DEEP UNDERGROUND NEUTRINO EXPERIMENT

SAND Software and Analysis

Matteo Tenti, INFN - Bologna

SAND Review CSN1
12/07/2024 Frascati

INFN | = -

Istituto Nazionale di Fisica Nucleare



DEEP UNDERGROUND NEUTRINO EXPERIMENT

Introduction

¥

2 25/05/2023 M. Tenti - SAND Sim. and Analyses



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/dunendgqd:
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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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:

Exploits:
Create Issue Agile/DevQps,
Open Branch - Merging by Pull Request
Develop Peer Code Review,

Test / Review Automated Tests,

Merge Request

Release
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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

github.com/DUNE/dunendggd

Iron Yoke
[~ 450 t]

SANDGeoManager
Easy tool to build
geometry w/ gegede

Coil: 0.7 T

A3 M

ECAL [~100t]: lead-
scintillating fiber
sampling calorimeter

| GRAIN [~11]:

STT [~5t]:
modular low

density target
[CH2-C]

LAr target
with optical
read-out
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Different options for tracker

Straw tubes

Drift chambers

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

Improved endcap geometry
[P. Gauzzi]

Barrel: 24 modules

2 x Endcaps: 32 modules
Module:
209 0.4-mm lead slabs +
209 0.7-mm scint. slabs

curved element

horizontal element

vertical element

A team (P. Gauzzi, A. Ruggeri, D. Casazza, M. Tenti)
is working to finalize the digitization for the new
endcap geometry
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SAND Simulation &
Reconstruction
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Reconstruction Chain: Full

GDML

FROM

GEOMETRY

DUNENDGGD

EDEP-SIM:
Particle
propagation

a

SAND-RECO:
Detector
response
simulation

SAND-RECO:
Event
reconstruction
(currently
not full)

T2K_ROOTRACKER
FILE FROM GENIE

) (

v

SAND Products

Executable/Algorithm

() Data Formats

ND_CAFMaker:
Event
Summary

input
for the
analyses

a
v

EDEP-SIM
FORMAT

GENIE Manual

EDEP-SIM output

)(

STT DIGITS
ECAL CELLS

)

sand-reco wiki

RECO OBJECTS:
TRACKS,
CLUSTERS, VERTE

y

Ref.
sand-reco wiki

CAF )
Ref.

FORMAT
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 FALMEREEE e

« ECAL [sand-recao]: Particle

- Light yield, scintillation decay time,
attenuation, photon propagation, segmentation,
PMT response and front-end [ADC & TDC].

'~ STRAW TUBE
« STRAW/DRIFT[sand-reco]: -
- drift towards wire, \
electric signal propagation IR
and front-end [ADC & TDC]
 GRAIN:
- LAr . Rayleigh scattering, absorption
SiPM : PDE, cross-talk, after-pulse

front-end : waveform with electronic noise
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Reconstruction

[D. Casazza, R. D’Amico, P. Gauzzi]

- 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

t. for 10 GeV muons adc_,, for 1 GeV e

Z 1000 ++
P C
c -

14  25/05/2023 M. Tenti - SAND Sim. and Analyses

(M



Reconstruction muons |
bt e
©SIT o ~ fewh] || i e

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

- FIT: hits from vertical and horizontal tubes :
are fitted separately to obtain position SOOI JUUUOUA SOOI |
direction and momentum of the TRACK PR reron TR £

GRAIN N

3D reconstruction T T HE AT S —" 2D reconstruction
with Multiple View ==y e ol 5 s with Hough Transform*;

400 200 ] =200 -400 -600 %
X
o

—— 3D reconstruction
e ~.| with Back Propagation .,

500
400
700 200 300yl
150, i 000~ 100 0 &-30|
200 00-300 - ~2a

o L o o
(E_reco - E_true) / E_true

Calorimetry
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Reconstruction Chain: Fast

GDML
GEOMETRY
FROM
DUNENDGGD

EDEP-SIM:
Particle
propagation
T2K_ROOTRACKER EDEP-SIM
FILE FROM GENIE FORMAT
GENIE Manual EDEP-SIM output

FAST-RECO:
Event
reconstruction

v

SAND Products

Executable/Algorithm

() Data Formats

ND_CAFMaker:

Event input
Summary for the
analyses

a
v

RECO OBJECTS: CAF
TRACKS, FORMAT
CLUSTERS, VERTEX

sand-reco wiki

Ref.

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://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%)/\(E/GeV) on visible energy in ECAL
- Neutrons’ energy: TOF

17 25/05/2023 M. Tenti - SAND Sim. and Analyses NN UVE



GRAIN: Masks

SiPMs + electronics
simulation

Detected photons
from Geant4

simulation l
RAW

DATA

Fast
Detector
Response

QE

2D images
(no tracks)

3D tracks

3D Voxel
Reconstruction

2D tracks

2D Analytical
Reconstruction

Calorimetry

 —

3D tracks
3D

Reconstructio »
n

 —

3D TRACKS
e Start/End +
Direction

* Containment
in GRAIN

+ Matching
with STT
digits v

* Energy
deposited \/
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GRAIN: Lenses

UV lenses

VUV lens
AN £

Light shield__,
and support baffle

Power and
L b Optical Link
-

Focal Plane 2mm pixels

2D-step 3D-step
| | | !
2D QUTPUT 3D OUTPUT
Full 20 | Matching clusters
INPUT I from multiple views
— | 5 | = || Ueveteves! | RN
2D images (Hough transform) 1 -
r-—=—=—=—= | mm==) | 3D RECO ‘
I RECO ¥
L |
Energy
(based on MC —)
truth projections) RECO
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Event Viewers
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Simple single event
display based on ROOT
2D basic graphics

[V. Pia]

Interactive display based
Qt libraries

X MainWindow voA X

File

Event

Event info

3439 > || select event
Total number of trajectories: 2419

Total deposited energy in Argon: 469.502

Detectors
Total deposited energy in Straw: 21.1827
P  OR Total deposited energy in ECAL: 1353.22
Number of selected trajectories: 1813
V| Grain Deposited energy in Argon: 433.054

Deposited energy in Straw: 20.9294
Deposited energy in ECAL: 1238.81

Trajectory info

V| Tracker

V| ECAL

V| Other Detectors

Particles
Gammas V] Elec
v| Muons v
V| Pions (D) Protons

Neutrons

Hit before time
=" 10000

Zlns

GroupBox
V| Trajectories

Hits
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[A. Chukanov]

Interactive display based on
ROOT Graphical User Interface
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Integration in DUNE
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Interfaces with DUNE

- SAND Prociducts

_____________________________________

GEOMETRY

FROM
. DUNENDGGD ( )Data Formats
S SAND-RECO: :
.............. -_EDEP-SIM: __ SAgD-RECO . Event | | ND CAFMaker: | | . .
" etector . e s
Particle : reconstruction Event input
A response ishEtiit ity p
propagation simulation (currently Summary : for the
bbb not full) analyses
ey Y =
sz ROOTRACKER | | EDEP-SIM )\l I/- STT DIGITS \ / REC%?EQESCTS \ CAF
FILE FROM GENIE L FORMAT J | \ ECAL CELLS / \t_]LUSTERS VERTE)'E/ F(?RMAT
Ref. Ref. : Ref. Ref. :Ref.
GENIE Manual EDEP-SIM output sand-reco wiki sand-reco wiki ND CAFMaker repo

The green area is responsability of the SAND Physics/Software WG
e sandreco: continuous integration, testing, versioning and release
* Integration into ND simulation and reconstruction chain

* Development of an event summary data: CAF
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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

Proposed Design

aaaaaaaaaaaaa

class

{

SRNDBranch

public:
SRNDLAT lar;

4 SRGAr gar;

I

SRTMS tms;
SRSAND sand;

MINERvA detector pieces used in conjunction
SRMINERVA minerva;
std::size_t ntrkmatch = @;
std:: vector<caf :: SRNDTrackAssn> trkmatch;

[L. Di Noto]

We are involved in developing a complete CAF for SAND
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[M. Tenti]

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

24  25/05/2023 M. Tenti - SAND Sim. and Analyses INFN (Ve

Istituto azionale i Fisica Nuceare



Analysis
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Particle Reconstruction

pyresolution e mom. resolution
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Particle Ildentification

p/m separation
Combination of dE /dx,
momentum and range

$(P) ~90%

e/m separation

In addition to TR, ECAL
could be used for e- ID

g 1
5 sof- —_— L ~_ 1 —eefficiency {0
- I;" I _— -
sof L I / . pi efficiency g
08— . figure of merit—|go
fis] = 1 1
ol |50
06—
50f- 40
wlb L
04— L 30
ok E/p - £(e) ~ 90% :
F L 20
20 o.z—f(n') ~ 7% 1
2 o —10
10 B ™~ ]
bl ju | T | T IR A S N
(V] 02 04 06 08 1 12 14 16 18 2 Ly 0 0.2 04 06 0.8 1 12 1 0
e
NN cut
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. I WTIJOn e.ffi.ciency E 04 - 520
p/m separation | B g ((f:)) ~ ff(;/" o ey :
H B ~ 0 ure of merit Eh
Use Of topo'oglcal Oi‘—(llll‘ ‘ I—O‘.Q‘ * ‘[I)I ‘ IO.‘Q‘ ‘0.‘4‘ ‘ ‘O.IG‘ ' IO.‘B‘ = 1%\%'1.‘2‘ ' ‘1.‘4‘43 0|>‘—[)‘.4I ' ‘—Olg2‘ ‘ I(; = ‘0.‘2‘ ‘ IO.I4‘ ‘ IO.‘SI IO.IBI = 1 = ‘1.‘2‘ ' ‘1}4‘:0
variable of the energy 5 . Stopping in
e topping before For 1 exiting
deposit in ECAL ECAL Layer 4 ECAL{ ~ 43% | | ECAL Layera
Need for ext.
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Full Reconstruction Study

* |terative procedure

 First rough interaction vertex
(z,, y,) determination using

the spread profile of the

STT hits

[A. Surdo & F. Alemanno]

E
> y-z plane
first vtx
estimation —
2 global
------ transform
R R method
z(cm)
B *Radi N . *
S Radius (cm) * z_c (cm) * y_c (cm)
1502 *377.57399 *-344.7125* 378.457
*1552.9979 * -137.0285 * -1462.071
new VtX [ * 283.49741 * 134.6044 * 249.4256
100
estimation L —
" | track finding
, and fits
E | I 1

hits

zZ— 1z,
(z - Zv)2 + - yv)2
_ Y —Zy
(z - Zv)z + (y — YV)Z

u =

v =

i
o
i . u-v plane

v-coordinate (cm™)

002 004 006 008 01 012 014

u-coordinate (cm)

ll ¢ = atan(v/u)

{___hemp
Entries &3
‘ Mean  0.1028

} AMS 0527
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0s
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reco tracks
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SAND + TMS + NDLAR (no rock-muon)

Events in an entire spill
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Event Classification

* Primary lepton identification
using ANN with kinematical
variables

FHC v, CC 99.1 %
RHC #, CC 99.3 %
FHC v, CC 98.0 %
RHC 7, CC ‘ 98.6 %

+ Additional v, (¥,) selections
based on:

- u catcher and u/m separation
w/ ECAL

- Likelihood ratio based on
kinematics (NC rejection)

- Additional v, (v,) selections
based on:

- Invariant mass and e/n
separation

- Transition Radiation

Purity Wrong sign
Cuts Efficiency | (v, 4+ 7y + ve + D) CC 4+ NC | contamination
FHC v, CC selection:
Kinematic tagging of = 99.1 % 93.2 % 1.4 %
ECAL on tagged i~ 98.4 % 97.5 % 0.5 %
RHC 7, CC selection:
Kinematic tagging of pm 99.3 % 76.2 % 111 %
ECAL on tagged pu* 98.8 % 90.0 % 6.1 %
Wrong sign veto on tagged 1~ | 97.9 % 97.8 % 0.3 %
RHC v, CC selection:
Kinematic tagging of pu~ 98.7 % 66.4 % 22.7 %
ECAL on tagged p~ 97.9 % 85.8 % 9.4 %
Wrong sign veto on tagged pt 95.4 % 97.3 % 0.3 %
FHC 7, CC selection:
Kinematic tagging of u* 99.3 % 9.9 % 78.0 %
ECAL on tagged p* 98.2 % 342 % 55.1 %
Wrong sign veto on tagged =~ | 97.1 % 83.2 % 23 %
Kinematics 95.4 % 94.2 % 2.6 %
Purity
Cuts Efficiency | (v + ¥y + ve + 7.) CC + NC
FHC v, CC selection:
Kinematic tagging of e~ 98.0 % 1.3 %
Muon veto on tagged e~ and et 96.6 % 10.6 %
my _ and ECAL on tagged e~ 91.8 % 27.3 %
TR + dE/dx on tagged e~ 82.6 % 99.4 %
RHC 7, CC selection:
Kinematic tagging of ™ 98.6 % 1.1 %
Muon veto on tagged e~ and et 97.2 % 15.2 %
my _ and ECAL on tagged et 93.2 % 30.9 %
TR + dE/dx on tagged e™ 83.8 % 99.2 %
RHC v, CC selection:
Kinematic tagging of e~ 97.7 % 23%
Muon veto on tagged e™ and et 95.6 % 11.9 %
my_ and ECAL on tagged e~ 91.1 % 29.7 %
TR + dE/dx on tagged e~ 82.0 % 99.3 %
FHC 7. CC selection:
Kinematic tagging of e™ 98.4 % 03 %
Muon veto on tagged e~ and e* | 974 % 24 %
my_ and ECAL on tagged et 93.7 % 6.0 %
TR + dE/dx on tagged e* 84.3 % 93.6 %
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v-H interaction
sample

vup = upm’

« v-H scattering is free from nuclear v,p = wpmtX

« STT allows the precise
determination of the interaction
target material (CH, vs C)

« Separation of v-H from v-C in
(CH, target) with simple kinem.
and topological selections

channels

= +
Vup - pinm

vp > p X
v, CC inclusive
Vp > pn

Vup — upm”

0

v,p - ppnTX

V,p = uinnnX
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[G. Ingratta]

93%
96%
89%
75%
80%
75%
94%
84%
85%
82%

» Possiblility to study exclusive

5y 610 5y 40 |_EH. | Purty | Sizo

Yy CC inclusive

93%
95%
93%
70%
84%
80%
95%
84%
94%
84%

2.9M
2M
760k
93k
1.6M
860k
300k
210k
135K
156k

« Improvements exploiting the correlation of
kinematical variables through the ratio of
multidimensional likelihoods
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Total Systematic Uncertainty

Statistical Uncertainty

Flux Measurements ...

g‘ g_'_ Total Uncertainty L B

50'035 ;_ """""" Form Factor Uncertainty
] . ] S 0.03F | E scaleuncertainty | -
SAND is well suitable to fully characterize T £, Reconstructon Uncertainty )
v(v) flux. ool CPoptimized FHC
v, spectrum from low-v sample [560k ev.] of E
— + 0.01 : —

_) .
VutP2 W +p+m 0.005 F

v, spectrum from low-v sample [610k ev.]of  °~5
Vytp~— ut+n

Total Systematic Uncertainty
Statistical Uncertainty

> 0.04
— — £ Total Uncertainty
v,/ve and v, /v, from reco v, /v, CC fooss| e vy [0
5 0.03 E, Scale Uncertainty

scattering on H

0.025
Absolute v, flux from ve scattering o02b-
Additionally, v, flux from v, + p - u™ +n OZ:;
with Q2 < 0.05 GeV? [27k ev.ly] o
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Beam Monitoring

ECAL

Beam parameter Variation AX*(E,) AX*(E,)

true rec | true rec
Horn current +3 kA 107.6 76.1 | 26.0 25.4
Water layer thickness +0.5 mm 21.2 162 | 87 85
Decay pipe radius +0.1 m 42.0 343 | 12.0 119
Proton target density +2% 18.0 143 | 89 8.7
Proton beam radius +0.1 mm 349 276 | 182 17.8
Proton beam offset X +0.45 mm 246 16.9 9.0 8.7
Proton beam 6, ¢ 0.07 mrad 6, 1.57 ¢ 0.5 0.1 0.1 0.1
Proton beam € 0.070 mrad 0.7 0.2 0.1 0.1
Horn 1 X shift +0.5 mm 16.2 10.7 4.3 4.1
Horn 1 Y shift +0.5 mm 20.6 13.6 5.7 Belf
Horn 2 X shift +0.5 mm 04 0.2 0.1 0.1
Horn 2 Y shift +0.5 mm 04 0.1 0.0 0.0

Continuous beam
monitoring on a weekly
basis (3.78 x 10'° pot) is
crucial

A sample of ~780k v, CC
events in the upstream
barrel ECAL

Sensitivity on a list of
possible variations
obtained comparing

expected spectra with:

N
N;lom _ Nivar 2
NI it it

i=1

Beam direction monitoring: SAND can
detect shifts down to 8.4 cm with a
significance Ax? > 9

docdb-13262 [F. Barillari]

ECAL+STT /
/

XE

—— X distribution
—— single spectrum

—— 2 spectra

60
X shift (cm)
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docdb-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 3™ source:

- Neutron Background in v, + p » u™ + n: 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 v(v) CC: signal efficiency of 85.6% with a background
rejection factor of 6 x 10-3

- Rock Muons and Magnet Events in Upstream ECAL: Rejection factor is about 7x10-5.
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 x 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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vﬂ CCQE in GRAIN [V. Cicero]

. . h_neutrino_energy_true [CCQElike]
Assess the contributions SAND

1800
(with GRAIN) could provide in T el ot @ .“m ik .
understanding the physics of 1l g "'l";|"I l'||||'"'l'”""'ﬂ"ﬂ\ L
: . 0.3— ‘ | | ‘ 1400
v, — Ar Interactions Ol \ ;
- 1200
The performances of SAND in 0.6/ —sigx0.414 |18
terms of selecting exclusive : L ng RN
u~ + p are studied 0.4:— HJ  efficiency _Eam
GRAIN exploited as homogeneous | e oo
calorimeter o | oo
CCQE-like selection has been 0 Ww

=]

1 2 3 4 5 6 7 8 9

m
o
m
=

defined:
- Efficiency > 10% and Purity > 90%
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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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Ongoing activities

Implement and optimize a full event reconstruction

[F. Alemanno,
A. Surdo]

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 vH in a exclusive channel: v, + p - u* +n

- Study v CCQE in GRAIN with exclusive topology: u + p

[M. Sorbara,
A. Gioiosa]

[P. Gauzzi, A. Ruggeri]

[D. Casazza, R. D’Amico]

[F. Barilari]

[G. Ingratta]

[V. Cicero]
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Kalman Filter
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[V. Pia]

Kalman Filter

"""""" EL"""'""'""ik'Ké'I'l'ﬁéﬁ"fil'téﬁ'ﬁg"j,;s;"éﬁ"iiéféfi\fé"él'g"'é'fit'ﬁﬁ‘l"m'p"'févid'éé"m61’";'6fﬁé'"""""""

Filtered state Filtered state

. [ [ State projeétion
Add best measurement Add best measurement

x? minimization

[ l Measurement prediction
Initial state 5

(seed) PrOF’E?gatEd state = Propagated state

Méasurement :
layers k=0 k=1 k=2 k=N

Smoothing state

dune / STTTrackReco - GitLab (infn.it)
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Trajectory Parametrization

Trajectory state vector (a;)

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

X r— x coordinate '
! y —— y coordinate (xy.zt0) 2
--------- /RS '
tand
S ................................ (p—)L'
« Measurement vector (m;) B -
Particle’s trajectory
X | |
Mo = (sz) Angle in the horizontal plane wrt z-axis 5
! Y !
Z u ;
| v ,
y | W /X |
my, = (5yz) Angle in the vertical pl?newﬁdz-axis z lm 2
__________ - KF propagation from downstream to upstreem "
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Propagation

........ « State vector propagation from Zy oz

Tk = Tk1+ Re_1- tan@ k-1 (D — 1)
i Yo = Ykt Bpi-(Singg—singe)
k-1 1/R., = 1/Rp_1+k- A(lka 1) :

| tanAp = tanAg— 1 »[ A(1/R) = UR‘)B V1+ tan? A - ¢1+ m( I/BR)2(1+1; 2»\:)-55
: : 03 0.3
R '"995*35.'6'"'="'“995¢’k'—'1'+{zk”'"'§k=‘r}/'R’k:1 ---------------- e R 2
State propagator]
; \ |
Filteéred state J Filtered state
T T State projection
Add best :measurement Add best measurement ¥ minimization
I T Measurement prediction
Initial state o : tod <tat o ted <tat
(seed) —— ropal:ga ed state — Propagated state
Measurement i
"""""""""" layersk=0k=1k=2k=ﬂ
Smoothing state
. . F :
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Projection

Prediction of measurement
vector m; from propagated

state vector Measurement projection to state vector

..... P xk;[ @ 1 0 O 0 0
h = tanA, o, | T) . | | ) | IR & . tanXp P I
) T aFCtBH Sm P * sin P |:1+(::;k )2} O sin m‘[l—l_(:?’?;k) ]

State propagator

Filtered state

Filtered state

T T State projection
Add best measurement Add best measurement LF minimization
T T Measurement prediction
Initial state :
Propagated state — Propagated state
(seed) : Measurement prediction
Measurement :
""""""""""" ]aYer5k=0k=1k=2k=N
Smoothing state
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AE and MCS

[ °_|'E "'l """""""""" InCarbon |
a | % el |
______ Energy loss from la; _er_k:i.to;_layer._k_.c_omputed._as'_._._._.%_é:_s L#_,
dE B 34 | f
_____________ AE :d_ XAZk[gcm] /P‘
X T
Bethe—Bloch ' g v\ — |
L AZ’{ - p . L [sz] "-GOU 2 ‘_ha___ 6 8 w12 14 Em 18
""" MCSs angle computedas:  ~ monamGve
' 13.6 MeV
P k k-1
| | L
Where: T
« materials information taken from geometry file :
L computed as a straight line from me‘:easurement laver k-1 to k |
- direction taken from trajectory state cmi‘f previous step Knownémomentum
T atstepk-1
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Caveats for KF validation

:
A(/R) = 01/3) ~./1+tan \/ J.w_;"R}) +tan? \) - AE mo= (o)
PID from MC-truth |
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" State propagator|
Filtered state J Filtered state
FromMCtruth1 """"""""""""""""""""""" [ — State projection
Add besﬁ measurement Add best measurement [F minimization | |
| ¥ Measurement prediction
! Inltlal state !
m P opagated state Propagated state
Measurement _
i layers k = k=2 k=N '
| Measurements obtained W|th One measurement per layer ,
B afast dj;gmzation--------------------------§ ----------------------------------------- Neo-minimization- needed!gerfarrmed ----------
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----------- Simulation chain ~ ~—/,

] SAND ( | Neutrino Flux

_ ______ earlier |1 LB besm - [ |

2000 4000 6000 8000 10000 12000 14000

Cenie Production R - Puia M-
* Yy CC in SAND tracker ZY (side) XZ (top)

ofF 7 2500:
_500:_ 20005—
~1000F 1500:-—
—1500f 1000F
~2000F s0o0E
—2500F oF
-3000F -500E
_as00f ~1000f- .
—4000fF 1500:- )
F F Vo =
E 2000F % <
AS00E TN . oY DR S S B oo R S
ST SRR BRI SRR S ST zsoc-..l..f.}-.l NS BT | L
22000 23000 24000 25000 26000 22000 23000 24000 25000
[mm] ! [mm]
Vertical view Horizontal view
— o
E- [ Prediction | M E

UL UL U e T
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KF Validation [WIP]

d
e =my o —miue .
Bost T e
: . . ndf = 1.992 + 0.001
C}, = covariance matrix : e octed ndf - 2
. oay L= ittt
: 0.3
* Two consistency checks: K
0.2
— I r—1 2 —
1. qx =1 G 1 ~ x*(ndf = 2) 01

"""""" I.--I.-I--IU-l-l--l-I-TI-J-I-l-I-I-]-l--I.-[--I-I--J-IT[-I-I-]-I-I-E-I-] ORI e e o
1 2 3 4 5 B8 7 8 9 10

T‘(i)k q

2. g(i)k:m

~ Gaus(u=0,0 =1)
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KF Validation [WIP]

—— Gaussian fit

8 F | —Gaussianfit | 890000F —— Gaussian fit-—| -
580000 gxz =(5+7)x10" s - gyz =(4+7)x10*
s 0 =1.001= 0.001 80000~ o =1.001 = 0.001
7 [ ' L
----- g-o-(-}g:--------------------------- B Rt e P T --------70-00-0-__---------------------------- B R R EEE T TN
60000 60000~
50000¢- soooof- {1 (ﬁj ___________ T(B)k _____
40000( 40000} ) k C (9)
30000 - k
: 30000(-
200001~ 20000}
10000 10000F
BN ST PV FVIE FEVL FRINE P |... P S TS APUINTIL PO PN PV Y |“.
__________ %5 4 3 =2 1.0 1.2 3 4 5 % 4 3 2 1.0 1 2 3 4 5
: 9{9) 9(9)
§g@oﬁg} -------------------------------------- —-—»C{aaussianﬂt ------------ fl:‘*QeGE)O:— ------------------------------------ ——— Gaussian fit-- |-
= g X =(04=8)x10° E E y 1 =0.070 + 0.0071
80000 @ =0.959 = 0.001 800001~ o =0.999 = 0.001
””””” 700000 [ Y\ | o0  f o}
60000 60000 T(pGS)k
50000F- s0000f- gpos)y = ———
40000[ 40000~ \/ C(pDS)R
300003— 30000
200003— 20000
10000/~ 10000
oL IR PR PRSP P e b A I DR T PR |....
________________ L e S R R R S WS- S-S S S S R B R S S S
i g(x) 9()’)
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ECAL clustering
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Reconstruction of energy deposit
position, time and energy

The coordinate along the fiber z is derived by time difference between two ends while x and y

are given by the center of the fired cell. T e
A.B ~
f‘d‘ i fB r"j‘ + fB I . | ends, 1 overall tlﬂ:]E! offset, L
€ — 0 o = 7¢ = — (I‘d' — B _ IE? + I(’JB) length of the cell, v light velocity in
) ’ oI 2 the fiber.
PMT impinging

particle

Each cell is read by two photosensors, one per
side (A,B) which collects the scintillation light
guided by the optical fibers.

PMT
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Clustering

C++ algorithm inspired by KLOE experiment
to create ECAL cluster output as ROOT TTree

E---gg[d.lsler

_"dusm.vam
. s clustervary

..... i cluster.varz
E| Hlcuster.cels

Cells are divided in complete (signal on
both photo sensors) and incomplete
(with signal only in one sensor).

Neighbor complete cells are grouped in
pre-clusters.

* Pre-clustering

Takes one complete cell as a seed and checks
the neighbors, if are found complete cells they
are added to the pre-cluster.

The process goes on until no adjacent complete
cells are found.

Pre-cluster variables are calculated, time and
position as energy weighted averages over
contributing cells, energy as the sum of the cell
energies. 1 1
_E+E

E;
2

* Splitting compute time variance of the pre-
cluster and in case of time discrepancy > 5ns
divides into quadrants forming new pre-clusters.

* Merging compares two close pre-clusters and
merges them if their spatial distance is <40 cm
and time difference < 2.5 ns.

* Adding incomplete cells to the pre-clusters,
comparing cell position and closest pre-cluster
centroid.

Under testing, validation and optimization
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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

@ DUNE / ND_Production  Public L\ Notifications

<> Code () Issues ‘1 {1 Pull requests (2 ® Actions [ Projects @ Security [~ Insights

F main v+ ND_Production / scripts /

Jeffrey Kleykamp Fixed typo in overlay code. Previous overlay using this script was 1 ... -

[ CMakelLists.txt

[ ProcessND.py

[ templatesh

% Fork 4 < star 0

Go to file

n 8 Jul O History
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=] DUNE/ND_CAFMaker Public L\ Notifications

<> Code (@ Issues 2 I% Pull requests 1 ® Actions [ Projects @ Security [~ Insights

# master + ND_CAFMaker / src / reco / ‘ A F M a ke r

9 chenel whoops, don't be lazy. put implementation in .cxx

 Common Analysis File
* Event Summary

[J IRecoBranchFiller.h Merge branch 'master’ into feature/TMSconverer to pick up ct o In put for Ana Iyses

[ MLNDLArRecoBranchFiller.cxx Merge branch 'master’ into feature/TMSconverer to pick up ct o SAN D CAF |m plemented
[ MLNDLArRecoBranchFiller.h getting rid of dt + parametrized reco ° CO ntent to be deﬁned
() NDLArProductFiller.cxx whoops, don't be lazy. put implementation in .cxx

[J NDLArProductFiller.h whoops, don't be lazy. put implementation in .cxx

() NDLArSummaryH5DatasetReader.cxx quiet print statements in NDLAr fillers

B NDLArSummaryH5DatasetReader.h once again, don't set a size_t to -1 (eyeroll)

[J NDLArTMSMatchRecoFiller.cxx Update matcher to use TMS distances in cm units, and not to convert L...

[J NDLArTMSMatchRecoFiller.h Update matcher to slightly different method (propagate the LAr track ..

[) SANDRecoBranchFiller.cxx Automatically enable or disable compilation of sand reco based on exi...

[J SANDRecoBranchFiller.h Automatically enable or disable compilation of sand reco based on exi...

B TMSRecoBranchFiller.cxx Move TMS reco branches to have lengths in cm, not mm, as to match LAr...

[J TMSRecoBranchFillerh Merge branch 'master' into feature/TMSconverer to pick up changes due...
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LAr Vessel Vacuum Sup Insulated
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8 2 n LT

730 Outer vessel
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P Honeycomh DETECTORS

\ fo Covers

1900 Super
_____ : insulatio
9| 1500 mm

Ecal

Honeycomb _|

CFR

6mm
Vacuum )

\

Inner Ves I
Ribs

Straps \

[ S —_
pad
c
3

Y

2000 5

°
3

08/11/2022 . G.Laurenti
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Internal vessel design

* Material AISI 316LN

* Internal pressure 1.5 bar
* Shell thickness 6 mm

* Cover thickness 16 mm

lssued by Atoboso Designnumber  FT3383

Tachnatics oo voi Cusonersrane  MALSEAL 120201
e — \Version A Asked by
HELICOFLEX® HN230 - Cross section=5.60/6.10
Outer jacket made of Al
2984.90 x ©996.10
Working Conditions
Application
Media o be seled Argon fiquide
Pression de service barl 00
Température de senvice [C] -1880
Vedia side Intemal
Seal Data
Sealstyie Hi230
Cross section [mm] 560
Diameter at seal load reaction (DJ) [mm] 990.50
Sedl D (4[] 6490
‘Seal OD (B) [mm] 996.10
Seding materil a
Prating N
Inner materal o
Spring materal Nimoric 50
Intemal imiter N
Leak tightness. Helium
Compression load (¥2) [Nimm] 280 %
Groove Data [ oo
Groove ID [mm] 582.80 ™ b 1D
Groove OD [mm] 996.60 -

Groove depth (n) (mm] sop=em

Compression value (¢2) fmm] LE =|

Diametrical clearance () [mm] os0

Roughness obtained as per Technetics cA

speciication Rel &-Ra2.2 in B
= =

Mirimum seatng load (Ff) [N] 9584182
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External vessel design

Aluminum alloy

Carbon fiber

Honeycomb
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Optical System: Lens

SIDES:
TOP/BOTTOM: 14 cameras

5 cameras

00 [-200 -too [ 100 200 200

(Units are mm)

R1=-R2 =-80.5mm

. f=88.8mm
Matrix of 32!32 Power and
SiPMs Optlcal Link | -
\ LAr+Xe I
1.26
1.59

LAr . LAr 5
‘ 2

\\ ASICs

— N 6ax64 mm?
Focal Plane ¥ 2mm pixels _—

Max thickness: €
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Optical System: Coded Aperture Mask
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GRAIN: Analytic Approach

3D reconstruction:
front-to-front lenses and using theoretical P, P and F

2cx’ (22 + y*)
f(z? 4+ y? + z2' +yy')
2cy/ (2% + 4°)
f(@® +y? +x2’ +yy')

x=(z,y), x =("y)

X, =—

Y=

¢ distance of the center of the lens from the center of GRAIN

f lens-sensor distance
WARNING: the labels X, and Y, are meant as the transversal 3D

coordinates to the projection direction
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3D RECONSTRUCTION WITH CODED APERTURE MASKS

Coded aperture mask techniques were developed as the evolution of a single pinhole camera
Matrix of multiple pinholes to improve light collection and reduce exposure time
Image formed on sensor is the superimposition of multiple pinhole images.

Advantages: Detailed description of Hadamard masks and
Good light transmission (50%) dannneaiulinn cughad
Good depth of field Eur. Phys. . C 81 (11) 1011 (2021)

Small required volume

Readout system with SiPM matrixes coupled with coded aperture masks. Object matrix

The custom reconstruction algorithm produces a 3D map of the deposited energy: —— -

* measured incident photons are propagated back into the LAr volume with an 1 |
appropriate weight assigned to voxels. H <]

* This weight represents the Bayesian probability of the voxel to be a source of the I
detected photons.

* A score in the segmented reconstruction volume is calculated by adding these weights.

Coded aperture
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Electron ID

used for electron identification in ECAL in addition to the longitudinal profile. We combine the following
13 variables into a ANN: (a) E/p; (b) fraction of total energy deposited in the layer 1; (c) fraction of
total energy deposited in the layer 2; (d) fraction of total energy deposited in the layer 3; (e) fraction of
total energy deposited in the layer 4; (f) fraction of total energy deposited in the layer 5; (g) asymmetry
(max-min)/(max-min) in the energy fractions among the 5 layers; (h) energy deposited in the first layer; (i)
maximal energy in a cell within the first layer; (1) total number of cells with deposited energy; (m) number
of cells in the first layer; (n) number of cells in the last layer; (o) ratio between the energy deposited in
the central cell and the one in the surrounding cells in the last layer. Figure 147 shows the distribution of
the NN output for electrons and pions and the corresponding sensitivity as a function of the NN cut. An
electron efficiency of 90% corresponds to a pion efficiency of about 6.4%.
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Proton/Pion
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Figure 148: Distribution of log(1 + dE/dzx) as a function of the momentum for protons (left plot) and pions
(right plot) in STT. The energy deposition in the gas mixture Xe/CO3 (or Ar/COy for modules with graphite
targets) of each straw crossed by the particle is used. Reconstruction effects are taken into account in the plots.
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Figure 150: Distribution of log(1 + range) as a function of the momentum protons (left plot) and pions (right
plot) in STT. The range includes the various passive targets.
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Proton ID with TOF and ECAL

m = p/(B7y). We combined the following 7 variables into a ANN: (a) In )\zg/ 1, from dE/dx as described
above; (b) total range; (¢) momentum measured in STT; (d) ; (e) reconstructed mass m; (f) flag determin-
ing if the track reaches ECAL; (g) maximal number of cells in ECAL. Figure 152 shows the distributions
of the corresponding NN output for protons and pions. With a 90% proton efficiency we obtain a pion
efficiency of about 1.1%. The same NN can be used to veto protons in the kinematic tagging of the leading
CC leptons described in Sec. 5.8.1. For this application we obtain a proton efficiency of 0.7% with a muon

efficiency of 95% (Fig. 152).
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Figure 152: Distribution of the NN output for proton identification (left plot) and corresponding sensitivity as
a function of the NN cut (right plot).
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Muon ID (l)

surface, while a significant fraction of pions stop or interact within the first 4 ECAL layers. We subdivide the
charged tracks in two categories: (i) tracks reaching the outermost layer 4; (ii) tracks stopping or interacting
in layers 0-3. For both samples, we initially disregard the pions crossing all 5 ECAL layers without interacting
and focus on the ones either stopping or interacting in ECAL. We start our identification algorithm from
the first sample and select 10 discriminant variables: (a) maximal energy in a cell; (b) asymmetry in the
cell energy (max-min)/(max+min); (c) total number of cells; (d) mean energy among the 5 layers; (e)
RMS of energy among the 5 layers; (f) asymmetry in layer energy (max-min)/(max+min); (g) energy in
outermost layer 4; (h) maximal energy in layers; (i) minimal energy in layers; (1) maximal number of cells in
layers. Figure 154 shows the distributions of these variables for muon and pion tracks. We combine the 10
variables into an ANN and train it with all muon tracks (signal) and with the sub-sample of pions stopping
or interacting in ECAL (background), as illustrated in Fig. 155. We select tracks with NN >0.28 as muon
candidates, with an efficiency of 98% for actual muons and 7.5% for pions (Fig. 156).
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Figure 156: Muon and pion efficiencies and sensitivity S/+/S + B as a function of the NN cut for tracks with
outermost energy in layer 4 (left plot) and the ones stopping or interacting in layers 0-3 (right plot).
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Muon ID (ll)

We apply a similar procedure for the second sample of tracks stopping or interacting within the first 4
ECAL layers. The following 8 discriminant variables are combined into an Artificial Neural Network (ANN):
(a) maximal energy in a cell; (b) total number of cells; (¢) mean energy among the layers; (d) asymmetry in
layer energy (max-min)/(max+min); (e) maximal energy in layers; (f) minimal energy in layers; (g) range
inside ECAL; (h) reconstructed momentum in STT. Figure 155 shows the ANN output. We select the cut
NN>0.49 based on the global sensitivity S/v/S + B including the events from the other sample passing the
cut in layer 4 (Fig. 156). The combined muon efficiency is 98% and the pion efficiency is 10.9%. So far we
have ignored the pions crossing all the 5 ECAL layers — total thickness about one interaction length A\ —
without interacting. Figure 157 shows the distribution of the layer 4 NN output for this sample. The same

NN cut above rejects about 43% of this pion sample, mainly due to the energy deposition in the ECAL
layers. The total fraction of pions passing the NN selection in ECAL is 23.7%.
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Figure 155: Weights of ANN variables (left plots) and ANN output (right plots) for muons and pions with
outermost energy in layer 4 (top plots) and for the ones stopping or interacting in layers 0-3 (bottom plots).
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Kinematical tagging of leading muon

system, since the total visible momentum vector is fixed (three constraints). We select the following four
kinematic variables [23]:

e ph: transverse momentum of the track candidate:;
e (,;: angle of the track candidate with respect to beam direction;

e yp;: ratio between the energy of the “hadron system” (visible energy minus track energy) and the
total visible energy;

e Rg,.: ratio between the transverse size of the of the “hadron system” (Q%) 1 and that of the full event
(Q%), where Qr component of the track momentum perpendicular to the total visible momentum.

P

K (e) i (e)

Right track pH Wrong track

Figure 174: Illustration of the kinematic tagging in CC interactions. See text for details.
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Kinematical tagging of leading muon

S o ot

We combine the four kinematic variables into an ANN, which is trained with the true muon tracks (signal)
and random hadron tracks from v, (7,) CC interactions in the FHC (RHC) beam with a number of possible
candidate tracks > 2. In order to take into account the kinematic bias introduced by the magnet yoke we
perform two separate trainings: (i) NN; using all candidate tracks; (ii) NN2 using only candidate tracks not
reaching the outer magnet yoke. Figure 177 shows the distributions of both the NN; and NNs3 outputs for
true muons and random hadrons in v, CC events.

The fist step of the muon tagging algorithm is the listing of all possible candidate tracks with the desired
charge within the same event. We veto tracks which are interacting within the STT tracking volume and
exclude them from the list of candidate tracks. Similarly, for the ™ tagging we apply a proton veto on all
positive tracks not reaching the outer magnet yoke. This veto is based on a loose cut on the ANN for proton
identification described in Sec. 5.4.2 and is required since protons typically have small momentum and are
emitted at large angles, similarly to the muons not reaching the outer magnet yoke.

For events in which more than one candidate track is present, we then calculate the value of the tagging
ANN for each candidate track. To this end, we use either the NN; training or the N N5 training, depending
on whether the track reaches the outer magnet yoke or not. In order to compare the numerical values of
both trainings we multiply NN2 by a scale factor ¢ = 15, which was optimized by maximizing the overall
muon tagging efficiency. We then rank all candidate tracks in descending order of the calculated value of
the tagging NN. We select the most likely muon candidate as the single track with the highest rank in the
list of all possible candidate tracks. Table 22 summarizes the resulting muon tagging efficiencies. Overall,
we correctly select the true primary muon in 99.1% of the v, CC events in the FHC beam and 99.3% of the
v, CC in the RHC beam. Figures 178 and 179 show the dependence of the tagging efficiency from the muon
momentum.
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Kinematical tagging of leading muon
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Figure 175: Kinematic tagging of p~ in v, CC from STT fiducial volume in the FHC beam: distribution of the
kinematic variables used in NN, for all CC events with > 2 negative tracks. See text for details.
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Kinematical tagging of leading muon
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Figure 176: Kinematic tagging of ™ in #, CC from STT fiducial volume in the FHC beam: distribution of the
kinematic variables used in NN for all CC events with > 2 negative tracks not reaching the outer yoke. See
text for details.
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Kinematical tagging of leading muon
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Figure 177: Weights of ANN wvariables (left plots) and ANN output (right plots) for g— (red) and random h—
hadrons from v, CC interactions in FHC beam. Top plots: all tracks from CC events with > 2 negatively
charged candidates. Bottom plots: sub-sample of tracks not reaching the outer magnet yvoke from CC events
with = 2 negatively charged candidates. See text for details.
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Kinematical tagging of leading electron

The kinematic tagging of e* follows closely the algorithm described above for p&i. We list all possible
track candidates with the correct charge within the same event, excluding tracks interacting within the
STT volume. We apply a proton veto on positive tracks after re-training the corresponding NN for proton
identification (Sec. 5.4.2) for the specific e/p separation, in order to take into account the different energy
loss of electrons and pions/muons. For events with more than one candidate track, we then rank the et
candidates in decreasing order of the tagging NN;. We use a single training since in the case of e* no
kinematic bias is expected from the magnet yoke. To this end, we do not re-train the tagging ANN, but
rather use the same training obtained from v, (7,,) CC events. While slightly reducing the achievable tagging
efficiency, this choice is primarily intended to reduce systematic uncertainties on the v, /v, and . /7, ratios
(Sec. 6.4). We select the most likely electron candidate as the single track with the highest rank. Table 22
summarizes the resulting electron tagging efficiencies. Overall, we correctly select the true primary electron
in 98% of the v. CC events in the FHC beam and 98.6% of the 7. CC in the RHC beam.
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