratio

o Calorimetric reconstruction of low-
energy hadrons in WC-like detectors

THEIA25

o Improved particle ID using C/S ratio

20m

o C+S improves vertex & energy reco

e Ton-scale prototypes: Eos, BNL 1t/30t,
BUTTON, ANNIE

e WDHLS Theia is a DUNE FD4 option,
offering a complementary FD target

BNL ANNIE Eos
Exploring 3.1.4 — Future Opportunities: DUNE FD4, the Module of Opportunity
the A range of alternative targets, including low radioactivity argon, xenon-doped argon, US P5 report

Qu_antum and novel organic or water-based liquid scintillators, should be considered to maximize 2023p5report.org
Universe the science reach, particularly in the low-energy regime.
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http://2023p5report.org

Water-Based LS

Front Veto
ANNIE Deployment
Gd-water
e "SANDI" deployed March 2023 - F
o First WbLS in a neutrino beam | PMTs

o 2 months, few thousand events
e 365 kg of 0.5%LS WhbLS

e Planning future deployments,
SANDI4+LAPPDs, and potentially a
future WbLS-filled phase

Neutrino candidate events

3000
e ANNIE w/o WbBLS vessel o
Measured the o500 * ANNIE with WbLS vessel e, °°
upstream/ e
2000 TS A
downstream PR

asymmetry from
isotropic scintillation,

Upstream charge [p.e.]
o
3

full MC/reco is now

""\fl.l.llll|ll|l|llllllllllllll

I A R (N T S H S S T SO NN SO S N N
N Progress 0O 1000 2000 3000 4000 5000
Downstream charge [p.e.]

arxiv:2312:09335, accepted to JINST

JIVHTN

N
N

electronics

Muon
Range
Detector
(MRD)

LAPPDs
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Outlook

First Results & Prospects

e Phase | completed: detector characterization,
measurements of beam-induced neutron backgrounds.

e Now in Phase Il: next-generation detector R&D and
collecting physics data for our initial cross section results:

e Physics program and data taking are underway now:

o Differential vﬂCC Cross sections on 160, inclusive and Orx

o Neutron multiplicities, vs. differential u kinematics

o Correlated o, hadron production with LArTPC A0AF
e Novel detector R&D relevant to neutrino interactions
o Gd-H2O — High-efficiency neutron reconstruction

o LAPPDs deployed — Event reco, stroboscopic v flux

o Water-based LS deployed — Water Cherenkov +
calorimetry & hadrons




