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 Event reconstruction at HEP experiments

* Tracking is pivotal

* Tracking strategies

* The tracking challenges

 How to achieve accurate, efficient and fast tracking for various detectors
* Track-based detector alignment

* Summary



The long long story...

The exciting papers




Event reconstruction at HEP experiments

Event generation| The interesting physics process

l Particles interact with detectors:

Simulation e lonization, Bremsstrahlung, Cherenkov,
l Nuclear interactions ...

Energy loss transferred to detector signals:

Trlgger Dlgltlzatlon e hit position, time, shower ...
l l Track, Vertex, Calo cluster
Reconstruction Reconstruction

High-level physics object
(e, u, v, jet, Missing energy)

Analysis



Event reconstruction at HEP experiments

Event generation| The interesting physics process

!

Particles interact with detectors:

Simulation e lonization, Bremsstrahlung, Cherenkov,
l Nuclear interactions ...
Tri Diqiti ) Energy loss transferred to detector signals:
rigger Igitization e hit position, time, shower ...
l l Track, Vertex, Calo cluster
Reconstruction Reconstruction

High-level physics object
(e, u, v, jet, Missing energy)

My talk will focus on this

Analysis



Tracking is pivotal



What is tracking >

Tracking Electromagnetic Hadron Muon
chamber calorimeter calorimeter chamber

* Reconstruct charged particle (e, u, photons
charged hadrons) trajectory from tracker -
signals e
muons
* [Estimate charged particles properties 2t p
- Momentum via curvature in B field ;
n
- Charge e
.o . . Innermost Layer,,, ————3 ,,.Qutermost Layer
- Origin and direction i oL
- Velocity (dE/dx)
Resolution
(" 3 =y
- Tracking
E& ———U(p):apeab
Tracker, calorimeter and muon chamber C p
are complementary to each other! Calorimetry
‘ O’(E)%i
. e
" E(p) (GeV) "

Sketch from J.-B. Sauvan




Tracking is about vertex reconstruction

5

)

}’/} > 17 reconstructed
i l;' 7y [,’5(/’2 vertices
* Pri t tructi Wiy =z
rimary vertex reconstruction use R \ W ATLAS
estimated track parameters of SRR \\\ '/ 17 ;{ b EXPERIMENT

charged particles as inputs

- Vertex finding

* Associate tracks to vertices

- Vertex fitting =7

. ;;A ,)>;\\ =
70 A\

. g =270 W\
 Estimate vertex position ZrE '.%%,,/;/ il \\\\

: =72 1IN\

NN

o <7 FE 4 MW
//'/4/4,_ Y 4/,!‘5/ ; !
i 4 o, / 149,

e byl

I DI

'lliv TR \ %

."é’. N l‘fi\“\y\%\‘\?}\\‘; A
Tens of additional proton—proton collisions
accompanying the hard-scatter interaction,
l.e. pile-up (u)




Tracks/vertices are not just about charged particles

Jets and missing energy reconstruction

- Better pT resolution for low pT tracks and
angular resolution provided by tracker

- Tracks/vertices are crucial for pile-up mitigation
(needs precise jet-vertex association)

Jet flavor-tagging (b, c or light-flavor jet)

- Impact parameters, secondary vertices and
length of flight

And track-based alignment of detectors!

JVF[jet2, PV1] =0
JVF[jet2, PV2] = 1

JVFjet1, PVi] =1 -f
JVFjet1, PV2] = f

Eur. Phys. J. C 76, 581

b-jet

Displaced
" Tracks

Prompt
Tracks

Jet


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-016-4395-z

Tracking strategies




Track parameterization

* Helix trajectory of charged particle in : '
homogeneous solonoid magnetic field

* Described by five (or six) parameters

- e.g. L=(locO0, locl, phi, theta, g/p, 1)

L1 L L PR T T A |
) -500 0 500 1000
track x [mm]
track

Solved numerically using
Runge-Kutta-Nystrom method

Track parameter represented Track parameter represented
at the perigee w.r.t. beam line at detector local surface


https://doi.org/10.1016/0029-554X(79)90163-0

How to find & fit tracks ?

. « Raw data converted to cluster/drift circle S
Input preparation . : S
* Formation of 3D space point ==\

Track finding

}

Track fitting

!

Vertex and physics
object reconstruction



How to find & fit tracks ?

Needs calibration and

alignment database

Input preparation - i
P p| P * Formation of 3D space point AT

v
Track finding

}

Track fitting

!

Vertex and physics
object reconstruction

« Raw data converted to cluster/drift circle




How to find & fit tracks ?

Raw data converted to cluster/drift circle

Input preparation _ _
PHEPIEP Formation of 3D space point _—

ldentify measurements to individual tracks

Track finding - Global method : Hough transform, Graph Neural Networks

i - Local method: Cellular Automaton, Combinatorial Kalman
Filter (CKF)
Track fitting  Estimate the track parameters
- Least-square fitter . )
i — Kalman fllter "4/ extrapolated from A to B

Vertex and physics e Dot
- - ,’ 4
object reconstruction {? ssonsuced gacl

Vteesee A anes W



https://docs.belle2.org/record/418/files/BELLE2-MTHESIS-2016-006.pdf
https://exatrkx.github.io/
https://docs.belle2.org/record/418/files/BELLE2-MTHESIS-2016-006.pdf

How to find & fit tracks ?

Input preparation

Raw data converted to cluster/drift circle A N

* Formation of 3D space point =)
| —
v _ L '
" * Identify measurements to individual tracks <oy
Track finding -
- Global method : Hough transform, Graph Neural Networks 1=\, /
i - Local method: Cellular Automaton, Combinatorial Kalman - } T,
i TP
Filter (CKF) _ /f"
Track fitting - Estimate the track parameters /j’
- Least-square fitter ) k v’
i — Kalman fllter extrapolated from A to B

Vertex and physics
object reconstruction

* Allow recalibration and realignment

* Track fitting and finding could be
merged with Kalman-filter approach

| Dasiet A ages W

| true track


https://docs.belle2.org/record/418/files/BELLE2-MTHESIS-2016-006.pdf
https://exatrkx.github.io/
https://docs.belle2.org/record/418/files/BELLE2-MTHESIS-2016-006.pdf

The Least-square fitter for track fitting

] . ] Pi(mi, A) = 1 1 (mz—hz()\)>2
e Simultaneously taking into account all measurements W A= SR o

\}

* Cons: OO0 2
X* = Z (WJ—}M) = —2In £ + const.
- Computationally expensive (large size matrix operation i ’

— Consideration of material effects is non-trivial

- Extensions for non-Gaussian noise and non-linear models are difficult



The Least-square fitter for track fitting

_ ) _ Pu 'A)—L l(mi—hi()\)>2
* Simultaneously taking into account all measurements W) = o SR g\ T 5

* Cons: OO0 2
X* = Z (WJ—}M) = —2In £ + const.
- Computationally expensive (large size matrix operation i ’

— Consideration of material effects is non-trivial

- Extensions for non-Gaussian noise and non-linear models are difficult \

@ 0.05——T—r— )

* Superseded by the Kalman filter, but still used I Aot o esieasum ]
if at least material effects can be considered, g UF o sacasume ki
e.g. the General Broken Lines (GBL) 2 fitter £ o.0ak e

g kel i

- Used for e.g. beam test tracking for : ]
detector characterization — LA :

0.0‘If— —f

e g Py ] by IR N
-0.04 -0.03 -0.02 -0.01 O 0.01 0.02 0.03 0.04

xlrk_xhit[m m]


https://www.desy.de/~kleinwrt/GBL/doc/cpp/html/

The Kalman Filter-based track fitting and finding

Progressively consider measurements

Extrapolate from k-1 to k iteratively: prediction +

Backward smoothing when forward filtering is done
Pros:

Straightforward handling of material effects

Allow track finding alongside fitting using CKF
- Extension-friendly

For non-gaussian noise, e.g. bremsstrahlung energy loss
— Gaussian Sum Filter (GSF)

For non-linear measurement model
- Second-order KF!

Comput Softw Big Sci 5, 20 (2021)

Frc:;m A Salzburger


https://doi.org/10.1016/S0010-4655(03)00292-3

The tracking challenges
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Much more dense environment

* Much increased combinatorics with high pileup More sensitive to rare ph_Y'CIS’
at future hadron colliders, e.g. and far more combinatorics!
- ~T7k particles/event with <u> = 200 at High
Luminosity LHC (HL-LHC) <p> up.to 200 ATLAS
- <u>=1000 at FCC-hh (currently, ~60) AT

e Much increased CPU needs

10 Estimated CPU resources needed for

event processing at ATLAS

Run 3 (u=55) Fun 4 (u=83-140) Run 5 (u=165-200)
'E l_ | T T T I T T T i | ‘I T T I T T T | T T T I T T L] {b‘ T T T I _I
S 80" ATLAS Preliminary 2
= 70 C 2020 Computing Model - CPU =
% C o Baseline ot 3
= 60F * Conserv:':llive R&D =
i - v Aggressive R&D fiag -
£  pof-— Sustained budget model =
[=% - : ey JUBPES CLELY S
= C (+10% +20% capacity/year) (5 i -
= C o A7 3
2 A0F 4 LHCC common scenario __-,Q 5 —]
S - (Conservative R&D, 1=200) ¥ -
> 30F =
(@] g 3
S  20F =
c L —
c | —
< ik m

L l L 1 1 I 1 L 1 | L 1 L I L 1 L | L 1 1 I L L 1 | L 1 1 I
02020 2022 2024 2026 2028 2030 2032 2034

Year


http://cds.cern.ch/record/2729668
http://cds.cern.ch/record/2729668

More complicated detector geometry

* For example, new built-in radial strips for the
ATLAS Phase Il Inner Tracker (ITk) Strip endcap

* And then we got lost in the complexity with
various coordinate transformations

- The ATLAS Software (Athena) release was long
broken for ITk before 2018

— The reconstruction software (Eutelescope) for the
ITk module test beam was not usable

ATLAS ITk endcap

ATLAS ITk endcap
module RO geometry

Measurement frame varies with
the strip orientation& different to
local sensor frame

And we also have the Geant4
Hit frame, Global frame...


https://iopscience.iop.org/article/10.1088/1742-6596/513/5/052022
https://arxiv.org/pdf/2011.10356.pdf

More complicated detector geometry

DESY.

Wir machen Erkenntnis mglich. : T
* For example, new built-in radial strips for the G §
ATLAS Phase Il Inner Tracker (ITk) Strip endcap e,

* And then we got lost in the complexity with
various coordinate transformations

- | The ATLAS Software (Athena) release was long R ) BN et
broken for ITk before 2018 N O ot
LR, M D i o
- | The reconstruction software (Eutelescope) for the W o e g
ITk module testbeam was not usable a0 -

Lots of efforts to put things in order after
sorting out the transformations!

J

W
tl L S (‘{‘M- *I':~ e4a ) lere oh) S5 ofiactt alon o
iﬂﬁ:sw ngumwu..w“ “"w:f %LCD YJ___ Sl TR



https://iopscience.iop.org/article/10.1088/1742-6596/513/5/052022
https://arxiv.org/pdf/2011.10356.pdf

Outdated software framework

* Tracking software used at experiments are often
developed before first commission data, i.e. ~tens of
years old

- Old design
- Poor portability

— Maintenance is a painstaking!
e Optimization of current old software is never easy

* New technology and architecture is there!

The Next Big Thing: C++20

18 October 2019
B share .
Contents [Show]

C++20 will be the next big C++ standard after C++11. As C++11 did it, C++20 will change the way we program modern C++. This change is,
in particular, true for Ranges, Coroutines, Concepts, and Modules. To understand this next big step in the evolution of C++, let me put it in
this post in the historical context of C++ standards.

C++98iCH++11] o= | cra7  (C+420
e e o




How to achieve . and

tracking for detectors?

l. Develop a new high performant common tracking toolkit

17



The A Common Tracking Software project

s> | | .
* To prepare a modern open-source experiment- a‘ts < 1
independent tracking toolkit for current and future il i
detectors based on LHC tracking experience Experiment-independent toolkit for
(charged) particle track reconstruction in
- Targeting at HL-LHC, but also for Belle-Il, FASER, (nigh energy) physics experiments

implemented in modern C++

SPHENIX, ALICIE, EIC, CEPC...

¢ acts.readthedocs.io
* To provide an open-source R&D platform to explore R Ty
new techniques, parallelization and acceleration e

physics-experiment

[0 Readme
58 MPL-2.0 License

[F] Code of conduct

(2 Cite this repository =

CPU GPU Releases a9
Multiple Cores Thousands of Cores

© v15.0.0 (Latest)
19 days ago




The ACTS developers team

 10~15 active developers on Core project

— ATLAS heavy, but increasing external contribution

Nov 81 2015 — Dec 4, 2021 Contributions: Commits +

Contributions to main, excluding merge commits and bot accounts

60
40
20

o
2016 2017 2018 2019 2020 2021

Contributors a0

bt
K

¥
-y

Joined the core development
in early 2019

+ 29 contributors

supported by

ACTS is one of the four
projects in IRIS-HEP
($25M from National
Science Foundation)

* Bundesministerium
fiir Bildung
und Forschung

P— == UNIVERSITE
CE’RW %) DE GENEVE .
/) cooperations

Jonannes GUTENBERG

UNIVERSITAT mamnz

@ @ (intel
rree) v QO

BERKELEY LAB

=" CERN
1< openlab

e



ACTS fosters collaboration

* World-wide users from particle and nuclear physics, collider and non-collider experiments
- >10 experiments
« ATLAS, Belle-ll, ALICE, sPHENIX, FASER, EIC, CEPC, LUXE, PANDA, Muon Collider ...
- >15 institutes
« CERN, LBNL, ORNL, UC Berkeley, Stanford University, DESY, Universite at Bonn...
- ~45 forks of the acts repository
* Regqular/irregular discussion between developers and experiment users
- ATLAS, FASER, sPHENIX, ALICE, EIC...

£ ® 9
sPHERNIX
ATLAS International The E|ectl’0n-|0n CO“lder

EXPERIMENT HLI E UON Collider
/ Collaboration A machine that will unlock thg,secrets of the strongest force in Nature




ACTS design

* Modern C++ 17 concepts
e Highly-templated design
- Detector and magnetic field agnostic
« Strict thread-safety to facilitate concurrency
* Supports for contextual condition data

- Concurrent event execution with different
Geometry/Calibration/Magnetic field in flight

* Minimal dependency (Eigen)
* Highly configurable for usability

e And well-documented !

https://acts.readthedocs.io/en/latest/

A Acts

Docs » Acts Common Tracking Software €) Edit on GitHub

e

-
a { tS Acts Common Tracking Software

N’
Acts is an experiment-independent toolkit for (charged) particle track recanstruction in (high
energy) physics experiments implemented in modern C++.
The Acts project provides high-level track reconstruction modules that can be used for any tracking
detector. The tracking detector geometry description is optimized for efficient navigation and fast
extrapolation of tracks. Converters for several common geometry description packages are
available. In addition to the algorithmic code, this project also provides an event data model for the
description of track parameters and measurements.

Key features:

« Atracking geometry description which can be constructed manually or from TGeo and DD4Hep
input.

« Simple event data model.

« Implementations of comman algorithms for track propagation and fitting.

How-to guides

* Run the FAst TRAck Simulation

= ACTS Material Mapping Tutorial

= Run the seeding example

= Run the SYCL seed finding tests

= Run the truth tracking examples

+ Run the CombinatorialKalmanFilter (CKF) tracking example

« ACTS Vertexing Tutorial - Example: Adaptive Multi-Vertex Finder (AMVF) - Pythia8
= Run the alignment examples



https://acts.readthedocs.io/en/latest/

The tracking tools in ACTS

A light-weight test
framework with
application
examples

A fast simulation
engine

Core tools for track propagation, track
fitting and track finding, vertexing...

W Clusterization

[ Definitions
@ Alignment B EventData
W C fn Geometry
M Core B»  MagneticField
B8 Examples » Material

f» Propagator
BB Fatras

I Seeding
B8 Plugins

W Surfaces

Tests

5 M TrackFinding
B cmake B TrackFitting
W docs Pm Utilities
Bm thirdparty Bn  Vertexing

[ Visualization

Autodiff
Cuda
DD4hep
Digitization
Identification
Json
Legacy
Oonnx

Sycl

TGeo

Plugins to support R&D
on new techniques!



The tracking tools in ACTS

A light-weight test
framework with
application
examples

A fast simulation
engine

Clusterization

Core tools for track propagation, track
fitting and track finding, vertexing...

[ |

[ Definitions
lﬁ Alignment @ EventData
W C fn Geometry
M Core B»  MagneticField
a Examples B Material
I f» Propagator
BB Fatras

I Seeding
B8 Plugins

W Surfaces

Tests .

5 a TrackFinding
B cmake lj TrackFitting
M docs I Uiilities
Bm thirdparty i Vertexing

(ﬁ Visualization

Autodiff
Cuda
DD4hep
Digitization
Identification
Json
Legacy
Oonnx

Sycl

TGeo

Plugins to support R&D
on new techniques!

I'll be happy to
help there!



The detectors used for development

The TrackML detector E :

The CERN Open Data Detector

16 17 18
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2
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8
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ACTS tracking performance: track parameters estimation

5000 A

4000 A

Events/ 0.1
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5000 A

4000 +

w
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10001
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Single muon 400 MeV < pT
< 100 GeV, |eta|<2.5
TrackML detector, Bz=2T


https://arxiv.org/pdf/2106.13593.pdf

Improve tracking precision with second-order KF

 The (extended) KF used in HEP is optimal for

linear system

* Tracking precision is degraded by significant

non-linear effects with large incident angle

Events/ 0.2

———— EKF: mean= 0.14, RMS=1.31
1000 —#— NLKF: mean=-0.13, RMS=0.94
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Improve tracking precision with second-order KF

* Application of second-order
correction for KF in HEP for the
first time!

- Corrects the bias and
improves resolution of track
parameters significantly!

* The implementation will be ready
for deployment in ACTS soon!

Single muon (20<pT<100 GeV)
Open Data Detector, solenoidal
Bz= 2T (ATLAS-like)
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ACTS tracking performance: efficiency and fake rate

«  >99% tracking efficiency and <0.01% fake rate for tt at <u>=200 (~3000 charged tracks/event)

Tracking efficiency

110
& Truth-propagated-seeded tracks
105 A A Reco-seeded tracks
—= 100 A
x ] LY
< ¢ ®ec0 000000000 0,, , ,*°2
5 95 ALAAAA, ,AApaAAaAAAL
M A
E 901 A A
[4}]
o A
" 85-
g - s
o
- 2
80 A i
75 1
70 T T T T T
-2 -1 0 1 2

arXiv:2106.13593v1

Truth n

0.08

0.07 A

Fake rate (%)
o o o
o o [a]
= (9] [=)]

o
o
w

Fake rate

& Truth-propagated-seeded tracks
A Reco-seeded tracks

-1 0 1 2
n

sqrt(s) = 14 TeV, tt, u =200
TrackML detector, Bz= 2T



https://arxiv.org/pdf/2106.13593.pdf

ACTS CPU performance

e Efficient CPU utilization even with contextual geometry

* Pure track fitting time ~ 0.2 ms/ track for ~15 detector layers with a single thread

CPU utilization (C)KF time
Bl Static geometry —8— KF with truth-generated seeds

0.8 W Contextual geometry " —#— CKF with truth-generated seeds
[«}]
£
= —
D 0.6 34
v +—
o =
1] Qv
o o
S | T 2
c 0.4 £
i =
(8]
4
[ 4

0.2 A1 g

0.0 Y

' 0 [1, 24] [25, 50] [51, 63] 64 0 50 100 150 200 250 300
Number of threads utilized simultaneously <u=

_ sqrt(s) = 14 TeV, tt, u =200
arXiv:2106.13593v1 TrackML detector, Bz= 2T



https://arxiv.org/pdf/2106.13593.pdf

ACTS application examples

ATLAS ITk (HGTD) PANDA silicon SPHENIX silicon

—

BELLE Il FASER

arXiv:2106.13593v1



https://arxiv.org/pdf/2106.13593.pdf

ACTS application example: Muon Collider

Great potential for discovery in the multi-TeV Plots from K. Krizka

@ energy range! B A A
/‘1[?5?83'&?:! _ _ 0 - Truth Trk (Acts) .
cotiaberation - F\\ measurement, Higgs couplings, new resonances w0t —— Truth Trk (Marlin) ~ —|
DM search ... - 1

0.08- -

i Improved precision and .

] speed (~200X faster?) =

0.04] than iLCsoft =

Hit density is 10x HL-LHC B ]

N due to Beam Induced e -

~——  Background (BIB) G D 0 BT TR RORreL D
T — 6 4 2 3 4 5°6 7 8 9§ 10

%2/ nDOF

Fit Library Execution Time
ACTS 0.5 ms/evt
ILCsoft 100 ms / evt

Muon Collider Detector



https://arxiv.org/pdf/2005.10289.pdf
https://link.springer.com/article/10.1007%2FJHEP06%282021%29133
https://muoncollider.web.cern.ch/design/muon-collider-detector
https://indico.cern.ch/event/1062146/contributions/4552429/attachments/2323876/3957784/mcc-20211007.pdf

ACTS application example: sSPHENIX ZEIENGS

) N

e Study quark-gluon-plasma, partonic structure of protons and nuclei in p+p, p+Au, Au+Au

— Au+Au collision produces ~1000 tracks/ event

 ACTS provides good tracking resolution needed to resolve high momentum jets

- AppH < 0.2%-p (GeV) for pT > 10 GeV tracks

 ACTS provides X8 faster tracking than GenFit package

o, )b,

- Total tracking time is 10 s/event (fitting time: ~1 s/event)
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SPHENIX simulation
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ACTS Single Track Fit Time [ms]

Comput Softw Big Sci 5, 23 (2021)
e e e L e S

1.8 SPHENIX simulation

1.6 The time per track ft: ~0.7 ms

1.4 for ~50 layers
1.2
1
0.8
0.6
0.4
0.2

Qs b lae, raea by e bas g by baw o b oo lasy

8 10 12 14 16 18 20

pT[GeWc]



https://github.com/GenFit/GenFit
https://link.springer.com/article/10.1007/s41781-021-00068-w#Ack1

ACTS application example: ADENIUM beam telescope

* Beam telescope is a key instrumental tool
for particle detector prototyping

* Combined tracking fitting and finding with
CKF much ease the tracking process

* Good time performance allows online
track reconstruction and visualization

— Event processing rate up to 20 kHz in
a single thread!

ADENIUM beam telescope
developed by Y. Liu

Online visualization of
two tracks in one trigger



How to achieve
tracking for

Il. Parallelization, acceleration and ML

L .

and

detectors?
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The GPU-accelerated track fitting

* ALICE, LHCb. CMS are exploring GPU for HLT trigger Comput Softw Big Sci 5, 20

See Poster at ACAT21

* The first look at heterogeneous computing in ACTS
was porting a full KF to GPU

- ~4.5X speed gain for >1000 tracks!
— But not detector agnostic yet

{ --®- [Cori-Haswell-CPU] Custominverter g Sys. CPU SXCXT CéOCk fie Mem. (GB)
e -®- [Cori-Haswell-CPU] Eigeninverter o (GHz)
E i'V100-GP "
(" COMNTR0:GRURG St eTeer 1 Intel Xeon E5-2698 v3 (Cori-Haswell-CPU) 2x16x2 2.30 128
1 Intel Xeon Phi 7250 (Cori-KNL-CPU) 1x68x4 1.40 96
7 2 Intel Xeon Gold 5115 (NAF-SL-CPU) 2x10x2 2.40 376
1 2
E 10 3
l Sys. FP32 cores FP64 cores Clock rate  Mem. (GB)
10" 4 _.h,;,_!-;';_',- =¥ 1 GV100-SXM2 (Cori-V100-GPU) 5120 2560 1.53 16
| &-¥ 9 GP100-PCle (NAF-P100-GPU) 3584 1792 1.48 16
S T PR L TR s P R 137 2 GV100-SXM2 (NAF-V100-GPU) 5120 2560 1.53 32

The number of tracks


https://link.springer.com/article/10.1007%2Fs41781-021-00065-z
https://indico.cern.ch/event/855454/contributions/4596414/attachments/2351330/4011393/584_poster.pdf

The current ACTS parallelization R&D landscape

e Active on-going development towards a full track chain on GPU in ACTS community

- Needs general solutions for difficulties with GPU: C++ STL containers and algorithms not
usable, polymorphism not supported ...

vecmem  Public Designing STL-like containers

Vectorised data model base and helper classes. for both CPU and GPU

@®c++ W8 ﬁiﬁ MPL-2.0 "3’ 7 @ 2 (1 issue needs help)

detray  Public Geometry navigation without runtime
Test library for detector surface intersection polymorphism based on indiced surfaces

(boundaries, transformations, material...)
®cCc++ 17 4 EIEMPL-Z.O ?39 4 @ 5 (3 issues need help)



Machine Learning-based tracking algorithms

ML is widely deployed in tracking domain
— GNN for track finding (e.g. Exa.TrkX)

- Evolutionary algorithm for parameters tuning

—  DNN based track classification

— KNN for surface prediction

The microsoft ONNX plugin was implemented in
ACTS to allow deployment of ML solutions

Open Neural Network Exchange

The open standard for machine learning interoperability

ONNX s an open format built to represent machine learning models. ONNX defines a common set of operators -
building blocks of machine learning and deep learning models - and a common file format to enable Al developers to use
models with a variety of frameworks, tools, runtimes, and compilers. LEARN MORE >

400

200

4]

= =200

See poster at ACAT21

=400

—&00

—B00

=1000 —-BOO -600 —400 -200 o 200 400 600
X

¥ main ~ acts/Plugins/Onnx/src/

msmk0 ci: Use clang-format 10 (#614) ...

(3 MLTrackClassifier.cpp

(3 OnnxRuntimeBase.cpp


https://arxiv.org/pdf/2012.01249.pdf
https://exatrkx.github.io/
https://www.epj-conferences.org/articles/epjconf/pdf/2021/05/epjconf_chep2021_03071.pdf
https://indico.cern.ch/event/942858/contributions/3978661/attachments/2088605/3509098/IrinaEne-ACTSDevsMeeting-081820.pdf
https://www.epj-conferences.org/articles/epjconf/pdf/2021/05/epjconf_chep2021_03053.pdf
https://onnx.ai/
https://indico.cern.ch/event/855454/contributions/4596500/attachments/2352846/4014348/643_poster.pdf

Track-based detector alignment
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Tracking can help with detector alignment

First ATLAS ITk Endcap strip RO
* Alignment is necessary to provide accurate description of module at testheam in 2017

detector placement (translation + rotation)

(o JIPS 2
000 OC2nQo

ssumed Target

* Misalignment will deteriorate the track resolution, but

tracking can notice and correct the misalignment L LLLLLLL R Acua Tage
- e.g. a mistake of moving DUT to wrong target, > L
“ AMANMANRN ~
detected by the dedicated tracking for radial strips o

-

Angular residual vs. local position

ouT

ROH1_ASIC24 0.4

0.1

‘Reverse’ the
4, Strip index!

32

30
=0,

g
|III|III|I

; e 0.3
gClear systematic bias/panien’y | I

10 12 14 16 18 20 22 24 26

28
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How to do track-based alignment?

* Estimation of alignment parameter o that is
common for a sample of tracks by minimizing the
total »* w.r.t. to track parameters x. and o

=D = ) s — hi(@(@), TV — hi((@), 6)]

i

r
a= Ty, Ty, T Ry Ry,R;

C . . How to get Aa :
* Found the best a by minimizing the 2, i.e. bt Lmp il e Mot penry e

-sumChi2SecondDerivative. fullPivLu().solve(sumChi2Derivative);

dy’ Oy It
— 1 i da? d -
— 0= = with Via*zo ‘ @ Ly @la, |
¥ M B Solved with LU decomposition dXZ
i _ Ty-1 T\ /-1
. . ) claimed stable and well tested with large matrices dx 247V (V —HCH ) Vo,
- Needs to obtain Aa via solving: py
: —A = 24Ty ! (V—HCHT) VA,
‘ r = m-—h(x,@) The track residual }—» da?
d? X2 dXQ ‘ Vv The measurement covariance » | The first and second derivatives for a
. A S . single track is calculated in
2 —_ kp _ — k¥p Acts::detail::trackAlignmentState (#234)
d ¥ d dh(x)|  The projection matrix from /
H = ax (bound) track parameters T 4
X o to measurement

C The global (bound) track parameters covariance with correlation between track
parameters at different measurement surface taken into account

Calculated by Acts::detail::globalTrackParametersCovariance

A dr,  The derivative of residual w.r.t. alignment parameters
= — — 4
ke Ba,

Calculated by Surface::alignmentToBoundDerivative




Using KF for track-based detector alignment

 KF-based tracking is commonly used, e.g. ATLAS and CMS experiments

- KF-based alignment is more straightforward than 2 fitter based alignment

A KF-based alignment prototype in ACTS has been developed and looks promising!

residual of loct residual of loc2
) F ] e
L co e W/O mislalignment 2 E e W/O mislalignment
= C ——— W/ misali t = F —— W/ misalignment
|_|=J 50000 _— e o—a—— W/ m:z;:g:mz:t and alignment| LICJ 60000 :_ - ———— W/ misalignment and alignment
40000 50000 3
B 40000
30000 -
C 30000
20000 -
- 20000 [
10000 — 10000 -
- B . . | . .
0 -0.2 0 0.2

|
-

loc2

Single muon, TrackML
detector, Bz=2T



Summary
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Summary

* Tracking is pivotal to reconstruction in HEP
* Tracking has direct and indirect impact to physics precision
* Tracking is non-trivial and can be more challenging at future HEP experiments

* Modern performant common tracking software (ACTS) is being developed and gets
worldwide users from >10 experiments



Summary

* Tracking is pivotal to reconstruction in HEP
* Tracking has direct and indirect impact to physics precision
* Tracking is non-trivial and can be more challenging at future HEP experiments

* Modern performant common tracking software (ACTS) is being developed and gets
worldwide users from >10 experiments

* Qutlook
— There are still tools to develop and optimize in ACTS

- Interplay with experiment frameworks is the key to make a real generic toolkit

Collaboration is always welcome!

GitHub https://github.com/acts-project I acts-developers@cern.ch
4 B4 acts-users@cern.ch
O https://mattermost.web.cern.ch/acts/channels/town-square B4 acts-parallelization@cern.ch

Mattermost




Backup




Q&A



Track parameter propagation

* Magnetic field is usually non-homogeneous.

— The particle motion equation needs to be solved numerically

* The fourth-order Runge-Kutta-Nystrém method for | d?y(x)

W = f(mayay!)

kl - f(mnayn:y:z)

- h o, R, h
kZ — f(:l:n + E:yn + Eyn + gklvyn + §kl)

o
w
I

h h, R, h
f(iﬁn + ann + Eyn + gklayn + §k2)

h2

h
' o n
E. Lund et al. 2009 JINST 4 P04001 Ynt1 = Yo+ (k1 + 2k + 2k + ka)

h2
Yn+1 = UYn + hyq’:z + E(kl + kQ + kS)



ACTS Surface

Acts::Surface is the key component of

. Surface types in ATLAS SW
tracklng geometry

a) CylinderSurface local helper frame b) DiscSurface
hY

— Surface concepts are largely
transcribed from ATLAS SW ‘

global frame

Different concrete surfaces have
different local coordinate definitions and
shapes

— Shape is described by
Acts::SurfaceBounds ) PlancSurface




ACTS Track parameter propagator interface

Integrating particle transport & geometry navigation
Highly-templated design emphasizing on speed and customizability

adaptive
. step |

start parameters estmation 1

Y - 5 Extendable<>
destination surface JNHGIELEIE Stepper F\YEtelalelifoRlSTeba | =1[61=10) 0 result
............................... _ L >

Options<Aborters, Actors>

Navigator

v
Extendable<SurfaceReached> Aborter

Extendable<Materiallnteractor,
KalmanActor> Actors ™"




ACTS vertexing

* Iterative fitting-after-finding

- Iterative Vertex Finder (IVF) (used at o]~ 10vecomnctoneticeney
ATLAS Run—2) % 126 ® ACTS AMVF optimized for <u> = 60 -
=
* Finding-through-fitting £ y L
. . . g 80 - ) - /‘/./ ]
- Adaptive Multi-Vertex Finder (AMVF) (to £ A o
g P = e 8
be used at ATLAS Run-3) 5w Py
AMVF timing performance E 2] ,4;-/'/ :
tAM\’FATLASItRMVFACTS 0 r.ﬁ({- T T T T T T
r 20 40 60 80 100 120 140
aE- CPU performance speed-up w.rt. True number of pp collisions
1; 3 ATLAS implementation
osE- See B. Schlag’s slides



https://indico.cern.ch/event/831165/contributions/3717103/attachments/2024665/3386509/acts_vertexing_slides.pdf
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