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Outline

 SBND overview

» detector, status, and physics capabillities
* Wire-Cell Signal Processing in SBND
» Wire-Cell 3D Imaging in SBND

* Wire-Cell in SBND current status, workflow, and experiment needs
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Short-Baseline Neutrino Program at Fermilab

Target *SBND MicroBooNE ICARUS

 SBND is the near detector of the Short-Baseline Neutrino Program, situated on the
Booster Neutrino Beam (BNB)
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SBND Physics Program

I/CC

« SBND will record the largest dataset of of
neutrino-Argon interactions to date

e neutrino-nucleus interactions

« mature early data analyses: CC U, Inclusive,
SBND Simulation

i CC v, inclusive, CC v, 1p0z (stay tuned for
| this summer!)

SBND PRISM (off-axis flux effect)

Muon Neutrinos SBND Simulation Area Normalized @ beyond the Standard model scenarios
> CC Exclusive Channels . OAA Range, # Events
2 0.10- BN v, CC On, 4.3M Events 0.4 | Off-axis . _ 10,0°,0.2°), 154440
m=m v, CC 1n*, 0.9M Events —— [0.2°,0.4°), 452330 . .
2 1 o 100, 0,51 Evabt 5 {047,067, 723698 * HNLs, dark neutrinos, light dark matter, many
— 0.08 ’ - —— [0.6°,0.8°), 885002
-~ B v, CC multi-pion, 0.4M Events s DB [0. iy more
L Event Rates for 10 x 102° POT 8 - [0.8°,1.0°), 869121 -
4rT:' 0.06 in Active Volume (80m?3) o — [1.0°,1.2°), 711423
f GENIE v3.0.6 G18_10a_02_11a = - — [1.2°,1.4°), 407277
c € ° — [1.4°,1.6°), 231898 - - -
2 .04 g 3  neutrino oscillations
2 0.
O
v O g1 | anzs
S 10.1 -
5 0.02 = y - .
3 * near detector to constrain systematic
o . . . .
0.00; ] P S — — uncertainties for oscillation analyses
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Neutrino Energy [GeV] Neutrino Energy [GeV]
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SBND Detector

* Liquid Argon Time Projection Chambers (2 drift

volumes)
 Photon Detection System (PDS)

» outfitted with 372 photo-detectors (120 PMTs
and 192 X-ARAPUCASs)

 TPB-coated reflective cathode

e can see both visible and VUV light

» atotal of 7 CRT planes for full coverage

:\\\\ » , = =
Iq N LN AR ="
N 200cm

*north, east, bottom CRT panels not pictured around the SBND detector
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Wire-Cell in SBND

* Wire-Cell Prototype, or WCP, was originally developed alongside the needs of
MicroBooNE

* Wire-Cell Toolkit, or WCT, is under active development and has integration in SBND,
ProtoDUNE (SP, HD, VD), and ICARUS

« SBND in particular has ushered in several novel studies and features:
e further DNN ROI development, implementation soon Mun’s talk yesterday!)
e signal processing optimization and comprehensive validation
3D imaging implementation and validation

e more to come!
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Signal Processing in SBND I er weopimice

Optimization
A given wire plane; Notation
ADC waveforms All ch annels HF(LF): r_ngh(low) frequency
------------------------------------------ o RMS: noise root mean square
T Ty re— i )
EXCGSS Noise f||ter|ng ; Filter in wire dimension ! N Apply HF—CUt E
Two types of filters in time dimension Gaussian filter |:

J

5 AppIyHF -cut |/
[ Wiener filter J- RMS Calculatlon

Induction plang

NoO

Intermediate ROls||Final ROIs

L

Apply loose | — ’
LF-cut filter J—ET§|Inmal loose ROls

Baseline
subtraction

- Connectivity
) = 1 : -
Apply tight  |= 1 Extension or Clean ROls
P J—_+—;-D||nitia| tight ROIS' 1 croation Cloan il Deconvolved ch@
ST  CETTTETT o1 Break ROIs » Shrink ROls —
v 11 . / MicroBooNE
I : Refinement of ROIls JINST 13 P0O7006

/ RMS c:alculaltion/[L
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Signal ProceSSing in SBND A I —> filters we optimized

Optimization
E 2D deconvolution i :"(. ------------------- .“: -
: Filter in wire dimension : : Apply HF-cut |: HF Gaussian: _
:| Two types of filters in time dimension | : Gaussian filter |: for charge extraction
HF Wiener: ( Apply HF-cut
first ROl step :| Wiener filter |
B .

:| Apply loose
LF Filters: : LF-cut filter

ROI finding for : ;

J =
_ : | Apply tight |:
induction planes 5 LF-cut filter J

]
.
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Signal Processing in SBND

Optimization
Q —_— Q Q — sum of true charge
performance . deco [rrue rue = on the wires
- - — sum of deconvolved
metric QU’M e Qdeca - charge

* optimization and performance metric: integrated
deconvolved charge vs. integrated simulated charge
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Signal Processing in SBND

SBND Simulation

Optimization 004l | | s
¢ 0.03 i o i

Q — Q Q — sum of true charge 5 : . | minat: 0.032

performance p— deCO —true e on the wires % 0.029 go° i " i min at: 0.009

7 - — sum of deconvolved S * i. 8 e i ® min at: 0.009
metric Q Qdeco — charge | | . !

[rue 0-01 L epeea I

. : : . 0.001 +.' """" """"""" i """""

* optimization and performance metric: integrated 0oL 002 003 004

deconvolved charge vs. integrated simulated charge

SP Performance for 8,, in [0, 5]

» for optimization, we performed coordinate 2 o [ 5
descent over filter parameters LR —
 minimize charge extraction bias and spread § .
o . |
» choose filter values based on performance for ) 1 Th
all track angle ranges A N
) .(Od—ec'on - Otrue)/btrue |
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Signal PrOCQSSing in SBND performance — Qeco — Lirue

o o 5 metric Qtrue
Optimization
Raw Waveforms (Default) 2D Deco. + SP Optimized 2D Deco. + SP
Using (default) ;

filter values from - _ *Using optimized
uBooNE & ) S SBND filter values
ProtoDUNE Fo N

— —

SBND
Simulation

SBND Work
In Progress

SBND
Simulation

SBND Work
In Progress

Simulation

SBND Work
In Progress

*further optimization is under development using DNN ROI
see Mun'’s talk yesterday for more details
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https://indico.bnl.gov/event/21492/#47-sbnd-signal-processing-and

Signal Processing in SBND sertormance = Quco =

metric Qt
Performance e

 we Will use the same metric
to evaluate the signal

processing performance
quantitatively

True lonization Charge Optimized 2D Deco. + SP

[

compare charge
to evaluate
performance

e performance evaluation is
performed within different
particle types

SBND SBND

* muons vs. protons (tracks) | smeer . simulation

vs. electrons (showers) in Progress ™ in Progress
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Signal Processing in SBND sertormance = Quco =

- metric Qtrue
Performance: All Particle Types

Muon SP Validation Proton SP Validation Electron SP Validation
_ 0 - — E— - N R — - BN p— — . Q - —m— — — —_— . _ = -— _ Q - = -
: - : - £°ﬂﬂﬁﬂﬂﬂﬂp
. — 0 N _
L U O V7 U .© o s U
/
o =Y, 0 .V I —_
o - W > - HEE W A . W
/0' /0'
1 | Q.b
X oo X, o S /09
= SBND Simulation - © SBND Simulation = SBND Simulation
o SBND Work In Progress @) SBND Work In Progress (@) | SBND Work In Progress
B o™ 2> B >
= = =
A A - A o - A
th) 0'} g Qr} th) 0’1,
. . W . ﬂﬂﬂﬂﬂﬂﬂﬂ
Q' o Qo
Q) Q N 00 O o A N S A 0;\ o A S A
X ~ ~ % D & © A S > ® & © > ®
S S S S S & \9 ,]9 ,,)0 o S bo ,\ RO
O, (6,,) [degrees] O, (6,,) [degrees]

* muons (track-like minimizing-ionizing particles), protons (track-like Y
stopping particles), and electrons (shower-like)

X (drift direction)

* overall, performance is good and the observed trends are expected!

signal shapes
depend on 0,

* the first particle-type specific WireCell signal processing studies
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Performance: Electron case

the bias becomes

Signal Processing in SBND

Electron SP Validation (Energy Binning, 6, < 50)

performance
metric

Electron SP Validation (Angle Binning, 6, < 50)

— Q T . - - o o o - mm - mm - mm - mm - — O T
. . . e |"FFFFENFFy :. FFFFFF
Increasingly negative g RS
- . - m d v —> {1 v
with increasing energy s | mm w bias worsens at higher energies | -
. . © T T T T T T T T T T T 0@ T T T T T T T T T T T
(for induction planes) £ % — = % —
c SBND Simulation c SBND Simulation
O . - SBND Work In Progress o - SBND Work In Progress
] . E o 5 Qo
e resolution Is stable
Al N ETEETE EE N N R “ e eEeEN 00000
. . " 0.0 0.15 0.3 0.45 0.6 0.75 0.9 1.05 1.2 1.35 1.5 D N N N N N NN
® at h|gher energleS, ShOwer Energy (GeV) SN R mo@ @o\b‘ o o,o\b @Q OIS
. 6., (6,,) [degrees]
topologies become more
COmphcated B Simulation true lonization charge bipolar signals
& 1600- “w—__  SBND Work raw waveform cancel
> .. Inprogress | 5| —— deconvolved charge
: : 0 < |
¢ blp0|ar Cance”at|0n and @ 1400 Ly o charge extraction = -47%
prolonged tracks : i 5
+ 1200 - | —1 b
become more frequent LR A measured waveform nearly zeroes out
electron e TR
1000 . - - : T T T T T T
1125 1185 1245 1100 1150 1200 1250 1300 1350 1400
wire # [3 mm] time ticks [0.5 us]
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Electronics Response

Amplitude [mV/fC]

I
N
1

700 A
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Simulated Electronics Responses

—— ideal response
---- undershoot response
\ —— overshoot response
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BEm— n ey
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time [us]

Ideal Response Fit vs. Updated Model Fit

—— Fit to Ideal Response
-—-- Fit to Updated Model
Average Response

Pulser Data

SBND Work
In Progress

Lo 7o

30 40 50 60
time [us]
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Signal Processing in SBND

electronics response (shaping, amplifying) is an important
component of 2D deconvolution

Ao C ideal response
0" *~A (semi-Gaussian

]”(S) = 2 2 2 2 ? . . . .
(po +5) - (pil + (pr1+5)7) - (Pl-z + (py2 + 5)?) anti-aliasing filter)

the ideal response does not account for effects seen in
data such as overshoot and undershoot

realistic response includes imperfect pole-zero
cancellation

ks +s)(ky +
T:(s) =T(s) (ks +5) (ke +5) updated response

(ks +5)(ke t+5)

we are validating and implementing this updated
electronics model in the SBND Calibrations workflow,
working together with ProtoDUNE WireCell team
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Signal Processing in SBND

* INn summary, we have:
o (first-pass) optimized SP filter values on simulation

» evaluated SP performance of different simulated particle types (muon, proton,
electrons)

» performed studies on the energy dependence of electron signal processing

* WireCell TPC simulation and signal processing is fully implemented and validated in
the official SBND workflow!

* WireCell Drift+SP is used by default in the next SBND production campaign

e next task... 3D imaging!

::: THE UNIVERSITY OF
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3D Imaging in SBND s

» more details about imaging and oy
reconstruction will be presented on Friday by .| | | slicng -

9:10 AM Wire-Cell Pattern Recognition and Al/ML
Speaker: Haiwang Yu (Brookhaven Natio: i
» for SBND, we have reached the “charge

solving” and proto-clustering stage in the 3D
imaging workflow

* “physics-related” clustering (clustering by
particle or interaction) is still in-progress

M cres [ vica 9
L8 cniia | tatur
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3 D I m ag i n g i n S B N D KDTree :ueryl;alltree example matching

Evaluation Method o]

* we performed quantitative evaluation of 3D imaging
performance for the first time using: e
scipy.spatial.KDTree.query ball tree el s o
 matches pairs between points of two points clouds with o X

a rb it ra ry d i m e n S i O n 0.'0 0.'2 0.l4 0f6 078 l.'O

scipy documentation

e preliminary performance metrics:

true charge matched to image point

completeness =
total true charge

Image charge matched to true point
total Image charge

purity =

fod THE UNIVERSITY OF

CHICAGO
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https://docs.scipy.org/doc/scipy/reference/generated/scipy.spatial.KDTree.query_ball_tree.html#scipy.spatial.KDTree.query_ball_tree

3D Imaging in SBND

Evaluation Method

—

SBND simulation TPC front view
|SBND work in progress

/7

-

.
-
.
. »
’. N .
b N I * L™
.
.
' s
v - .
. t ’

completeness purity
| truth
what percentage of what percentage of
true charge Is present i TPC front view Image charge can

1SBND work in progress .
in the image? / be associated to truth?

N

| Image (reco)
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3D Imaging in SBND

Performance | | |
BNB+Cosmics Imaging Performance Metrics [400 events]
Charge-weighted Completeness Charge-weighted Purity
300 -
100 A
250 A
80 A [
200 -
150 - 007
100 - 40 -
50 - ‘ 20 1
O T T T T O T T T F” T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Completeness [%] Purity [%]

performance on simulated neutrino+cosmic events is quite good!

* events with lower purity (<90%) can be attributed to isochronous and/or prolonged
tracks, where lower performance is expected
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3D Imaging in SBND

* 3D imaging (~space-point reconstruction only) has been quantitatively evaluated for
SBND simulation, with very promising results

 validation also performed for particle-gun muon and electrons, both with very
good performance (>90%)

* |ots of work has been done to update the 3D imaging workflow to be compatible
with SBND/other LArTPC experiments

* next task... preliminary clustering + charge-light matching!

e currently in-progress!

::: THE UNIVERSITY OF
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Charge-Light Matching in SBND

 SBND light simulation and reconstruction is very sophisticated

 we measure and simulate both direct VUV and reflected visible light — light-only
measurement of drift position!

* uses semi-analytical photon library In Costed  PDS box

. PMT (x4)
the active volume
[Garcia-Gamez, D., Green, P. & Szelc, A.M. Eur. Phys. J. C 81, 349 (2021)]

» flash-matching — ;(2 calculated for Uncontea | R
hypothesis flashes from Pandora Slices |@ @] g
and measured flash(es) from beam spill L gl
flash(es) carmst =

* similar in concept to Wire-Cell flash-matching

ongoing studies on using light calorimetry (energy reconstruction with light)

=g THE UNIVERSITY OF
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https://link.springer.com/article/10.1140/epjc/s10052-021-09119-3

Charge-Light Matching in SBND

 status of implementation in WireCell Toolkit (WCT) P oy Hamwang

e recob: :0OpFlashes imported to WCT (thanks to
Haiwang!)

PMTSource i PMT?Amp

wirecell-img beeblob

« SBND PDS geometry in BEE display (thanks to Chao!)

FrameSource ClusterDump

* challenges/work needed:
* importing/implementing SBND’s photon library

* semi-analytic photon library calculates PE at each
optical detector given (1) the energy deposit position I
and (2) geometry/position of optical detector

 SBND has two optically-isolated TPCs

e constraining flash-matching using higher-level light

reconstruction information (such as drift position) BEE Display w/ SBND PDS Geometry

fod THE UNIVERSITY OF
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technical integration of WCT in SBND!

* Integration initiated using WCT configurations available
from different experiments;

# Define and configure some modules to do work on each event.

* (Many!) configuration (jsonnet) and C++ modifications, ey
with help of WCT experts!! prysics

?roducers:
i . . rns: { module_ type: TRahdomNumberSaver” }

* Successfully integrated a workflow for 2D simulation raear Elocaliisbndsimare Data flow graph execution engine
+ 2D signal processing (see this talk). Two workflows R eie : WireCellToolkit (Pgrapher or TbbFlow)
available: single-step workflow with simulation + signal welsmain: { oo Wirecoll modulec
processing and separate workflow for simulation / signal opps? ["Pgrapher”] #TobFlow
proceSSIng_ BOth Can Save RaWDlgltS_ plugins: ["WireCellPgraph”, "WireCellGen","WireCellSio","WireCelllLarsoft"]

# needs to be found via your WIRECELL_PATH
configs: ["pgrapher/experiment/sbnd/wcls-sim-drift-simchannel-pgrapher.jsonnet”]

* 3D imaging successfully integrated locally! (upload } the configuration data structures for these componente in the Jsonnet!
Conflguratlons to SBND SOOn) inputers: ["wclsSimDepoSource:"] Conﬁg jsonnet in
outputers: [ $WIRECELL_PAT

"wclsSimChannelSink:postdrift”,
"wclsFrameSaver:simdigits”

]

* Extensive set of tests right after integration to make
sure ever¥thlng works as exPected, efore making it
available for users in SBND!!!
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Multi-threading and electronics noise simulation

SBND simulation Collection plane noise FFT (Wirecell vO 24 1)
900 SBND work in progress 100 - :
— pg rapher ® ProtoDUNE | input (shortest)
§ - ( ires)
800 SIMULATION standard nu + —— tbb-nthreads2 | | ¢ & ... ngzsf;eerd\g;e(smedian over wires)
700 4 cosmic generator: Tested on — tpp-nthreads4 80 -
gpvm, only 1 event _
600 - Comparison
= 500.- S 60- Wire-Cell noise and
= 4 -- nthreads 2 is the best choice and l;' iInput spectra
g 400+ most resource effective [max g 20 (ProtoDUNE I)
300 - throughput]
SBND simulation
200 - 50 - SBND work in progress
100 -
O — T T T I I T T T T
0 10 20 30 40 50 60 70 0.0 0.2 0.4 0.6 0.8 1.0

time [sec] Freq (Hz) 1e6
*  Wirecell multi-threading extensively tested on gpvm/grid «  WCT with electronics noise simulation in SBND
(protoDUNE noise frequency spectra for now.

» Shared services (thread-safe) enabled in SBND! (default Using SBND data soon to update!).

were legacy services)

fod THE UNIVERSITY OF
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Integration of imaging in SBND and I/0 question

» SBND final clustering — to be
checked/finalized; current output data
format is .tar.gz. (see Brett’s talk). Booster neutrino beam + cosmic-rays
Right now we use a script to convert it BTt o ction)
to Bee display format for visualization; ~

* |nput to high-level reconstruction
algorithms within WCT workflow (see
Chao’s talk), until final data product.
Is there a way to have an unified data
format that can be used both by
larsoft and WireCell to handle those '
final high-level products? (see Brett’'s  [G—__
talk) B
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https://indico.bnl.gov/event/21492/contributions/86835/attachments/53789/92010/toolkit.pdf
https://indico.bnl.gov/event/21492/contributions/86836/attachments/53786/92006/Wire-Cell-Overview.pdf
https://indico.bnl.gov/event/21492/contributions/88983/attachments/53827/92064/inputoutput.pdf
https://indico.bnl.gov/event/21492/contributions/88983/attachments/53827/92064/inputoutput.pdf
https://indico.bnl.gov/event/21492/contributions/88983/attachments/53827/92064/inputoutput.pdf
https://indico.bnl.gov/event/21492/contributions/88983/attachments/53827/92064/inputoutput.pdf

JINST 16 P01036

A question on DN N ROI input: waveform frame output: tagggd ROI
* DNN ROI shows better performance than traditional ROI (e.g. i = e
prolonged tracks). o
* PyTorch-based implementation with multi-plane ROI matching |H N WH
concept. Currently implemented in WCT as as a better- - ~[HHH
performance alternative when compared to traditional ROI M imimn cmid
(traditional ROI is the current approach in SBND production T P
WOrkﬂOW): BN,ReLU ™) Up sampling, pad = out conv.
JINST 16 P01036
1: make time slices
* Uses MP2/MP3/decon loose LF filter images in time vs wire 2 0 y W
bins as input for trammg and evaluation (HDF5 data format for
internal WCT data handling)
channel channel channel
MP2 MP3
* DNN ROI is a competitive approach w.r.t. traditional ROL. Is 2 atohing actvo wies (wih
there an automated workflow w.r.t. training/validation? PR\
. . . . - - //// : On target plane, tag 3-plane
+ Is it possible to have a hybrid CPU/GPU usage on grid clusters? | = zuzzzmmes [/ machekol Emgtg;%?z‘fbane
(depending on computing resources) o meenewremneimesioe LS\ T
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WireCell versus calibration database

* Current electronics response function has many parameters, which are
currently hard-coded. Those parameters will be stored in SBND database. We
expect noise filtering to need to store some info as well;

* |s it possibleto have WireCell communicating with the SBND calibration
database (accessible via ssh —K sbnd@sbnd-gateway01.fnal.gov)?
WireCell stores some data as a “jsonnet-based” internal database (e.qg.
chndb.jsonnet).

::: THE UNIVERSITY OF
LSL) Dcuicaco
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https://sbn-docdb.fnal.gov/cgi-bin/sso/RetrieveFile?docid=34811&filename=SBND%20Calibration%20Database.pdf&version=1
https://sbn-docdb.fnal.gov/cgi-bin/sso/RetrieveFile?docid=34811&filename=SBND%20Calibration%20Database.pdf&version=1
https://sbn-docdb.fnal.gov/cgi-bin/sso/RetrieveFile?docid=34811&filename=SBND%20Calibration%20Database.pdf&version=1
https://sbn-docdb.fnal.gov/cgi-bin/sso/RetrieveFile?docid=34811&filename=SBND%20Calibration%20Database.pdf&version=1

A question on prompt signal processing

30

For prompt signal processing, it would be highly desirable to be able to execute tasks
(e.g. event processing) in a parallel way;

WireCell multi-threading engine (TbbFlow) is a powerful engine to speed up data
processing, it has shown a great performance on the grid, but right now is limited by
the input data stream it can read at a time (one artROOT event at a time);

Is there a way to maximize the input data stream that WireCell signal processing
workflow can read at a time? Is it possible to reduce 1/O steps in this process? The
current interface between larsoft and WireCell is larwirecell;

Should we be able to have dynamic allocation of computing resources (#cores,
memory) when running WireCell parallel engine (TbbFlow)?
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Wire-Cell for SBN Physics

* |CARUS has been taking data since 2022, and SBND data-taking is imminent!

+ BNB ~ 3.5e19 - 5.2e19 POT/month = ~300k v ,and 2k v, CC events in SBND
* very mature analyses in SBND for various channels using Pandora reco:

. CCuy,inc., CCy,inc., CC v, lelxm, NC ¥, and many more

* from informal discussions with analyzers, at minimum we need Wire-Cell
clustering, vertexing, track-shower separation

 where and how will Wire-Cell have the most impact for SBND Physics analyses?
 we need solutions for LArSoft/Pandora interface with WCT in the short-term

 SBN/SBND will be a great testbed for potential long-term solutions

::: THE UNIVERSITY OF
LSL) COcuicaco
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Summary

* there is major effort in SBND to develop, integrate, and validate WCT!

* |n particular, we have done additional optimization and quantitative validation on WCT
tools

« SBND’s (very large) dataset could benefit enormously from Wire-Cell reconstruction,
especially on the v, front, but it will require lots of fast-approaching work

* an opportunity to test long-term solutions (for DUNE)!

e SBND Wire-Cell team:

 UChicago: Lynn Tung, Mun Jung Jung, Avinay Bhat, Matt King, Dave Schmitz, Bonnie
Fleming

» L.SU: Ewerton Belchior, Hanyu Wei

* BNL: Haiwang Yu thank you very much!!
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