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Introduction
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Meetings
• The Physics/Software WG (16 people) has regular weekly meetings:

 Wednesday at 15:00 CEST (08:00 CT)

• A shared google docs is used to take notes

• Meetings are recorded

• A list of action items is produced and checked during the meeting

• Two mailing lists:
- DUNE-ND-SAND-PHYSICS@FNAL.GOV

- DUNE-ND-SAND-SOFTWARE@FNAL.GOV
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Repositories
• github.com/DUNE/dunendggd:

geometry repository

• github.com/DUNE/sandreco
detector simulation, reconstruction and analysis tools

• github.com/DUNE/ND_Production
ND «official production» for simulation

• github.com/DUNE/ND_CAFMaker
CAF maker: event summary data
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https://github.com/DUNE/ND_Production
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Coding and Development Workflow

• Language: C++11

• Code Format: 
- Based on Google C++ Style Guide

- Proposal: clang-format -style="{BasedOnStyle: Google, BreakBeforeBraces: Linux, DerivePointerAlignment: false}"

• Project layout: pitchfork

• Development Workflow: 
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Exploits:
Agile/DevOps, 
Merging by Pull Request
Peer Code Review, 
Automated Tests, 

1. Create Issue
2. Open Branch
3. Develop
4. Test / Review
5. Merge Request
6. Release

https://google.github.io/styleguide/cppguide.html
https://api.csswg.org/bikeshed/?force=1&url=https://raw.githubusercontent.com/vector-of-bool/pitchfork/develop/data/spec.bs


SAND Geometry
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SAND
Geometry

Iron Yoke
[∼ 450 t]

Coil: 0.7 T

ECAL [∼100t]: lead-
scintillating fiber 

sampling calorimeter 

STT [∼5t]: 
modular low 

density target 
[CH2-C] 
tracker

GRAIN [∼1t]: 
LAr target 

with optical 
read-out

𝜈𝜈

github.com/DUNE/dunendggd
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4 m

• SANDGeoManager
• Easy tool to build 

geometry w/ gegede

https://github.com/DUNE/dunendggd


Tracker Modules
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Z

Y C3H6 module

C (graphite) module

Tracking module



Different options for tracker
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Straw tubes Drift chambers

Geometries with several tracker configuration:
clearance, straw radius, GRAIN size, TR removal

65 C3H6
8 graphite
2 up tracking
4 dw tracking

72 C3H6
8 graphite



ECAL Geometry
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Barrel: 24 modules
2 x Endcaps: 32 modules
Module: 

209 0.4-mm lead slabs +

209 0.7-mm scint. slabs

vertical element

horizontal element

Improved endcap geometry
[P. Gauzzi]

curved element

A team (P. Gauzzi, A. Ruggeri, D. Casazza, M. Tenti) 
is working to finalize the digitization for the new 
endcap geometry



SAND Simulation & 
Reconstruction
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Reconstruction Chain: Full

EDEP-SIM:
Particle

propagation

SAND-RECO:
Detector 
response
simulation

SAND-RECO:
Event 

reconstruction
(currently
not full)

ND_CAFMaker: 
Event 

Summary

T2K_ROOTRACKER 
FILE FROM GENIE

GDML 
GEOMETRY 

FROM 
DUNENDGGD

STT DIGITS
ECAL CELLS

EDEP-SIM 
FORMAT

RECO OBJECTS:
TRACKS, 

CLUSTERS, VERTEX

CAF 
FORMAT

input 
for the 

analyses

SAND Products

Executable/Algorithm
Data Formats

Ref.
GENIE Manual

Ref.
EDEP-SIM output

Ref.
sand-reco wiki

Ref.
sand-reco wiki

Ref.
ND_CAFMaker repo
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https://genie-docdb.pp.rl.ac.uk/DocDB/0000/000002/007/man.pdf
https://indico.cern.ch/event/687511/contributions/2822503/attachments/1574001/2484800/Edep-sim_output.pdf
https://baltig.infn.it/dune/sand-reco/-/wikis/Data-Model
https://baltig.infn.it/dune/sand-reco/-/wikis/Data-Model
https://github.com/DUNE/ND_CAFMaker


Detector Simulation
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ECAL MODULE
Charged
Particle

STRAW TUBE

• ECAL [sand-reco]:
- Light yield, scintillation decay time, 

attenuation, photon propagation, segmentation,
PMT response and front-end [ADC & TDC].

• STRAW/DRIFT[sand-reco]: 
- drift towards wire, 

electric signal propagation 
and front-end [ADC & TDC]

• GRAIN:
- LAr : Rayleigh scattering, absorption

SiPM : PDE, cross-talk, after-pulse
front-end : waveform with electronic noise

GRAIN



Reconstruction
• ECAL:

- CELL: Energy, position and time of energy deposits in ECAL are 
reconstructed using signals of PMTs on both ends.

- PATTERN RECOGNITION: CELLS are grouped in CLUSTERS 
using MC truth. 

- FIT: Energy, position, time and direction of the track/shower 
are then reconstructed using energy deposit topologie
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𝜎𝜎𝑡𝑡 =
54 𝑝𝑝𝑝𝑝
𝐸𝐸(𝐺𝐺𝐺𝐺𝐺𝐺)

𝜎𝜎𝐸𝐸 =
5 %
𝐸𝐸(𝐺𝐺𝐺𝐺𝐺𝐺)

tcell for 10 GeV muons adccell for 1 GeV e-

[D. Casazza, R. D’Amico, P. Gauzzi]



Reconstruction
• STT

- PATTERN RECOGNITION: TUBES are 
grouped in TRACKS using MC truth. 

- FIT: hits from vertical and horizontal tubes
are fitted separately to obtain position 
direction and momentum of the TRACK

• GRAIN
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𝜎𝜎𝑝𝑝 ∼ 𝑓𝑓𝐺𝐺𝑓𝑓 %

muons

Calorimetry

2D reconstruction 
with Hough Transform

3D reconstruction 
with Back Propagation

3D reconstruction 
with Multiple View



Reconstruction Chain: Fast

EDEP-SIM:
Particle

propagation

FAST-RECO:
Event 

reconstruction

ND_CAFMaker: 
Event 

Summary

T2K_ROOTRACKER 
FILE FROM GENIE

GDML 
GEOMETRY 

FROM 
DUNENDGGD

EDEP-SIM 
FORMAT

RECO OBJECTS:
TRACKS, 

CLUSTERS, VERTEX

CAF 
FORMAT

input 
for the 

analyses

SAND Products

Executable/Algorithm
Data Formats

Ref.
GENIE Manual

Ref.
EDEP-SIM output

Ref.
sand-reco wiki

Ref.
ND_CAFMaker repo

25/05/2023 M. Tenti - SAND Sim. and Analyses16

https://genie-docdb.pp.rl.ac.uk/DocDB/0000/000002/007/man.pdf
https://indico.cern.ch/event/687511/contributions/2822503/attachments/1574001/2484800/Edep-sim_output.pdf
https://baltig.infn.it/dune/sand-reco/-/wikis/Data-Model
https://github.com/DUNE/ND_CAFMaker


Fast Reconstruction
• A (simplified) fast reconstruction has been developped to quickly

obtain reliable results
• Basic ingredients:

- Detection thresholds:
• 250 eV for straw

• 100 keV of deposited energy in fibers (equivalent to ∼ 1 MeV in cell)

- Tracks:
• Reconstruction threshold N(digitis) > 4

• Pattern recognition and PID from MC truth

• Reconstructed momentum using Gluckstern formula 

- Gammas’ energy: (5.6%)/√(𝐸𝐸/𝐺𝐺𝐺𝐺𝐺𝐺) on visible energy in ECAL
- Neutrons’ energy: TOF
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RAW 
DATA

Full Detector 
Response

Fast 
Detector 

Response

INPUT

3D Voxel 
Reconstruction

2D Analytical 
Reconstruction

3D TRACKS
• Start/End + 

Direction

• Containment 
in GRAIN

• Matching 
with STT 
digits

• Energy 
deposited

✓

✓

✓

✓

Detected photons 
from Geant4 
simulation

SiPMs + electronics 
simulation

QE

2D images 
(no tracks)

3D tracks

2D tracks 3D tracks

Calorimetry

3D 
Reconstructio

n
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GRAIN: Masks



GRAIN: Lenses
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Event Viewers
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Simple single event 
display based on ROOT 

2D basic graphics

Interactive display based on 
ROOT Graphical User Interface  

Interactive display based
Qt libraries

[V. Pia]

[A. Chukanov]



Integration in DUNE
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Interfaces with DUNE
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The green area is responsability of the SAND Physics/Software WG
• sandreco: continuous integration, testing, versioning and release
• Integration into ND simulation and reconstruction chain
• Development of an event summary data: CAF



CAF Updates 
Highlights

• Common Analysis Files are the 
input for high-level analysis 
(used for TDR LBL analysis 
and by CAFAna, Mach3, etc…)

• Event Summary format is 
StandardRecord object

• It contains SAND-related 
objects and info

• Currently, we have a skeleton with minimal event info

• We are involved in developing a complete CAF for SAND
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Proposed Design

[L. Di Noto]



Integration in DUNE
• ND Sim/Reco group requests for an integration of the SAND 

simulation and reconstruction tools into the production chain 

• A first integration of the SAND has been completed

• This includes Fast-Reco and sand-reco but not GRAIN reconstruction

• However, FNAL computing service has recently upgraded machines 
from SL7 to AL9

• In parallel, they decide to change the package manager from UPS 
(custom product) to Spack

• We are working to integrate sandreco in the new framework
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[M. Tenti]



Analysis
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Particle Reconstruction
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𝑝𝑝𝜇𝜇resolution 𝐺𝐺−mom. resolution

∼ 5%

𝜋𝜋0 inv. Mass
𝜎𝜎 ∼ 13%

𝜎𝜎𝑝𝑝 ∼ 13%

proton reco
efficiency

π0 mom.
reconstruction

Neutron
detection eff.

Total: ∼ 61 %

Total: ∼ 65 %

dip angle res.: 
∼ 1 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

dip angle res.: 
∼ 1 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚



Particle Identification
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𝐸𝐸/𝑝𝑝 𝝃𝝃 𝒆𝒆 ∼ 𝟗𝟗𝟗𝟗𝟗
𝝃𝝃 𝝅𝝅 ∼ 𝟕𝟕𝟗

𝝃𝝃 𝒑𝒑 ∼ 𝟗𝟗𝟗𝟗𝟗
𝝃𝝃 𝝅𝝅 ∼ 𝟔𝟔𝟗

𝝃𝝃 𝝁𝝁 ∼ 𝟗𝟗𝟗𝟗𝟗
𝝃𝝃 𝝅𝝅 ∼ 𝟏𝟏𝟏𝟏𝟗

Stopping in 
ECAL Layer 4

Stopping before
ECAL Layer 4

For 𝜋𝜋 exiting 
ECAL 𝜉𝜉 ∼ 43%
Need for ext.
𝜇𝜇 catcher 

𝒆𝒆/𝝅𝝅 separation
In addition to TR, ECAL
could be used for e- ID

𝒑𝒑/𝝅𝝅 separation
Combination of 𝑚𝑚𝐸𝐸/𝑚𝑚𝑑𝑑, 
momentum and range

𝝁𝝁/𝝅𝝅 separation
Use of topological

variable of the energy 
deposit in ECAL

docdb-13262

https://docs.dunescience.org/cgi-bin/private/ShowDocument?docid=13262


Full Reconstruction Study
• Iterative procedure 

• First rough interaction vertex 
(𝑧𝑧𝑣𝑣 ,𝑦𝑦𝑣𝑣) determination using
the spread profile of the 
STT hits
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𝑢𝑢 =
𝑧𝑧 − 𝑧𝑧𝑣𝑣

𝑧𝑧 − 𝑧𝑧𝑣𝑣 2 + 𝑦𝑦 − 𝑦𝑦𝑣𝑣 2

𝑣𝑣 = −
𝑦𝑦 − 𝑧𝑧𝑣𝑣

𝑧𝑧 − 𝑧𝑧𝑣𝑣 2 + 𝑦𝑦 − 𝑦𝑦𝑣𝑣 2

first vtx
estimation

new vtx
estimation

Resolution on 
vertex position 

𝜎𝜎𝑥𝑥 ∼ 210 𝜇𝜇𝑚𝑚 𝜎𝜎𝑦𝑦 ∼ 370 𝜇𝜇𝑚𝑚 𝜎𝜎𝑧𝑧 ∼ 690 𝜇𝜇𝑚𝑚

𝐸𝐸𝜈𝜈 from 
reco tracks

w/ off-track energy 
deposition in ECAL

𝜎𝜎𝐸𝐸 ∼ 6 % Reduced
asymmetry

and bias

docdb-13262

[A. Surdo & F. Alemanno]

https://docs.dunescience.org/cgi-bin/private/ShowDocument?docid=13262


Events in an entire spill
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Event Classification
• Primary lepton identification

using ANN with kinematical
variables

• Additional 𝜈𝜈𝜇𝜇 �̅�𝜈𝜇𝜇 selections
based on:
- 𝜇𝜇 catcher and 𝜇𝜇/𝜋𝜋 separation

w/ ECAL

- Likelihood ratio based on 
kinematics (NC rejection)

• Additional 𝜈𝜈𝑒𝑒 �̅�𝜈𝑒𝑒 selections
based on:
- Invariant mass and 𝐺𝐺/𝜋𝜋 

separation

- Transition Radiation
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docdb-13262

https://docs.dunescience.org/cgi-bin/private/ShowDocument?docid=13262


𝝂𝝂-H interaction 
sample

• 𝜈𝜈-H scattering is free from nuclear effects
• STT allows the precise 

determination of the interaction 
target material (CH2 vs C)

• Separation of 𝜈𝜈-H from 𝜈𝜈-C in 
(CH2 target) with simple kinem.
and topological selections
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5y (FHC) + 5y (RHC) Eff. Purity Size

𝜈𝜈𝜇𝜇 CC inclusive 93% 93% 2.9M
𝜈𝜈𝜇𝜇𝑝𝑝 → 𝜇𝜇−𝑝𝑝𝜋𝜋+ 96% 95% 2M
𝜈𝜈𝜇𝜇𝑝𝑝 → 𝜇𝜇−𝑝𝑝𝜋𝜋+𝑋𝑋 89% 93% 760k
𝜈𝜈𝜇𝜇𝑝𝑝 → 𝜇𝜇−𝜋𝜋+𝜋𝜋+𝑋𝑋 75% 70% 93k
�̅�𝜈𝜇𝜇 CC inclusive 80% 84% 1.6M
�̅�𝜈𝜇𝜇𝑝𝑝 → 𝜇𝜇+𝑛𝑛 75% 80% 860k
�̅�𝜈𝜇𝜇𝑝𝑝 → 𝜇𝜇+𝑝𝑝𝜋𝜋− 94% 95% 300k
�̅�𝜈𝜇𝜇𝑝𝑝 → 𝜇𝜇+𝑛𝑛𝜋𝜋0 84% 84% 210k
�̅�𝜈𝜇𝜇𝑝𝑝 → 𝜇𝜇+𝑝𝑝𝜋𝜋−𝑋𝑋 85% 94% 135K
�̅�𝜈𝜇𝜇𝑝𝑝 → 𝜇𝜇+𝑛𝑛𝜋𝜋𝜋𝜋𝑋𝑋 82% 84% 156k

• Improvements exploiting the correlation of 
kinematical variables through the ratio of 
multidimensional likelihoods

• Possibility to study exclusive 
channels docdb-13262

[G. Ingratta]

https://docs.dunescience.org/cgi-bin/private/ShowDocument?docid=13262


Flux Measurements
• SAND is well suitable to fully characterize 
𝜈𝜈 �̅�𝜈  flux. 

• 𝜈𝜈𝜇𝜇 spectrum from low-𝜈𝜈 sample [560k ev.] of 
𝜈𝜈𝜇𝜇 + 𝑝𝑝 → 𝜇𝜇− + 𝑝𝑝 + 𝜋𝜋+

• �̅�𝜈𝜇𝜇 spectrum from low-𝜈𝜈 sample [610k ev.] of 
�̅�𝜈𝜇𝜇 + 𝑝𝑝 → 𝜇𝜇+ + 𝑛𝑛

• 𝜈𝜈𝜇𝜇/𝜈𝜈𝑒𝑒 and �̅�𝜈𝜇𝜇/�̅�𝜈𝑒𝑒 from reco 𝜈𝜈𝜇𝜇/𝜈𝜈𝑒𝑒 CC 
scattering on H

• Absolute 𝜈𝜈𝜇𝜇 flux from 𝜈𝜈𝐺𝐺 scattering 
[∼1k ev./y]

• Additionally, �̅�𝜈𝜇𝜇 flux from �̅�𝜈𝜇𝜇 + 𝑝𝑝 → 𝜇𝜇+ + 𝑛𝑛 
with 𝑄𝑄2 < 0.05 𝐺𝐺𝐺𝐺𝐺𝐺2 [27k ev./y]
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docdb-13262

https://docs.dunescience.org/cgi-bin/private/ShowDocument?docid=13262


Beam Monitoring
Continuous beam 

monitoring on a weekly 
basis (3.78 × 1019 𝑝𝑝𝑝𝑝𝑝𝑝) is 

crucial
A sample of ∼780k νµ CC 
events in the upstream 

barrel ECAL
Sensitivity on a list of 

possible variations 
obtained comparing 

expected spectra with:
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Beam direction monitoring: SAND can 
detect shifts down to 8.4 cm with a 

significance ∆𝛘𝛘𝟐𝟐 ≥ 𝟗𝟗
docdb-13262 [F. Barillari]

https://docs.dunescience.org/cgi-bin/private/ShowDocument?docid=13262


External Background 
• Backgrounds sources: CR, natural radioactivity and products of external beam-neutrino 

interactions. 
[first two bkg. suppressed to negligible level requiring beam spill coincidence].

• Several case studies for the 3rd source:

- Neutron Background in �𝝂𝝂𝝁𝝁 + 𝒑𝒑 → 𝝁𝝁+ + 𝒏𝒏: ANN with kinematical variables assigns rank to 
each isolated energy deposit (neutron candidate). The highest rank neutron candidate is 
the primary neutron in 85% and a secondary neutron in 6.5%

- Neutron Background in Inclusive 𝝂𝝂(�𝝂𝝂) CC: signal efficiency of 85.6% with a background 
rejection factor of 6 × 10−3

- Rock Muons and Magnet Events in Upstream ECAL: Rejection factor is about 7×10−5. 
Overall efficiency of about 70% in the fiducial volume of the upstream barrel ECAL

- Rejection of External Neutrino Interactions in STT : Overall we achieve a combined 
rejection factor of 3 × 10−5 against CC+NC external background, retaining a signal 
efficiency of 92.7% and a purity of 99.65%. 

- Pile-up Background in Upstream barrel ECAL: The fraction of CC events within the 
fiducial volume of the upstream barrel ECAL is 2.6% with the 30ns window.. The fraction of 
ECAL cells with pileup and the fraction of the pileup energy is 0.1% and 0.04% respectively 
with the 30ns window
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docdb-13262

https://docs.dunescience.org/cgi-bin/private/ShowDocument?docid=13262


𝝂𝝂𝝁𝝁 CCQE in GRAIN
• Assess the contributions SAND 

(with GRAIN) could provide in 
understanding the physics of 
𝜈𝜈𝜇𝜇 − 𝐴𝐴𝑚𝑚 interactions

• The performances of SAND in 
terms of selecting exclusive 
𝜇𝜇− + 𝑝𝑝 are studied

• GRAIN exploited as homogeneous 
calorimeter

• CCQE-like selection has been 
defined:
- Efficiency > 10% and Purity > 90%
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[V. Cicero]



Next steps

• We have obtained the previous results (docdb-13262) mainly
using the fast reconstruction

• The main goal, now is to develop a full reconstruction

• In order to reproduce the analyses w/ full reconstruction
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https://docs.dunescience.org/cgi-bin/private/ShowDocument?docid=13262


Ongoing activities
• Implement and optimize a full event reconstruction

• Comparison of straw- VS drift-based tracker using same
reconstruction tools

• ECAL:
- Integrate new endcap geometry in sandreco

- Assess PID performances

• Assess beam monitoring potential with more realistic 
reconstruction

• Analysis:
- Study νH in a exclusive channel: �̅�𝜈𝜇𝜇 + 𝑝𝑝 → 𝜇𝜇+ + 𝑛𝑛

- Study ν CCQE in GRAIN with exclusive topology: 𝜇𝜇 + 𝑝𝑝
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[F. Alemanno, 
A. Surdo]

[M. Sorbara, 
A. Gioiosa]

[P. Gauzzi, A. Ruggeri]

[D. Casazza, R. D’Amico]

[F. Barilari]

[G. Ingratta]

[V. Cicero]



Kalman Filter
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Kalman Filter
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[V. Pia]

Smoothing state

dune / STTTrackReco · GitLab (infn.it)

https://baltig.infn.it/dune/STTTrackReco


Trajectory Parametrization
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Propagation
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Smoothing state



Projection
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Prediction of measurement
vector 𝑚𝑚𝑘𝑘 from propagated

state vector Measurement projection to state vector

Smoothing state



ΔE and MCS
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Caveats for KF validation
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KF Validation [WIP]
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• Two consistency checks:

1. 𝑞𝑞𝑘𝑘 = 𝑚𝑚𝑘𝑘𝑇𝑇𝐶𝐶𝑘𝑘−1𝑚𝑚𝑘𝑘 ∼ 𝜒𝜒2(𝑛𝑛𝑚𝑚𝑓𝑓 = 2)

2. 𝑔𝑔 𝑖𝑖 𝑘𝑘 = 𝑟𝑟 𝑖𝑖 𝑘𝑘
𝐶𝐶 𝑖𝑖 𝑘𝑘

∼ 𝐺𝐺𝑚𝑚𝑢𝑢𝑝𝑝 𝜇𝜇 = 0,𝜎𝜎 = 1



KF Validation [WIP]
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ECAL clustering
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Reconstruction of energy deposit
position, time and energy
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Clustering 
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Under testing, validation and optimization



Thank you
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Backup
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ND sim/reco «official ND production»
• Infrastructure for production chain:

- Event generator, detector responce simulation, 
digitization, reconstruction
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CAF Maker
• Common Analysis File
• Event Summary
• Input for Analyses
• SAND CAF implemented
• Content to be defined
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ECAL

25/05/2023 M. Tenti - SAND Sim. and Analyses76



ECAL
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ECAL
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ECAL
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Internal vessel design
• Material AISI 316LN 
• Internal pressure 1.5 bar
• Shell thickness 6 mm
• Cover thickness 16 mm 
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External vessel design

Aluminum alloy

Carbon fiber

Honeycomb
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Optical System: Lens
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Optical System: Coded Aperture Mask
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GRAIN: Analytic Approach
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Electron ID
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Proton/Pion
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Proton ID with TOF and ECAL
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Muon ID (I)
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Muon ID (II)
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Kinematical tagging of leading muon
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Kinematical tagging of leading muon
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Kinematical tagging of leading muon
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Kinematical tagging of leading muon
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Kinematical tagging of leading muon
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Kinematical tagging of leading electron
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