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| I

e Tracking and vertexing: key ingredients to reconstruct collisions at the LHC
e Reconstruction needs to be efficient, precise, pure and quick

e Complex combinatorial problem in high pile-up and/or high interaction rates scenarios as in Run 3 at the LHC

Compact Muon Solenoid A Toroidal LHC Apparatus Large Hadron Collider beauty A Large Ion Collider Experiment
(ATLAS) (LHCb) (ALICE)

Reconstruction algorithms renewed to handle Major detector upgrades and renewed data flow to
higher average in-bunch pile-up ({u)) collisions significantly increase the collected statistics in Run 3, 4




Common basic concepts of tracking

e  The tracking can be summarized in these 4 main steps:

1
C?Seeding: built “short tracks” to be used as seeds for longer tracks
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Track fitting: use the points found during the track finding to
calculate the track parameters and covariance matrix
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calculate the track parameters and covariance matrix

4
OTrack selection: apply quality criteria to reduce
the fraction of bad-quality and fake tracks




Common basic concepts of tracking

e  The tracking can be summarized in these 4 main steps:

1
C{/Seeding: built “short tracks” to be used as seeds for longer tracks ’ /

Track finding / pattern recognition: search for additional
hits to prolong track seeds to other tracking layers

®

Track fitting: use the points found during the track finding to
calculate the track parameters and covariance matrix

4
OTrack selection: apply quality criteria to reduce |

the fraction of bad-quality and fake tracks ’ Iterative tracking:

2 / e remove assigned clusters
Primary vertexing: find the beam collision e restartusing unused
point(s) as the minimum-distance point clusters
among tracks

e Different experiments implement the procedure in a
Disclaimers ____________________________________________, different way (different detectors, algorithms, ...)

o Talk focuse.d. on charged-particle reconstruction o e  This presentation: summary of tracking and vertexing in
. — no explicit references to muon-chamber tracking

R S . . ALICE, ATLAS, CMS and LHCb



CMS - Silicon Tracker and tracking
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Hermetic tracking system within || < 3
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4 e Y more in backup
400~ == \|| [I@ I \@ % 1. Tracker Inner Bgrrel (TIB) S o
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Seeding: 3D points from pixels and/or at least two mono-stereo
layers in the Silicon Strip Tracker

Track finding / pattern recognition
e Outward KF + further inward search of further hits
e cleaner/filter (in each iteration) using shared hits and quality
requirements

@ Track fitting
Outward KF initialized at the innermost hit

Smoother: second filter initialized to the result of the 1% one
Final track parameters: weighted average
[teratively repeat the above to reject outlier hits

@ Track selection: quality selections to reduce fake tracks
e DNN-based since Run 3 (CMS-DP-2023-009)

Combinatorial Track Finder (CTF)

e Combinatorial Kalman Filter (CKF): pattern
recognition + track fitting
e Iterative tracking —different track categories in

each iteration

iter. 5

_________

iter. 3

10 iterations (+ 2 for
p-chambers)

iter. 2

iter. 4

iteration N
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CMS - offline tracking & arxivi2304.05853v1

&) CMS-DP-2022-018

Pattern recognition Parallelized and vectorized CKF

optimization in Run 3:

[ J

e MATRIPLEX: custom library to optimize memory access to track cov. matrices in KF
e Similar physics performance as Run 2 CKF
[
[ J

I MATRIPLEX | _—p!
: Kalman-fitter :,_ -7 : Significant speed up (simplified tracker geometry)
: algorithm (mKkFit) ! I @ Used by a subset of tracking iterations reconstructing ~90% hard-scattering event
------------ ! : tracks
’ 14 TeV 14 TeV
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Only iterations improved by mkFit All tracking iterations
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CMS - HLT tracking and vertexing cemscusorzzon v§~j

@ 2014 JINST 9 P10009 @ arXiv:2008.13461v1 )""_ /é

e  High-Level Trigger (HLT): streamlined version of the offline reconstruction software on

. more in backu
a farm for large reduction in data rate P

“CMS - HLT tracking
and vertexing”

e  HLT track seeding and vertexing based on pixel detector only

: e HLT pixel tracking ported to GPUs — heterogeneous computing with CUDA (Nickolls et al., 2008)

PATATRACK _
: e Better physics performance and throughput
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ATLAS - ID and tracking

Transition
Radiation
Tracker

Silicon
Detectors

Nominal

Interaction  /

Point

@ Eur. Phys. ]. C (2017) 77:673
& ATL-PHYS-PUB-2021-012

more in backup
“ID and tracking”

ATLAS Primary Tracking

%, Space Point & Drift Pixel & Strip o Ambiguity
Circle Formation Seed Finding jLEsceEling Resolution
o
O% i
o
Boop.
%0ag | ATLAS Back-Tracking

TRT Segment Finding in Calorimeter ST Ambiguity
Track Finding Resolution

Regions of Interest

/Primary tracking (INSIDE-out) — primaries

Seeding: triplets in pixel + SCT
Track finding: CKF to extend tracks outwards up to SCT outer layers
Track ambiguity solver

o track scoring based on hit topology (holes, shared hits) and

quality (2 ...)
o neural network (NN) to minimize inefficiency due to merged

clusters

Global fitting + extension to TRT (+ re-fit) )

Inner Detector (ID) tracker (|n| < 2.5) @

@ Pixels @ Silicon SemiConductor Tracker (SCT) -

@ Transition Radiation Tracker (TRT)

_______________________________________

TRT Extended
Track Refit

e N
Back-tracking (OUTSIDE-in) — secondaries,

y-conversions w/o silicon hits

e Seeding and pattern recognition starting from TRT

e Inward tracking — include silicon segments missed
by primary tracking

e Hits assigned to tracks by INSIDE-out not

considered




& Eur Phys. ]. C (2017) 77:332

ATLAS - Run 3 Optlmlzatlon & ATL-PHYS-PUB-2021-012

@ ATL-PHYS-PUB-2019-015
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Run 2: p =20-40 Challenge Reduction of single-thread CPU timing for tracking per bunch-crossing
M
{} Laresource consumption
S~ > track quality o> 100 = = I | | T =
Run 3: p ~ 50 o =] ATLAS Preliminary 3
O 90 ATLAS Tracking CPU/Event
© = 2018 Data Reconstruction I
: ) = 80Pl D ___ (W) =90
Several improvements for Run 3: c = 3
1.  Tighter selections for the ambiguity solver 5 /0 3 factor ~2 gain from E
. . . X C | tt iti =
2. More stringent conditions for track seeding and ° 60E pattern recognition =
. - optimization -
track finding 50 3
3.  New primary vertex (PV) reconstruction 408 DL @ B — — 3
algorithm: Adaptive multi-vertex fitter (AMVF) 30 B RS T T T~ 7‘:‘
U
. . 10 =
e Reduced fractions of low-quality and fake tracks = : | : =
_ . ot | | | =
e Improved PV reconstruction efficienc 8y N, 8 S A Se A, Ay
p y Seling be OZM;T’aCk/h;th’ack/h:ed angy P:t:ther QC/\—,,ed 8gjp nl:‘/’”a/ ODI/}DI.ZLR T
2
@ arXiv:2304.12867 hanges ~ Clls Srn a0 Ston

more in backup

» o, Large Radius Tracking (LRT): further reconstruction pass to recover non-pointing
‘ATLAS - Run 3 optimization

tracks from displaced decays (strangeness)
e run only on ~10% Run 2 data; enabled in Run 3 reducing fake-track fraction

Run 3




ATLAS - Run 3 performance

Tracking

e Near linear scaling vs. (i) with Run 3 reconstruction

50000 g7 . : . . . . g P 0000
S 45000 EATLAS Preliminary | 3 k5000
= E Run 2 Data Reconstruction =N 3 2
G 40000 EATLAS Tracking CPU vs <> = = §+0000
35000 ELHC Fill 6291 ) < | —= 5000
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& 0.4F E 0.4
02555253635 90,0-2
(n)

chain
o {w ~ 50: CPU usage lower of ~40% than Run 2
o (w ~ 50: pattern recognition runtime ~3 times

lo

wer (1.5-2 others)

e  AMVF recovers up to 35% of the reconstructable

primary vertices at high (i), lost by the Run 2 algorithm

(Iterative Vertex Finding)

Tracking

Primary vertexing

@ ATL-PHYS-PUB-2021-012

@ ATL-PHYS-PUB-2019-015

)

ALICE
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r ATLIAS Preliminalry ! !

Run 2 vs 3 data reconstruction
Speedup vs (W)

LHC Fill 6291

—=— Ambiguity resolution

—e— TRT

—¥— Track finding
Miscellaneous

1
I
I
I
I
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Run 3 scenario
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more in backup
“ATLAS - Run 3
performance”



LHCD - upgrades in LS2

Challenges
e bunch-crossing (BC) rate up to 40 MHz
e pile-up: <p>~1.4 — <pu>~5

¢

Detector upgrades (tracking only!)

Side View EcAL HCAL M4 MS

B<1.05T

Magnet

M3

SciFi ICH2 M2

Tracker

3

Locator |

qu 1
% bl M Lm
= e T

_>“£§“‘(’C
e Vertex Locator (VELO) 2<py<5

o [old] Si strips — [new] 26 Si-pixel layers

pstream Tracker

o 4 layers of high-granularity Si micro-strips
e Scintillating Fiber Tracker (SciFi) + Si
photo-multipliers (SiPMs)

o 3 stations X 4 SciFi layers

=

&) 2022 JINST 17 C01046
& LHCb TDR 015
& Comput Softw Big Sci 4, 7 (2020)

mfaggin@cern.ch
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Renewed data flow

4TB/s
30 MHz non-efhpty pp ¢

FULL
DETECTOR
READOUT

TB/s

All numbers related to the|dataflow are
taken from the LHCb

Upgrade Trigger and Ofiline TDR
del TDR

r: in;

| 4
PARTIAL DETECTOR
RECONSTRUCTION
> & SELECTIONS >
4 (GPU HLT1) 70-200

0.5-1.5 -

MHz

GB/s l

FULL DETECTOR
RECONSTRUCTION
& SELECTIONS
(CPU HLT2)

REAL-TIME
ALIGNMENT & & S
CALIBRATION [ I

6%
CALIB
EVENTS

A

1.6 :
GB/s 4

26%

Level-0 hardware trigger (~1 MHz) — software trigger to be (~30 MHz

non-empty pp collisions)

10 > FULL P
EVENTS H
GB/s
[
68% WM '
TURBO 25
EVENTS &
GB/s

1. GPU High-Level Trigger 1 (HLT1)

— Real-time alienment and calibrations —

2. CPU High-Level Trigger 2 (HLT2)




LHCb - HLT1 with Allen @ oSt gt 72020

_ Allen: A High-Level Trigger on GPU’s for LHCb 1 .
B=0 ) e Seeds from three hits on
e Cheaper and more scalable than CPU alternative . .
, consecutive layers (triples)
T e Chosen as baseline of the upgrade e Extension to other layers
LI L e Implemented with O(200) Nvidia RTX A5000 GPUs with linear KF
x  VELO

Z

VELO
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_ Allen: A High-Level Trigger on GPU’s for LHCb J/ .
B=0 ) e Seeds from three hits on
e Cheaper and more scalable than CPU alternative . .
consecutive layers (triples)

Chosen as baseline of the upgrade e Extension to other lavers
e Implemented with 0(200) Nvidia RTX A5000 GPUs with linear KF g

[
I
x  VELO @
e Extrapolation of VELO
Z

UT tracks to UT
e Momentum estimate from
bending

VELO UT




LHCb - HLT1 with Allen @ oSt gt 72020

B=0
IRIIIIEEEES
IR WY
x  VELO

Z
VELO

B>0

e Chosen as baseline of the upgrade
e Implemented with O(200) Nvidia RTX A5000 GPUs

Allen: A High-Level Trigger on GPU’s for LHCb
Cheaper and more scalable than CPU alternative

UT

UT

SciFi

Seeds from three hits on
consecutive layers (triples)
Extension to other layers
with linear KF

Extrapolation of VELO
tracks to UT

Momentum estimate from
bending

VELO+UT tracks
extrapolation to SciFi tracker




LHCb - HLT1 with Allen @ oSt gt 72020

B=0
IRIIIIEEEES
IR WY
x  VELO

Z
VELO

B>0

Allen: A High-Level Trigger on GPU’s for LHCb
Cheaper and more scalable than CPU alternative

Chosen as baseline of the upgrade
Implemented with 0(200) Nvidia RTX A5000 GPUs

UT

SciFi Kalman :ﬁrlgger line
A |

Muon detector

1 Mhz
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Seeds from three hits on
consecutive layers (triples)
Extension to other layers
with linear KF

Extrapolation of VELO
tracks to UT

Momentum estimate from
bending

VELO+UT tracks
extrapolation to SciFi tracker

KF to improve dca resolution
VELO-only KF in HLT1

(speedup)

Parallel fitting of 2-track
secondary vertices (SV)
Trigger selections (tracks
and/or SV)




LHCb - HLTl Wlth Allen &) LHCb-DP-2021-003
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Allen: A High-Level Trigger on GPU’s for LHCb
e Cheaper and more scalable than CPU alternative more in backup

e (Chosen as baseline of the upgrade “LHCb - HLT1 with Allen”
e Implemented with O(200) Nvidia RTX A5000 GPUs

> L A A o B EEER 4
() 1+ | = L -

= B or00:0:0-0:0 *1910.0:0:0:0.%10:010.0,4:10.4.9.% 1444 0 1 N néos 0Se0e0soectes d

-5 i o LHCb simulation | 8 [ oa.ee“"" 1

= 0.8 o Forward tracks ~ — @ 0.8 s LHCb simulation ;

i . - . - " 4 CPU based ]

| ] - —4— GPU based -

0.6 L E Allen, not electron ] 0.6_— * jAA [ | Distribution MC ]

i N\ o ] i A & Distribution CPU based |

04 N pt distribution, not electron 0.4 [ ela —4— Distribution GPU based ]

B Long from B, 2 <n <5 i . i Jﬁ; ]

02 ] 0.2f [ M

- . : S Y

Ol ew o o o v 0 T o LI AN AT AT AR AR AR AN

0 1000 2000 3000 4000 0 10 20 30 40 50 60 70
P [MeV] number of tracks in Primary Vertex

e Tracking efficiency >90% for p.>1 GeV/c

e PV efficiency > 90% (95%) for VELO tracks > 10 (20)
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@ Matching: neural network trained on MC to match VELO and T tracks @ Forward tracking: VELO+UT-track
extension to SciFi (# hits > 10)

VELO tracking kVELO tracks ) Matching |—

] \kResidual VELO tracks )
HXEJJ&%S;?@“g k T tracks ) k Long tracks )\

e all tracking layers used ~| Forward tracking
e best p resolution — analysis

@ 1 T e e T T §064‘° L B LA B B B B B =
U i 0000000 eetete, "teente 0yt T g U.oOr ; —_—
= - s P Do RL e ‘Tl'iilu = B E RURHEE RN Upstreamtack
= | -~ o QO QTR Y e P { ([lj) ] o o 05 F E T T21
@ gl 4§ g osg :
o B e 4 5 L C ]
e C LHCb Simulation ] 2 5 04 - 3
i 0.6 e —%— g, ,note’ - %’ g . ] \I/ELO
O —3— ¢ e T = B 03F - y
£ - = HLTZ™ . . 1 a S s R VELO track
o - p.. distribution, note” 1 ¢, =~ o ]
S 04}H e i z ‘ T
= s p, distribution, e 419 02 & =
= i 4 £ C ]
b Long from B, 2 <n <5 E : E - = z SciFi
0.2 0.1F
i ] E oene. _‘l."'_.o-"'.ﬁ*’:..mi ¢ E_
ol 1, b AT A =i U g ey g e B ey g Wy T
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
p. [MeV] p, [MeV]
. . . ~ 900 ) ;
e Tracking efficiency for hadrons and p—B ~ 90% (> 95% for p..> 1 GeV/c) more in backup
e Fraction of fake-tracks ~ 6% for p..> 1 GeV/c “LHCD - tracking in HLT2"

e Larger atlow p,. (multiple scattering)



&) ALICE-TDR-018
&) ALICE-TDR-016
@ J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002

ALICE - upgrades in LS2

&) ALICE-TDR-019

Challenges

e Interaction rate (IR) up to 1MHz (pp, Vs = 13.6 TeV)

IR~ 50 kHz (Pb-Pb, Vs, = 5.44 TeV)

N

Detector upgrades

pad plane

Inner Tracking System

Time Projection Chamber
(ITS) upgrade — || < 1.3

(TPC) upgrade — || < 0.9

Muon Forward Tracker

(MFT) - 25<#54<3.6 —2.2<n7<6.3, -69<y<-23

D
Fast Interaction Trigger (FIT)

Renewed data processing

Overlapping events in TPC with
realistic bunch structure
Pb-Pb @ IR = 50 kHz

2 ms TF shown
11 msin 2022 (128 orbits)
2.8 msin 2023 (32 orbits)

02%: new framework for online/offline data <2

reconstruction and analysis 4
Continuous readout of Time Frames (TFs)
Data reconstruction developed in synchronous

+ asynchronous phases

J. Liu, “Run3 performance of new
hardware in ALICE”




ALICE - mid-y tracking in Run 3, 4

e Continuous readout of Time Frames (TFs)
e A priori track-to-collision association not possible
e FIT detector

a. excellent time resolution (6 < 18 ps)
b.  good correlation with PV reconstructed
with global tracks in the central barrel



ALICE - mid-y tracking in Run 3, 4

e Continuous readout of Time Frames (TFs)
e A priori track-to-collision association not possible
e FIT detector

a. excellent time resolution (6 < 18 ps)
b.  good correlation with PV reconstructed
with global tracks in the central barrel

@ <

Time-matching between ITS and TPC

TPC standalone ITS standalone
tracking tracking

e Main challenge for 35x data compression in
synchronous reconstruction
o TPC: ~3.4 TB/s — ~ 70 GB/s (|50x)
e Ported to GPUs
e Up to 100x gain with GPUs compared to 1-core
CPU (backup)




ALICE - mid-y tracking in Run 3, 4

.\ more in backup “ALICE - data processing in Run 3, 4”
more in backup “ALICE - mid-y tracking in Run 3, 4”

e Continuous readout of Time Frames (TFs)

e A priori track-to-collision association not possible
e FIT detector

a. excellent time resolution (6 < 18 ps)
b.  good correlation with PV reconstructed
with global tracks in the central barrel

@ <

Time-matching between ITS and TPC

TPC standalone ITS standalone
tracking tracking

@

“Afterburner” algorithm
TPC standalone unused ITS
tracking clusters

Useful to recover efficiency for
V0/cascades decaying within the ITS




impact parameter resolution (um)
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L i — 200_ ] C\{) T | T T T | T T T | T T T | T T T T T T I T T |:
- ALICE Performance | 5 180 ALICE Performance 1 3 0.009F ALICE Performance K2
- * . —.ALICE Performance 1 2 ) i :
" Run3pp, (s=13.6 TeV | & 0. Run3pp, (s=136TeV R SRS SASA T E
- 7l <0.8 1 2 - Inl <0.8 1 % o007 ¥l <0.5 E
- 12 140 8o \ ]
E ] () C 1 g w 3
B 1 o u ] 0.006 =
r ] 2 120: ] § #% 1
: rg-projectior 1 2 100 sy 7-projection 1 g 0.005 1 E
Fo e — Data 1 8 _F . Data ] £ w :
s - MC simulations. | & 80f L “MC simulations ] € *°* W _______ " E
F N 1§ 60 e 1 2 0003 WWQ
F \\ +-o- ] Q C . -\.-'.'_._ ]
: Yy ey 1 E 40 ST, ] 0.002 N "
R :._‘é 20F T gt 0.001 =
. . . & 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 Il Il | 1 Il Il | 1 1 IE
1 10 107" 1 10 0042 046 048 05 052 054 056
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Pointing resolution to the PV of ~35-40 pm @ p.. =1 GeV/c e Nice performance for KOS — m'n” signal

2x (4-5x) better performance in re (z) compared to Run 2 reconstruction in 2022 Pb-Pb data

Fine-tuning on TPC calibrations/ITS alignment ongoing to fix residual
mismatch with MC

First Run 3
Pb-Pb data!

more in backup
“ALICE - tracking performance in Run 3, 4”




Summary
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e Excellent tracking and vertex performance for ALICE, A Large Ion Collider Experiment A Toroidal LHC Apparatus
ATLAS, CMS, LHCb experiments (AL]CE) (ATLAS)

e Several improvements in place for Run 3
o  pile-up handling
o  improved tracking in trigger
o  improved tracking in dense environment
o  multi-threading and algorithm optimization

e Experiments ready for fruitful data taking, reconstruction
and physics analysis in Run 3!

Large Hadron Collider beauty
(CMS) (LHCb)

C. Sonnabend, “Particle identification”

J. Liu, “Run3 performance of new hardware in ALICE”

Thanks P | lot for “This work is (partially) supported by ICSC — Centro Nazionale di
Ricerca in High Performance Computing, Big Data and Quantum

= ( : : s s
the attentlon Computing, funded by European Union — NextGenerationEU”.
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2021 2022 2023 2024 2025 Jl 2026 2027 2028 2029
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' Run3 { Long Shutdown 3 (LS3)
| ANNARARRRAARRRANENY

Tracking and vertexing: key ingredients to reconstruct
collisions at the LHC

Reconstruction needs to be efficient, precise, pure and quick

Complex combinatorial problem in high pile-up and/or
high interaction rates scenarios as in Run 3 at the LHC

Disclaimers

This presentation: summary of tracking and vertexing in
ALICE, ATLAS, CMS and LHCb

Talk focused on charged-particle reconstruction
— no explicit references to muon-chamber tracking

Compact Muon Solenoid A Toroidal LHC Apparatus

Reconstruction algorithms renewed to handle
higher average in-bunch pile-up ({u)) collisions

Large Hadron Collider beauty A Large Ion Collider Experiment
(LHCb)

(ALICE)

Major detector upgrades and renewed data flow to
significantly increase the collected statistics in Run 3, 4




&) 2021 JINST 16 P02027
&) 2008 JINST 3 S08004

CMS - Silicon Tracker and tracking

&) 2014 JINST 9 P10009

& arXiv:2304.05853v1, CMS-DP-2022-018 mfaggln@cern ch
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Silicon Tracker —p B=38T

00 02 04 06 038 1.0 12 RUN2 |—
glmoj @ ' 4 Combinatorial Track Finder (CTF)
PR —— L]
so—————— | [| | | || | | e Combinatorial Kalman Filter (CKF): pattern recognition + track fitting
600 7;:;;:: |‘ |‘ |‘ || || || |‘ e Iterative tracking —easiest topologies first (e.g. high p,, primaries)
) w (1 F="= y | y lh ||| L e Different settings in seeding/track finding in each iteration to look for
=TT different track categories (next slide)
‘ I T— 1000 1500 2000 \o / \ y
z S E 7 — c——F— N =3 7
e CMS Phase-1 pixel detector (|7] < 3) %% Vi v Ve \ bd
o mid-n: 4 layers L1-L4 — r=2.9 - 16.0 cm NS =3 X—F
o  forward-s: 3 disks (D1-D3) on each end Y Reconstruct Clean Reconstruct )
e  Silicon Strip Tracker 4 ] ] )
1. Tracker Inner Barrel (TIB) MATRIPLEX Kalman-fitter algorithm (mKkFit)
e 4 barrel layers (r <55 cm) . .
2. Tracker Inner Disks (TID+-) ° P_ara.lllellzed .and vectorized CKF
e 3 disks with 3 rings on each side (|z| < 118 cm) e Similar physics performance as the CKF
3. racker Outer Barrel (TORB) e Significant speed up
e 6 barrel layers (r> 55 cm, |z| < 118 cm) e Used by a subset of tracking iterations
4. Tracker EndCaps (TEC+-) reconstructing ~90% hard-scattering event
e 9 disks with up to 7 rings on each side (|z| > 118 cm)
tracks
(N -

Hermetic tracking system within |y| < 2.5

RUN 3



& 2014 JINST 9 P10009
@ arXiv:2304.05853v1
& CMS-DP-2022-018

CMS - offline tracking

iter. 3 iter. 4

iter. 2

iter. 1

iterationN | ...

10 iterations (+ 2 for p-chambers)

iter. 6 iter. 5

\

Seeding: starting from the inner part of tracker, despite the larger
track density
e pixel granularity (66M in 1m?)— 10-100x lower occupancy than
outer strip layers
e 3D points from pixels and/or at least two mono-stereo layers in
the Silicon Strip Tracker(double-side strips — matched hits)
e higher efficiency, also to ease low-pt track reconstruction
Track finding / pattern recognition
e QOutward KF + further inward search (add seeding hits; recover
ro regions excluded using matched hits to reduce seeding
combinations)
e cleaner/filter (in each iteration) using shared hits and quality
requirements (it.1, 2: remove tracks with # sh. clusters > 19%)

@ Track fitting
o QOutward KF initialized at the innermost hit

e Smoother: second filter initialized to the result of the 1% one
e Final track parameters: weighted average

@ Track selection: quality selections to reduce fake tracks

sy
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HLICE Exre
mfaggln@cern ch

4 N
Parallelized/vectorized seeding and track finding

e minimized branching points

o  TRKFIND parallelized in multiple levels

(different events, #, z-/r-/¢p- sorted seeds)

e  distributed workload

o Intel® Threading Building Blocks (TBB)
e memory accesses minimized and optimized
o  MATRIPLEX: custom matrix library to

optimize memory access to track

candidate cov. matrices in KF
. simplified tracker geometry — tracker
mKkFit : :
details stored in 2D (r or z, ) map
%
. [ ZEC 14 TeV
) F CMS L i events ((PU)=65) ] FCMS L events (PU)=65)
< 0-9? Simulation prelifainary - bynly mKFit iterations < 0.9 Simulation prelifninary-Iay tracking iterations
0.8 — Total time for *Run3 (no mkFit) 0.8 1t time of *Run3 (no mkFit)
0.7F-alliterations of *Run3 (mkFit) 0.7 Run3 (no mkF) = 1 +Run3 (mkFit
OGiRunS no mkFif) =1 F
e up to X6.7 0'6;_
] (single iter.) 0.5¢ X 1.7
0.4F 0.4F
03¢ X 35 S —
0.2 0.2
0.1F - 0.1F
0~ bu&'e'm.as,(seew Buig I F/n;,,y‘ Solecy,, ey 0" 75@%1%5/(39% Sug,  Ftng  Solecy,,  Othe,

Only iterations improved by mkFit All tracking iterations



& FrontBig Data 3 (2020), 601728 ETN = Ok ]
‘ ATLASh S

CMS - HLT tracking and vertexing &cmscusorazon i
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14 TeV
T

e  High-Level Trigger (HLT): streamlined version of the offline reconstruction software on oy NP P A R U B A
< = A 4 S -1
a farm for large reduction in data rate S R e M
e  HLT track seeding and yvertexing based on pixel detector only HLT-Run3: 1 step “té E v meso o 1
HLT-Run2: 3 steps Selections 3 3 1]
I = i 1
N — 0.6 —
Selections PATATRACK iter. 0 at least 3 pixel hits, p.>0.8 GeV/c T i 1
. . NP B o VeV b Sl 1 0.4¢ ]
iter. 0 4 pixel hits, p.>0.8 GeV/c I e "HLT pixel tracking ported to GPUs 1
] _ _ I — heterogeneous computing with CUDA (Nickolls et al., 2008) 1 0.2
iter. 1 4 pixel hits, p,>0.4 GeV/c : — seeding via Cellular Automaton algorithm :
_ _ ; ® Validation with CMS open data from 2018 (backup) and Run3 3 _'2 : _'1 : (‘) : '1 : é 3
iter. 2 4 pixel hits, p,>0.4 GeV/c I projections with simulated pp @ 14 TeV with ttbar events | )
around jets (calo + iter 0, 1) I e Better physi ‘ dth hout . Simulated Track n
physics performance and throughpu | 3 | ' | | | 1aTey
N N e g CcMS it events
HLT pixel primary vertexing 200" BN 1 3 T § imulation prefiminary <PUz=83
= L R R RN A R R HRLARRE <) F t events B
1. Track selection (# hits >4, p, > 0.5 GeV/c) E 1800 E § 18- S, <rissss e * . g
2. Clustering = 1605 T et enviched data ni 0.8f s LT ikl Verixing 1 Run3 HLT Tracking o
o track ordering based on z distance from ¢ 140 T Mmambles e 3 ! PRz il Vereng ] P RCEE R i Y ‘
beam-spot 5 120? 7; E 0.6 ety i
o “gap clustering”: tracks with Az < 2 mm @ 100> Run 2 13 111 ~15x 4o T2
split into separated vertices x 80F % B 04 e n
N . . 2 b iz ]
3. Fitting via Adaptive Vertex Fitter A - ] I souml T
o annealing to avoid local minima g 4212: '---.::::::::!:::::!::::u::::::é 0.2; Run 3 Run 2 1 40 :im— |
— Resolution from “splitting method”: two & L1 R 0 00, P .5 %’ NS PR O O S VR . ‘ A R ,
track subsets, ¢ from Gaus fit of the difference 5 10 15 20 25N30m§5r 4?"45 k50 0 40 50 60 70 8 90 100 2 2 4 0 1 2 B
| of the two fitted vertices umboer ot tracks £ B Verees ) Simulated Track 1




@ Eur. Phys. ]. C (2017) 77:673

ATLAS - inner detector and tracking ezt

Z

Inner
Detector
(ID) tracker

(Inl <2.5)

e [barrel] 3 layers + insertable

=
_§ B-layer (IBL)
= ® [endcap] 3 disks on each side

2. Silicon SemiConductor Tracker (SCT)
e Strip detector

e [barrel] 4 double-strip layers

e [endcap] 9 disks on each side

Silicon

3. Transition Radiation Tracker (TRT)
e Straw-tube tracker
" — tubes 4 mm wide
® e [barrel] 0.5<r<1
e [endcap] straw tubes _L beam line
within 0.8 m < |z| < 2.7 m

ATLAS Primary Tracking Transition

Space Point & Drift Pixel & Strip
Circle Formation Seed Finding

ATLAS Back-Tracking

TRT Segment Finding in Calorimeter Track Finding Ambiguity Norminal

Ambiguity

] Resolution Track Refit

rrrrr
aaaaaaaaaa

Silicon

Resolution Interaction
Point ;

Regions of Interest

(Primary tracking (INSIDE-out) — primaries

e Seeding: triplets in pixel + SCT
e TRKFIND: CKF to extend tracks outwards up to SCT outer layers

e Track ambiguity solver
o scoring based on hit topology (holes, shared hits) and quality (¥, ..
o track-quality selections (e.g. # hits > 7; shared clusters/track < 2)

)

o neural network (NN) to minimize inefficiency due to merged clusters

e Global fitting + extension to TRT (+ re-fit)

J

-

Back-tracking (OUTSIDE-in) — secondaries, y-conversions w/o silicon hits

e Seeding and pattern recognition starting from TRT
e Inward tracking — include silicon segments missed by primary tracking
e Hits assigned to tracks by INSIDE-out not considered

~N




& Eur Phys. ]. C (2017) 77:332

ATLAS - Run 3 Optlmlzatlon & ATL-PHYS-PUB-2021-012

@ ATL-PHYS-PUB-2019-015

mfaggin@cern.ch 34/26

T T B Challenge @ Large Radius Tracking (LRT): further reconstruction pass to recover
: lh IYresource consumption non-pointing tracks from displaced decays (strangeness)
V > track quality 5 10— T T T T
o~ 0. El B ATLAS Preliminary A
Run 3: p~ 50 O  90F ATLAS Tracking CFlU/:Even)t/ =
© E 2018 Data Reconstruction I
= 80E [ D m — — = — (W =90
@ Tighter selections for the ambiguity solver 5 70F factor ~2 gain from | 3 _
—pixel + SCT hits > 8 (old: 7); |dca,, |< 5 mm (old: 10 mm) | > 60E pattern recognition | 3 Reduction of
—low-quality tracks reduced 50 @ optimization - | &i lle—threafld LU
- R — 3 timing for
@ Back-tracking only for regions of interest with E deposit B DO - " E i
. . £ E tracking per
in EM calorimeter (E.. > 6 GeV) 30E /; :
5 . - -~ 7 | bunch-crossing
—fake-tracks from TRT inward seeding 20x reduced 20 g =
@ INSIDE-out seeding improved using IBL 10; : : | : : : _5
fake-track s, Ve 8 Fury Seey Ay, A
— fake-tracks reduced “SCling beforiw”;;'ack/hgac;qra’f‘k//‘:eda”dP:t:er ac/rre :dreglsz ;D;alopt’(: tf ’
. . . " T ” i2e 2atio,,
@ Restrict angular window for seeding based on the ges s i ing
lowest p T to be. OO ) Iterative PV finding (IVF) Adaptive multi-vertex fitter
— combinatorial reduced = speed increased _ N
iterative x* minimization (AMVF)
@ Additional optimizations e tracks weighting based on 3D e track weights for more than
e Early in.terruption of TRT extension w/o enough % between current PV Y 1 vertex at a time
compatible h1t.s N position and track DCA %% & e convergence to 1 vertex due
— TRT extension faster (~30%), same efficiency O ek seeEE e (o o to deterministic annealing
e |New algorithm for primary vertex (PV) reconstruction vertex at a time OLD NEW




ATLAS - Run 3 performance

550000 e g rep 0000
S 45000 ATLAS Preliminary I 3 115000
E E Run 2 Data Reconstruction =} B
& 40000 EATLAS Tracking CPU vs <u> : | = 10000

35000 E-LHC Fill 6291 ) o} 3 35000
E Run 2 Reconstruction =1 3
80000 E—e— Run 3 Reconstruction without LRT 8 1 = £0000
25000 =—e— Run 3 Reconstruction 7} | — \ 5000
20000F- ™ IR $0000
15000 E- § ! 3 / 15000
10000E- &l S 0000
5000E- 5000
. T T Il | \
o 1.2 1.2
R 1
E o -
T o8 g 0.8
2 06F 0.6
& 0.4F : 0.4
0285525~ ""36 35 20 90,0-2
(n)

¢ B0y °

% [ ATLAS Simulation Preliminary /Z °
¢ 50 Vs=13TeV 7

he) F A AMVF, ) - E
5] C - S s ]

e [ --o- IVF tt K\Q\ e AAA_

S 40 —— AMVF-MATCHED & 2 e

= [ —=— AMVF-MERGED ;¢ e Amﬁ I E

o A

@ F = AWVF-SPLT o L o d
& anl. —e AMVF-FAKE & e o 3
o 30 & RS ol —

P} = & ) (\'b S -

- L > K0 ]

= C e O I ]

) L & & ]
= 20— <7 S - °
o C N2 ]

o - oo ]

S N O .

5 r N .

[0} = e N
o L o~ ]

g o) I N E U P S e Sy

z 0 10 20 30 40 50 60 80

Number of pp interactions per bunch crossing

(43

Run 2 runtime / Run 3 runtime
'S

@ ATL-PHYS-PUB-2021-012

@ ATL-PHYS-PUB-2019-015

IIIIIIIIY[IIYY|||TYIIITYII!IYII|IYrIlYY||lYII|_
r ATLAS Preliminary

[ Run 2 vs 3 data reconstruction
Speedup vs ()

LHC Fill 6291

—=— Ambiguity resolution
—e— TRT
—¥— Track finding

Miscellaneous

Ruh 3 scenario

LA L L

Lo b b by by

Not bn_‘GﬁL‘
LHC Fill 7358

-0
T T

o b e b b b b v na Liiaa |
20 25 30 40 45 55

60

'ANANYNNANY
80 85 90

w

)

ALICE

sy
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Performance on Run 2 data
o fill 6291: 2017 data in good
runlist (GRL)
— standard data quality

e fill 7358: 2018 data not in
GRL

Stronger-than-linear scaling vs. (i) with Run 2 reconstruction chain
Near linear scaling vs. (i) with Run 3 reconstruction chain

o

(W ~ 50: CPU usage lower of ~40%

o {w ~ 50: pattern recognition runtime ~3 times lower (1.5-2 others)
only ~40% total CPU (~64% in Run 2)

ATLAS Preliminary

AMVF recovers up to 35% of CPUTIVE (A L)
the reconstructable primary ot
vertices at high (u), lost by the = wuoN
IVF EGAMMA
m TAU
PFO
W JETETMISS

OTHER

RUN 2 RECONSTRUCTION 122

20 %

a%

s9

1% 215
a%

23
a%

TAU 1002
PFO
s m JETETMISS

ATLAS Preliminary
RUN 3 RECONSTRUCTION

e CPU TIME [A.U] T
R 7%
INDET
CALO
28
= MUON 0%

o BTAG
LRT * =
OTHER s



LHCD - upgrades in LS2

Challenges
e bunch-crossing (BC) rate up to 40 MHz
e pile-up: <u>~1.4 — <p>~5
® £ a2 X103 cm™?st, £ ~50fb™ (Run 3,4)

=

Detector upgrades (tracking only!)

Side View

HCALI

ECAL

B<1.05T

Magnet

M4 M3

M3

SciFi ICH2 M2

Tracker

3

Locator |

,ﬁ
%wﬁ
i
H—
H—

_>“£§“‘(’C
e Vertex Locator (VELO) 2<py<5

o [old] Si strips — [new] 26 Si-pixel layers

pstream Tracker

o 4 layers of high-granularity Si micro-strips
e Scintillating Fiber Tracker (SciFi) + Si
photo-multipliers (SiPMs)

o 3 stations X 4 SciFi layers

&) 2022 JINST 17 C01046
& LHCb TDR 015
& Comput Softw Big Sci 4, 7 (2020)

mfaggin@cern.ch
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Renewed data flow

4TB/s
30 MHz non-efhpty pp ¢

~ 0.51.5 T
PARTIAL DETECTOR MHz >
RECONSTRUCTION
P || s sececrions >
4 (GPU HLT1) 70-200

TB/s GB/s l

FULL
DETECTOR
READOUT

AIII(nur:bers ;elatedl:o the|dataflow are FULL DETECTOR
taken;fromitheiLHC RECONSTRUCTION )
Upgrade Trigger and Ofiline TDR & SELECTIONS 10
r: in, del TDR (CPU HLT2) GB/s

REAL-TIME
...... ALIGNMENT & 1 EERRSU
CALIBRATION

Level-0 hardware trigger (~1 MHz) — software trigger to be (~30 MHz

non-empty pp collisions)

6%
CALIB
EVENTS

26% 4
FULL
B
events [l l
N
TURBO

EVENTS 2.5
GB/s

1.6 :
GB/s 4

1. GPU High-Level Trigger 1 (HLT1)

2. CPU High-Level Trigger 2 (HLT2)

Real-time alignment and calibrations —




LHCb - HLT1 with Allen @ oSt gt 72020
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B>0 > T T T T
B=0 Allen: A High-Level Trigger on GPU’s for LHCb o Ir P P
= . 9 B g LHCb simulation |
e Cheaper and more scalable than CPU alternative 2 03k - Forward tracks ]
REEE i e Chosen as baseline of the upgrade @ fr o=
e e Implemented with 0(200) Nvidia RTX A5000 GPUs osf | o i miorn
)ﬁ VELO 04 I pt distribution, not electron ]|
E Long from B, 2 <n <5 ]
UT 02 .
L ., N
: : : Muon detector O """ Tooo 2000 3000 4000
Seeds from three hits on consecutive layers (triples) 5 p, [MeV]
Extension to other layers with linear KF Tri T g [T AEEEEARN EEEE AREES
PV search with VELO tracks rigger line 3T e -
39 E 0.8; 303 LHCb simulation ;
Extrapolation of VELO tracks to UT e VELO+UT tracks extrapolation with L & ~4- CPU based
q . q " . . F aAx GPU based -
Parallelized tracklet finding (# UT hits > 3) last parametrization 0.6 ., A* AAHAA \jDistribution MC o
Momentum estimate from bending e Parallelized Forward algorithm Eo IAAA W v e B
______________________________________________ . o Extension with triplets using all the 0'4:_ 7 M B
KF to improve impact parameter resolution i 3 stations o 02 Af %%
VELO-only KF in HLT1 (speedup) ! o Add layers within the search . )
! 3 IR RN RN NN
e window % 10 20 30 40 50 60 70

number oj\ tracks in Primary Vertex
Parallel fitting of 2-track secondary vertices (SV)| p === === = = = = = = = = = = = = = = = = — — — — — " VELO

r . . .
Trigger selections on single tracks and/or SV | 1 ® Trackingefficiency >90% for p,>1 GeV/c :
Output rate ~ 1 MHz I o PV efficiency > 90% (95%) for VELO tracks > 10 (20) |

L o e o o o o o o o o e e e e e e e Em Em En Em Em Em Em Em =




LHCDb - tracking in HLT2

-]

1) . .
[ VELO tracking A
kVELO tracks ) k T tracks )
Matching kResidual VELO track
! '

L Long tracks )<—

Forward tracking

all tracking layers used

Upstream track

VELO track

L.

Downstream track

T1 T2 T3

Long track

T track

I~

I~

SciFi tracker

& LHCb-FIGURE-2022-005
&) LHCb-PROC-2022-009

e Long tracks: best p resolution — analysis
e Two independent algorithms

Efficiency of Long Tracks

a. Matching: neural network trained on MC to match VELO and T tracks
b. Forward tracking: VELO+UT-track extension to SciFi (# hits > 10)

[finding] polynomial search window assuming p > 1.5 GeV/c
[finding] simplified trajectory treating the magnet as an optical lens
[finding] Hough-like transform to find correct SciFi hits

[fitting] Global KF to estimate track parameters

T L 1%} LI T
i = % 1 7

L i1 @ ] o oro ool OToteroigre - . 1

L — — L [ i

N l'i g = == ]
0.8 [ 1% & 08f= e, . H
3 j LHCb Simulation 18 = fe- R . haghha ]

0.6 [ ] —3F— ¢ not e” - ‘i © 0.6 iy imuation - =
b = sHLTz " 15 » aed B —3— g, ,note &
o x HLT2 E =g r _§_ 7 B

B p.. distribution, note” ;,.- & B sHLTZ (-‘{ : - ]
0.4 o ) - £ {E 04 7 distribution, not e -%
it b P, t;ls;nt;uuzn,se . E 5 C 7 distribution, e ]
oo ong from B, 2 <n E : B Long from B, 2 <n <5 1
0 il 1 1 ] I i] 0 L 1 1 I 1 ] 1l

0 1000 2000 3000 4000 __ 5000 2 2.5 3 3.5 4 4.5 5

P, [MeV] n

# Tracks m distribution [a.u.]

e Tracking efficiency for hadrons and p«B ~ 90% (> 95% for p, > 1 GeV/c)
e 0.1-0.2 lower efficiency for electrons

o trajectory deflection due to bremsstrahlung

o  major effect at large # — more material




&) ALICE-TDR-018 &) ALICE-TDR-019

ALICE - upgrades in LS2 & nuice R at6

@ J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002

Challenges (pp, Vs = 13.6 TeV) Challenges (Pb-Pb, Vs, = 5.44 TeV)
e Interaction rate (IR) up to 1MHz e IR~ 50kHz
o £ ~200pb™trigger (~3 pb’ MB) o £ 46X 10 cm™s™, £ _~13 nb™ (Run 3,4) (X50-100 more than Run 2)

! Detector upgrades (tracking only!) @
Time Projection Chamber (TPC) upgrade — || < 0.9

e Gas Electron Multiplier (GEM) — 152 pad rows

e No more gating grid (IR limitation ~ 3 kHz) and
continuous readout

Renewed data processing

Overlapping events in TPC with
realistic bunch structure
Pb-Pb @ IR = 50 kHz

e Preserve dE/dx performance of Run 2

Inner Tracking System (ITS) upgrade — || < 1.3

e 7 layers of Alice Pixel Detector (ALPIDE) chips:
custom Monolitic Active Pixel Sensors (MAPS) 2 ms TF shown

e Readout rate in Pb-Pb up to 100 kHz 11 ms in 2022 (128 orbits)

2.8 msin 2023 (32 orbits)
— 100x more than Run 2

___________

| ® Material budget 0.35% X, (innermost layer) e Continuous readout of Time Frames (TFs)

— 3x lower than Run 2 e Data reconstruction developed in synchronous
_______________________________________________________ : + asynchronous phases
Muon Forward Tracker (MFT) — 2.5 <7 <3.6 e Software trigger infrastructure for data skimming

® 5 disks of ALPIDE chips || ® 0% new framework for online/offline data )
e Secondary vertex reconstruction at forward-z reconstruction and analysis

_______________________________________________________________________________




<0.1TB/s Asynchronous processing

e New reconstruction with final

~3.5TB/s ~(0.6 TB/s
Detector ﬁ

> > "[ 60PB £ -
- . "| buffer g g calibrations on EPN, TO and T1
> > - - 4 > - > e Final Analysis Object Data
g > O o — " G " (AO2Ds) produced and stored
: : EPN " - g PN - :
” g " - g > e CTFs cancelled to free disk space
> > > ) > > n
" > P » CTF > »  CTF, .
g . 4 . g . AODs e |Goal: total compression factor = 35
. . EPN . > > e Main challenge: TPC
’ g - o - ) o ~3.4TB/s— ~70GB/s (|50x)
Synchronous processing Asynchronous processing | ® Clusterization and tracking on 0(2000)
(\ i GPUs AMD MI50
=/ First Level Processors (FLP) o >40x faster, only 4x more expensive
e First compression (zero suppression) of 10000 mg:ﬁgrxdzoé:&. oo T ) " ALICE Performance U 100 . ith GPU
data from detector readout links % NVIDIA vi00s ’ S g d)t( gi m WltCPU S
1000 AMD Rome 3.375 GHz E compare 0 1-core
e Data division in sub-TFs on each FLP . P .
g l | @ Linearity of GPU
@ Event Processing Nodes (EPN) E“ plrocessmg tm;e5\6/s #bTPCTF
e Sub-TF merge in complete TFs £ S EEBE TRD g% HK Eblfctl:;)up to orbits
0 1 TF=11msin 2022 (128 orbs), 2.8 ms in 2023 (32 orbs) | ks ] _
e Svnch tructi libration. dat . S TF size e No impact of TF length on
ynchronous reconstruction, calibration, data compression . F ‘ . ‘ ‘ — number of needed GPUs
PY Compressed TFS (CTFS) bUffer 0 5x107 1x10° 1.5x10° 2x108 2.5x108 3x10° .
Number of TPC clusters 20 ms = 256 orbits




ALICE - mid-y tracking in Run 3, 4

TPC tracking ITS tracking P
1S [
; S ; 2 180 ALICE-Performance
1. Tracking within a ¢ sector (36) 1. PV seeding 5 o Run3pp, 15= 136 TeV ]
a. Cellular Automaton (CA) a. tracklets in 3 innermost layers 2 uok Inl < 0.8 ]
track seeding b. linear extrapolation of tracklets § 120
b. First KF within a sector c. clustering to find collision point(s) £ 100 -projection :
S 80F - o
2. Track merging among sectors 2. Track finding and fitting FRCUS e kel
: : s E .
a Prglongatlon to segments in a. PV used to reduce combinatorics in E 40f Ky
adjacent sectors : : 20 el 2
_ matching the hits : I
b. Pick-up of further clusters o L L
c. Final KF fit b. CA: tl_‘ack segments (cells) connection into 10 1 o (GeV! c1)0
candidate tracks T
% c. KEF fit of candidates (> 4 consecutive hits) — 200¢
S 180 ALICE Performance
E FoTTTTTTETEEE T TS 1 § ... Run3pp, /s=13.6TeV :
ITSTEC tracks : e Pointing resolution to the PV 1 3 122 In| <0.8 ]
e Time-matching: | of~35-40pm@p, =1GeV/c | & 1
o among ITS and TPC standalone (SA) tracks : e 2x (4-5x) better performance ! 2 100r L . -projection ;
o between a TPC-SA track and left ITS clusters (afterburner) | in rp (z) compared to Run 2 IS o \ — EA%ta i
— Daughters of VO /cascades decaying in ITS I _ ? _ : % 6oL el smuators
e Prolongation to TRD/TOF e Fln.e-tur.nng on TP(? I E 40f s o .
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iter. 1 iter. 2 iter. 3 iter. 4 High-Level Trigger (HLT)
iteration N oee iter. 6 iter. 5

4

: O[5
CMS - tracking & 2014579 P1o00s ,? J/é

1.  Pixel tracks/vertices — fast (only 3 tracking
layers, low occupancy)

Seeding: starting from the inner part of tracker, despite the larger
track density 0.5,CMS simlation ls=7Tev |, CMSsimulation fs=7TeV
e  pixel granularity (66M in 1m?)— lower occupancy g8 F 8 1 | B 5 _Without pileup E
(X 10_100) | | %ozsfu’ = Only high-purity tracks|] E 03}1 = 8 E
e 3D points from pixels and 2 innermost layers of TIB PR I ..q o Dol b cdea o
L e o 1 0.25} . IYe racks
(double-side strips — matched hits) T LI ol T e
er e o to ease low-pt track reconstruction T B B P YT
@ ek RRSIRRNES P TR | ekh O
A = o ™. o e Rl P "o
° 0utward 4-step KF + further inward search (add seeding ; . oW L ] oahs 8y -; | ;"u o
hits; matched hits to reduce seeding combinations) L ey e O 0 IO i c
e  Trajectory cleaner (iterative)— remove tracks with # plivuls divssdissdudid, S POP PR NP VPR NP OV PO PV POV OVY:
-2.5 2-15 1 050 05 1 15 2 25 5-2-15 -1-05 0 05 1 15 2 25
shared clusters > 19% Offli Ki "
e 1Ine trackin (
@ Track fitting (TRKFIT) 8
e  QOutward KF initialized at the innermost hit 2. Pixel + strips — higher CPU usage
e  Smoother: second filter initialized to the result of the 1st one a. local seeding + track reconstruction
e  Final track parameters: weighted average b.  1iter. + higher p.. for seeding
@ Track selection: quality selections to reduce fake tracks ¢.  partial TRKFIND (~ w/o outer layers)

Q




CMS - mkFit

 [nitialPreSplitting, initial iteration before splitting merged pixel clusters in dense jet environments;

 [nitial, initial iteration;

» HighPtTriplet, high-P triplet iteration;

* DetachedQuad, detached quadruplet iteration;
» DetachedTriplet, detached triplet iteration;

* PixellLess, pixel-less iteration.

\

lteration Seeding Target track
— - Initial pixel quadruplets prompt, high p_
mKkEFit
LowPtQuad pixel quadruplets prompt, low p
= 5 mkFit | HighPtTriplet pixel triplets prompt, high p. recovery
-
0
8 g LowPtTriplet pixel triplets prompt, low p; recovery
-
o) 3 DetachedQuad | pixel quadruplets displaced--
Q 5 | mkFit
g_ < DetachedTriplet | pixel triplets displaced-- recovery
g- g MixedTriplet pixel+strip triplets displaced-
5.: 3 mkFit | PixelLess inner strip triplets displaced+
®
o TobTec outer strip triplets displaced++
JetCore pixel pairs in jets high-p, jets
&
All track Muon inside-out | muon-tagged tracks | muon
canddates  [oononsen [snsmbremon [mn |
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¢ High Level Trigger throughput, in event per
second, measured under different conditions:

CMS Preliminary 7 136 TeV ¢ the different groups of bars correspond
” to measurements with different number
266 of jobs (16, 8, 4, 2) and threads per job
(16, 32, 64, 128), keeping the total
600 CPU only
o NeShas et w N e number of threads constant at 256;
7 s % Nisoncurentevente= 5 N lixeads ¢ the different colours indicate (blue) jobs
g with GPUs, without MPS N running only on the CPU, (green) jobs
2 400+ = N concurrent events = N threads . .
2 N concurrent events = % N threads offloading part of the computation to the
g o with GPUS, with MPS GPU, and (red) jobs offloading part of
S oo s . the computation to the GPU and using
200 L} concurrent events = % reads .
the NVIDIA Multi-Process Server
100 (MPS) to improve the GPU sharing;
, ¢ the darker shades of colour indicate jobs
1o L % e 20 % 12 128 processing as many concurrent events as

CPU threads per job

CPU threads; the lighter shades indicate
jobs processing 3 concurrent events for
every 4 CPU threads.
¢ The configuration used in production has 8
concurrent jobs, each running with 32 CPU
threads and 24 concurrent events, and it does not
use the NVIDIA MPS.


https://cms.cern.ch/iCMS/user/noteinfo?cmsnoteid=CMS%20DP-2023/004

&) DP-2023/004
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throughput [events / s]

CMS Preliminary
800+

13.6 TeV

611 608

48

T T T T
64 80 96 112 128

CPU threads per job

® CPU only
with GPUs, without MPS

B with GPUs, with MPS

©x

% |

¢ High Level Trigger throughput, in event per
second, measured under different conditions:

¢ the different groups of bars correspond
to measurements with different number
of jobs (16, 8, 4, 2) and threads per job
(16, 32, 64, 128), keeping the total
number of threads constant at 256;
¢ the different colours indicate (blue) jobs
running only on the CPU, (green) jobs
offloading part of the computation to the
GPU, and (red) jobs offloading part of
the computation to the GPU and using
the NVIDIA Multi-Process Server
(MPS) to improve the GPU sharing;
® The configuration used in production has 8
concurrent jobs, each running with 32 CPU
threads and 24 concurrent events, and it does not
use the NVIDIA MPS.


https://cms.cern.ch/iCMS/user/noteinfo?cmsnoteid=CMS%20DP-2023/004

&) DP-2023/004 ((“?"‘\
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¢ High Level Trigger throughput, in event per
second, measured under different conditions:
¢ the different points correspond to
measurements with different number of

800

jobs (16, 8, 4, 2) and threads per job (16,
™ o i T e 32, 64, 128), keeping the total number of
S - threads constant at 256;

B ¢ the different colours indicate (blue) jobs
£ o — - - running only on the CPU, (green) jobs
o) offloading part of the computation to the
s e GPU, and (red) jobs offloading part of
100, —e— cPuony the computation to the GPU and using
. , , , , , , , , the NVIDIA Multi-Process Server
T e (MPS) to improve the GPU sharing;

¢ The configuration used in production has 8
concurrent jobs, each running with 32 CPU
threads and 24 concurrent events, and it does not
use the NVIDIA MPS.


https://cms.cern.ch/iCMS/user/noteinfo?cmsnoteid=CMS%20DP-2023/004
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PATATRACK
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FIGURE 6 | Comparison of the pixel tracks reconstruction efficiency of the CPU and GPU versions of the Patatrack pixel reconstruction for simulated tt events with
an average of 50 superimposed pileup collisions.
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PATATRACK
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FIGURE 7 | Pixel tracks reconstruction efficiency for simulated tt events with an average of 50 superimposed pileup collisions. The performance of the Patatrack
reconstruction when producing pixel tracks starting from n-tuplets with nyiis =3 and nnis = 4 are represented respectively by blue squares and red circles. The
performance of CMS-2018 is represented by black triangles.
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A Patatrack cms open Data 2018 13 TeV
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FIGURE 8 | Pixel tracks reconstruction fake rate for simulated tt events with an average of 50 superimposed pileup collisions. The performance of the Patatrack
reconstruction when producing pixel tracks starting from n-tuplets with nyiis =3 and nnis =4 are represented respectively by blue squares and red circles. The
performance of CMS-2018 is represented by black triangles.
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PATATRACK
A Patatrack cms Open Data 2018 13 TeV B Patatrack cus open Data 2018 13 Tev
o) N 3 1
© = tt event tracks ((PU)=50) © tt event tracks ((PU)=50)
i >
% 101'5— % 10,1 T y" pT 0-9 GeV A‘
E A, M, A, A%
%_ & PR AU P e PR RS B R % A m Patatrack - Triplets 3 A
S 02 5_+‘ LT AT S 1072 e Patatrack - Quadruplets
© E = Patatrack - Triplets © 4 CMS - 2018
2 A L o Patatrack - Quadruplets =2 i A
g 10°F ™ + CMS - 2018 g 107 i P
5} F on 3] 4 s ® "
£ g . o --5.: A ” “u n
104 L ¢ ¥t T *4- th o %h IR
; . * }T t TT Uit 5 ot T*Tﬂ
10° T I 10° “ {
Y I I L I 1 B H B se{ oo oo T oo ol s s g o g B g g
s : i 102 We =2 o+ 0 1 2 3
Track P, (GeV) Track n
Duplicate rate vs pr Duplicate rate vs n

FIGURE 9 | Pixel tracks reconstruction duplicate rate for simulated tt events with an average of 50 superimposed pileup collisions. The performance of the
Patatrack reconstruction when producing pixel tracks starting from n-tuplets with nyis =3 and nnis =4 are represented respectively by blue squares and red circles. The
performance of CMS-2018 is represented by black triangles.
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FIGURE 10 | Pixel tracks pr resolution for simulated tt events with an average of 50 superimposed pileup collisions. The performance of the Patatrack

reconstruction when producing pixel tracks starting from n-tuplets with niis =3 and npis =4 are represented respectively by blue squares and red circles. The
performance of CMS-2018 is represented by black triangles.
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FIGURE 11 | Pixel tracks transverse impact parameter resolution for simulated tt events with an average of 50 superimposed pileup collisions. The performance of
the Patatrack reconstruction when producing pixel tracks starting from n-tuplets with npis = 3 and nyiis = 4 are represented respectively by blue squares and red circles.
The performance of CMS-2018 is represented by black triangles.




CMS - HLT tracking and vertexing

@ Front.Big Data 3 (2020), 601728

PATATRACK

A » Patatrack cms open Data 2018 13 Tev B o+ Patatrack cms open Data 201813 TeV
§ F i %+ ttevent tracks ((PU)=50) g B. tt event tracks ((PU)=50) 'J
~ i p. > 0.9 GeV g > 0.9 GeV
cc) i 3 P T S 4".' pT = Patatrack - Triplets =
= L = . l... o Patatrack - Quadruplets ...".
© i = Patatrack - Triplets © " &« CMS - 2018
8 e Patatrack - Quadruplets 8 v .l‘.
N ®a_ 4 cMs 2018 P LY ’
T 10°F T 10°[C !
: o, L e
C A
L "::“"“‘-A—A—A—"‘.‘.‘.":A w V
I H ‘.'“mm.‘ ;
M | il R T v by by by s s b s by
10 1 1 10 102 -3 -2 -1 0 1 2 3

Simulated track P, (GeV) Simulated track n

d. resolution vs pr d- resolution vs 7

FIGURE 12| Pixel tracks longitudinal impact parameter resolution for simulated tt events with an average of 50 superimposed pileup collisions. The performance of
the Patatrack reconstruction when producing pixel tracks starting from n-tuplets with nyts = 3 and nyits = 4 are represented respectively by blue squares and red circles.
The performance of CMS-2018 is represented by black triangles.
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FIGURE 13 | Pixel vertices reconstruction efficiency and merge rate for simulated tt events with an average of 50 superimposed pileup collisions. The performance
of the Patatrack reconstruction when producing pixel tracks starting from n-tuplets with nnis =3 and nyis =4 are represented respectively by blue squares and red
circles. The performance of CMS-2018 is represented by black triangles.
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ATLAS - ID tracking system

Inner Detector (ID) tracking system
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B = 2T (axial)

Inner Detector
(ID) tracking
system (|n| < 2.5)

1. Pixel
e [barrel] 3 layers + insertable B-layer (IBL)
e [endcap] 3 disks on each side

2. Silicon SemiConductor Tracker (SCT)
e Strip detector
e [barrel] 4 double-strip layers
e [endcap] 9 disks on each side

3. Transition Radiation Tracker (TRT)
e Straw-tube tracker — tubes 4 mm wide
e [barrel] 0.5<r<1
e [endcap] straw tubes _L beam line
within 0.8 m < |z| < 2.7 m

\/ Point

@ Eur. Phys. ]. C (2017) 77:673

ATLAS - ID and tracklng procedure & ATL-PHYS-PUB-2021-012

Space Point & Drift Pixel & Strip
Circle Formation Seed Finding
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TRT Extended
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After the seed has been determined, the iterative primary
vertex finding procedure begins. The vertex position is
determined using an adaptive vertex fitting algorithm

Here %72 is the x2 value calculated in three dimensions
between the last estimated vertex position and the respec-
tive point of the closest approach of the track. Tracks with
lower weights are less compatible with the vertex and will
have less influence on the position calculation. The con-

with an annealing procedure [25]. Using the seed posi-
tion as the starting point and parameters of reconstructed
tracks as input measurements, the algorithm performs

. . Bl museirae # e . stant x2 (o defines the threshold where the weight of
an iterative x “~ minimisation, finding the optimal vertex cutof f &

an individual track becomes equal to 0.5. Tracks with
low weights are not removed, but will have less impact
e & -~ D
on the calculated vertex position. The value of x-
cutof f
is set to nine, which corresponds to about three standard
deviations. The temperature 7" controls the smoothness
~ . . - ~ ~7
of the weighting procedure. For low values of 7', w (% ~)
approaches a step function, and for large values of T

position. Each input track is assigned a weight, reflect-
ing its compatibility with the vertex estimate. The ver-
tex position is recalculated using the weighted tracks,
and then the procedure is repeated, recalculating track
weights with respect to the new vertex position. The indi-
vidual track weights are calculated according to the fol-

lowing equation: 5 s 2 2 2
the function flattens, progressively losing its y~ depen-

dence. To avoid convergence in local minima, the weight-

w(}?g _ 1 ) ing procedure is applied progressively by decreasing the
) ji4-exp XeiiotF temperature 7" during the fit iterations. The temperature
2L is lowered from some high starting value in a pre-defined

sequence of steps that converges at 7 = 1. A typical dis-
tribution of track weights is shown in Fig. 3. It widens
as T decreases, reaching an optimal separation of track
outliers for 77 = 1.



ATLAS - AMVF fit

e Seed-finding Tracks not yet assigned to any vertex candidate are analysed to find the most likely
position of a primary vertex using the GS (Section 5).

Track to seed assignment After a seed is found, the set of nearby tracks to fit is chosen. One essential
difference from the iterative single-vertex strategy is that all tracks passing the quality selection (not
only unassigned tracks, but also tracks already assigned to one or more previously accepted vertex
candidates) are eligible for assignment to new vertex candidates. Thus, unlike the IVF, each track
may, and generally will, be assigned to multiple vertices. The track assignment criteria and their
tuning are detailed in Section 6.2.

Fitting The linearized helical parameters of assigned tracks are used to fit the position of the vertex
candidate with a weighted adaptive Kalman filter, subject to transverse and longitudinal constraints
provided by the beam spot and seed positions, respectively. Another important difference from
the iterative strategy is that each time a new vertex candidate is fit, all other candidates linked
to it (through a chain of tracks and vertices of any length) are also simultaneously refit.2 Track
weights w with each vertex i are annealed in six steps based on compatibility (y?). After each
decrease of the temperature 7', weights are recalculated and all connected vertices are refit. The
total weight for a track across all assigned vertices is normalized to one, but for purposes of weight
normalization (only) tracks are also given a notional three standard deviation (corresponding to
)(g = 9) compatibility with “unassigned”:

ef%/\/il/,l.

2
wi(x;,T) = o .
D S T b

sy
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@ ATL-PHYS-PUB-2019-015

ALICE %
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* Acceptance/rejection The new vertex candidate is accepted if it satisfies three criteria. First, it must
have at least two compatible tracks from the seeding track pool; a new vertex cannot be formed from
only tracks that are compatible with some previously-found vertex. Track compatibility is defined
asa /\/22 probability greater than 107, Second, the new vertex’s fit position may not be within 3 o
of any other, based on the calculated fit errors of both vertices. Third, the weighted average of
track weights in the fit (3, w?/Y w) must be greater than % If the vertex candidate is accepted, all
compatible tracks are removed from the seeding pool. If the vertex candidate is not accepted, only
the most compatible track is removed from the seeding pool. Thus, regardless of outcome, the pool
of remaining tracks for seeding is always reduced by each iteration, ensuring eventual termination of
vertex-finding.

Adaptive multi-vertex finding is complete when

* less than two tracks remain in the pool for seed-finding, or
¢ the seed finder is unable to return a seed, or

¢ the maximum allowed number of iterations is exceeded.
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Figure 8: Resolution in x and z of all reconstructed primary vertices as function of the number of
reconstructed Velo tracks associated to the simulated primary vertex (top row) and as function
of the true vertex z position (bottom row).
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Figure 11: Trigger efficiencies for CPU-based and GPU-based HLT'1 as a function of parent
transverse momentum. Results are shown for the TwoTrackMVA (top left), DiMuonLowMass (top
right), TrackMVA (bottom left) and SingleHighPtMuon (bottom right) selections firing on the
BY - ¢¢, B® - K*utp~, Dy - KKn and Z — putp~ signal samples, respectively. The
generated parent transverse momentum distribution is also shown for all events passing the
denominator requirement.
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Figure 12: Trigger efficiencies for CPU-based and GPU-based HLT1 as a function of parent
decay time. Results are shown for the TwoTrackMVA (top left), DiMuonLowMass (top right) and
TrackMVA (bottom) selections firing on the B? — ¢¢, B — K*%u*u~ and Dy — KK signal
samples, respectively. The generated parent decay time distribution is also shown for all events
passing the denominator requirement.
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FAKE TRACKS: the high pseudorapidity region
exhibits the highest fake track fraction, partly
because of increased multiple scattering and
hadronic interactions due to the material, but even
more because of the higher SciFi hit density in the
very forward direction leading to more possible
random hit combinations. Fig. 4a shows the fake
track fraction in dependence of the fake track
momentum. The integrated fake track fraction
coming from the Forward Tracking amounts to
15%. It is afterwards reduced by applying a Kalman
Filter and evaluation of a fake track classifier.

Figure 3: Fake track fraction of long tracks reconstructed by the Forward Tracking algorithm as
a function of momentum p, transverse momentum pr, pseudo-rapidity n and number of primary

vertices.
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Figure 4: Relative resolution of the momentum of tracks reconstructed by the Forward Tracking
algorithm as a function of momentum p and pseudorapidity 7.
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3.1 SciFi hit selection 3.3 Hough-like transform

Starting from a state vector (z,y, 2% ‘JJ 4) containing the position, slopes and so far unknown charge ¢ The main component of the Forward Tracking applies a map-reduce pattern inspired by the Hough transform
and momentum p at the end of the VELO, i.e. a VELO track, the Forward Tracking defines a polynomial to sieve out sets of SciFi hits that do not form a matching extension to the VELO track.

P(%, 34'_[)) parameterising the propagation of the track in the zz-plane through the magnetic field down to The = positions of SciFi hits selected by the search window described in Sec. re mapped to a reference
the SciFi layers. As the momentum and charge are not known yet, this parameterisation is used to calculate plane at a fixed z position. All hits’ z positions at the reference plane are calculated using the simplified

trajectory introduced in Sec.[3.2]and filled into a histogram. The histogram counts the number of unique
SciFi detector layers that are present among the hits in one bin. This way, hits that do not qualify as an
extension to the VELO track form a flat distribution, while hits that match the VELO track accumulate in a
few bins as depicted in Fig Subsequently, the histogram is scanned for small groups of neighbouring bins
exceeding a layer-count threshold, thus reducing the large set of hits from within the search window to none,
one or several small sets of hits, which become candidates for the VELO track extension. The found hit sets
are then cleaned from outliers, fitted using a third-order polynomial function and further selected according
to the fit result. The remaining candidates are promoted to Long tracks and their charge and momentum are
the Forward Tracking estimated.

as described in Ref. [18]. 7 g
- SciFi Tracker #Layers

Zin and x ., positions for each layer assuming a minimum reconstructible track momentum p,.;,, €.g.
Pmin = 1.5GeV, and both possible charges. Only SciFi hits with & € [Zmin, Zmae] are selected for further
processing, reducing the complexity of the problem. The determination of this hit search window by a
polynomial is computationally cheap and therefore preferred over numerically solving the equations of motion

3.2 Simplified particle trajectory

Similarly to the parameterisation used to define the hit search window (Sec.
defines a simplified particle trajectory by treating the magnet as an optical lens

Just like the model of light rays refracted by a thin lens, the particle’s movement in the zz-plane through the smallest momentum
magnetic field is modelled by a straight line that gets a kick at the centre of the magnetic field and propagates track window .
further as a straight line with a different slope. Once a single hit (z, z) downstream of the magnet is taken T2 T3
into account, predicting the = coordinate at a given z position is a simple linear extrapolation within the AN nrnm ﬂm!_\h“l‘l
model. Deviations from this model occur because of il magnetic fields that reach into the SciFi detector
and are corrected for by parameterising the effect using polynomials as described in Ref. [19]. 1
L I
1
I

VELO track
Reference xReference
s

Figure 2: Sketch of the key components of the Forward Tracking. Starting 1'1"(;;\11 a VELO track (blue), a
smallest-momentum hit search window is calculated (black dashed line). The = positions of hits in the twelve
SciFi detector layers (three stations T1, T2 and T3 with four layers each in light blue) are projected to
the reference plane (orange) using a simplified track model (not shown here). The rightmost part of the
figure shows the histogram counting the number of unique SciFi detector layers depending on the projected =
positions. Hits belonging to the VELO track are shown in green, and other hits are in red.
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ALICE - sync. TPC tracking on GPUs
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ALICE - sync. TPC tracking on GPUs ~ wisieonsivuions/2se7,

' | , Central Barrel Global Tracking Chain I

ALICE

* Overview of reconstruction steps considered for GPU-offload:
* Mandatory baseline scenario includes everything that must run on the GPU during synchronous reconstruction.
Optimistic scenario includes everything related to the barrel tracking.

trackina chair TPC Cluster
N \\\\\\\\\ \ removal

Part of baseline Part of optimistic §\ SO
scenario ‘ scenario \ .
-- ' NN
e ey IR
TPC Distortion Correction P &\\\\\\\\\\\\'\\\

*q NN N

uster rac rac \\\\\\\ Nnnnr—— bz N

.I-Plgn(::ingt T::i(r:u.:-ingk Tzzr;ingk g\\\\\\\\ §\\§;\\\\\\§ \\k\%
N SANNEIN

NANNNNN

s -l
\ NRRRRA

In operation &\\\\\\\\\\\\\\\\ k SANN N\
Work in progress

Under study Common GPU
7.12.2022 David Rohr, drohircern.ch 15

Components:
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ALICE - sync. TPC tracking on GPUs ~ wisieonsivuions/2se7,

} Central Barrel Global Tracking Chain

* Baseline scenario fully implemented (module some improvements e.g. distrotion correction).
* Not mandatory to speed up the synchronous GPU code further, but we should try nonetheless.
* If we add / improve reconstruction steps, we have to speed it up accordingly to remain in the 2000 GPU budget.
* Worst case, can always trade higher speed for worse tracking resolution and less compression.
* Risky in compression strategy B (see

Baseline scenario
(ready except for 1 optional component)

TPC Cluster
removal

 Partofbaseline.  Part of optimistic
scenario scenario

TPC Track Model
TPC Distortion Correction Compression

TPC Cluster TPC Track I TPC Track l TPC

Finding Finding Merging Track Fit

ITS ITS Track ITS
Vertexing Finding Track Fit J
In operation
Work in progress
Under study Common GPU
Components:

GPU API Framework | Sorting [l Material Lookup

7.12.2022 David Rohr, drohr@cern.ch 16
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ALICE - sync. TPC tracking on GPUs ~ wisieonsivuions/2se7,

M Central Barrel Global Tracking Chain

* Baseline scenario fully implemented (module some improvements e.g. distrotion correction).
* 2 optional parts still being investigated for sync. reco on GPU: TPC entropy encoding / Looper identification < 10 MeV.

Synchronous chain

all events only few % of events

TPC Cluster
removal

Part of baseline
scenario
TPC Track Model
TPC Distortion Correction Compression

TPC Cluster TPC Track . TPC Track l TPC TRD

Finding Finding Merging Track Fit Tracking

Matching

ITS ITS Track ITS TPCITS
Vertexing Finding Track Fit Matching ITS
Afterburner Finding Calibration
In operation
Work in progress c GPU

7.12.2022 David Rohr, drohrcocern ch 17
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ALICE - sync. TPC tracking on GPUs ~ wisieonsivuions/2se7,

0 b Central Barrel Global Tracking Chain

ALICE

» Several steps missing in asynchronous reconstruction:
* Matching to ITS

* Matching to TOF

* Secondary vertexing

* TPC interpolation for SCD calibration

Asynchronous chain

Part of baseline

scenario

TPC Distortion Correction

TPC Cluster | TPC Track I TPC Track l TPC TRD

Finding Finding Merging Track Fit Tracking

ITS ITS Track ITS F
Vertexing Finding Track Fit

In operation

Work in progress
Under study Common GPU

Components:

—y—

GPUAPI Framework [l Sorting [l Material Lookup

7.12.2022 David Rohr, drohr@cern.ch
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@ https://indico.jlab.org/event/

ALICE - ITS reconstruction in Run 3 et i ons

2023_v3.pdf

ITS reconstruction in Run 3

® A new upgraded Inner Tracking System
* Acylindrical silicon detector, is the innermost detector of the apparatus
« Thin layers, 12.5 billion pixels and 10 m2 of sensitive area
* Provide spatial information in the form of clusters of fired pixels

Beam pipe

e Continuous readout, continuous track reconstruction
* Digital signals from pixels are clusterised and compressed
» Timeframes are divided into Readout Frames (ROF): ~4ps
+ Collision data can split across multiple adjacent rofs

e New standalone vertexing and tracking algorithm
* Single implementation steered via configuration (sync/async, collision system, ...)

*  During synchronous reconstruction focuses on primaries (7 clusters-long tracks) Timeframe

+  During asynchronous reconstruction is sensitive to secondaries and tracks lower pr REFG | ROF1 | JROE -

ROF N

* In- and cross-bunch pile-up ready

compressed |compressed
clusters of  |clusters of
pixels pixels

compressed
clusters of
pixels




@ https://indico.jlab.org/event/
459 /contributions/11383/att

ALICE = ITS reCODStI’UCthI’I ln Run 3 achments/9503/13777/CHEP

2023_v3.pdf

ITS vertexing and tracking

e Primary vertex seeding
* Look for correlations between hits in the three innermost ITS layers

» Combinatorial matching followed by linear extrapolations of tracklets
* Unsupervised clustering to find the collision point(s)

e Track finding and track fitting

* Uses vertex position to reduce the combinatorics in matching the hits
» Connect segments of tracks, the cells, into a tree of candidates: roads
* Kalman filter to fit tracks from candidates and apply quality cuts

e The algorithm is decomposable into multiple parallelisable steps
* ALICE Data Processing Layer manages parallel Timeframe scheduling
* Each ROF can be processed independently®)
* In-frame combinatorics can be processed simultaneously
*  Current CPU implementation can profit from multi-threaded sections

charged particle leaves hits

-

Timeframe

ROF 0

ROF 1 | ROF ...

ROF N

- Clusters
- vertices

- tracklets
- cells

- roads

- tracks

- clusters
- vertices
- tracklets
- cells

- roads

- tracks

- clusters
- vertices
- tracklets
- cells

- roads

- tracks

ALICE
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ALICE - ITS reconstruction in Run 3 et i ons

2023_v3.pdf

A parallel implementation using GPUs

® Accelerate the processing using massively parallel architectures
*  Promising porting of some routines based on CUDA and OpenCL in the past

e Today: offload the whole vertexing and tracking on GPUs
* Release the corresponding CPU cycles, improving resource usage efficiency

* Integrate it into the broader reconstruction GPU chain by extending its coverage

e First phase: load and operate standalone GPU tracking for ITS
* Mainstream reconstruction framework provides the interface for GPU lib loading
» The ITS GPU library fully manages graphics card resource
» Easy-to-contribute: plain C++ and CUDA code, focus on routines development
*  Supports CUDA and HIP with a single code base, no compatibility layer

e Second phase: build a GPU reconstruction chain including ITS
*  Centrally manage GPU memory and kernel scheduling for deeper integration
» Easier to later add additional steps like the ITS-TPC matching

ALICE

ITS tracking workflow

GPU reconstruction instance

Reco Chains [ ITS CPU library )
( Reco chain ... )
ITS CUDA library
[ ITS reco chain
( ) ITS HIP library

[...]

[ITSVertexer' = GPUChain.getITSTraits(GPU/CPU);
ITSTracker* = GPUChain.getITSTraits(GPU/CPU);
| ITSVertexer->doVertexing();
ITSTracker->doTracking();

[...]

110/2
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ALICE - space-time distortions in TPC Lo/ conibution

/3814327/

Space-Charge Distortions in the TPC

TPC GEM configuration designed to reduce to the minimum the ion backflow (< 1%)
o Still, positive charge accumulating and moving in the TPC = modified E-field = distortions in the TPC

Run 2 strategy for - Interpolation of refitted ITS, TRD

Expectations for Pb-Pb @ 50 kHz: : SRV
average * distortions: and TOF track segments to the

§ o 3 K : TPC as reference points for the
< 220 5 \ TOF kN

Yy 15 o o - true track position

: s ‘TR0 f /

clusters and references in TPC
sub-volumes (voxels)

> : - Collect AY, AZ between distorted
¢

dre (cm)

- Extract 3D distortion vector in
every voxel

-> Use during asynchronous
' reconstruction

Sey Full ITS-TPC-TRD-TOF

® Fluctuations will have to \ \{"7_ . f a fracti 0
bé Gicovited for A reconstruction of a fraction (~0.6%)
http://cds.cern.ch/record/1622286/ separately TS /' of the tracks at synchronous stage

30July 2020 C. ZAMPOLLI FOR ALICE
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ALICE - central-barrel tracking in Run 3 i &, - , 1122
/3814327/ mfaggin@cern.ch ;

Tracking in the central barrel

Challenge in Run 3 + 4!
- overlap of multiple collisions (5 collisions in the TPC drift time @50 kHz Pb-Pb)

o with TPC clusters without a well-defined z coordinate, but just a time (t)
o presence of distortion corrections that are position dependent

¥ + +

x (radial direction)

Tt

TS T o

“F% 5 3=

8 2 2 g A4 Sk

= e e e
.Mlme
P

<

z\(beam and TPC drift direction)
— - *

zZ= (t tvertex) Vrift

30July 2020 C. ZAMPOLLI FOR ALICE
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ALICE - central-barrel tracking in Run 3 /oo

/3814327/

Tracking in the central barrel

Challenge
overlap
justatime
distortion
4+ + + SP%  + Standalone ITS tracking
+‘§,T++a o % * Standalone TPC tracking, scaling t linearly to an arbitrary z.
M <+ 'g * Extrapolate to x = 0, define z = 0 as if the track was primary
‘t‘:!’ iﬁ:" - *:#—*' -> good enough at this stage (sync!)
4’% ..‘ES;’ I} . * Track following to find missing clusters
S
‘ \ .
b S \\ ﬁh‘;\\‘» [
2=0 N
z<(beam and TPC drift direction) 270 2=0 :

30July 2020 C. ZAMPOLLI FOR ALICE 18
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ALICE - central-barrel tracking in Run 3 /oo

- \
/3814327/ mfaggin@cern.ch 11472
L] °
[racking in the central barrel
Challenge
o overlap
justa time
distortion
+ + + St  + Standalone ITS tracking
Y TF TF Nk * Standalone TPC tracking, scaling t linearly to an arbitrary z.
+ + 3
«g, T o i 2 * Extrapolate to x = 0, define z = 0 as if the track was primary
v ~ - + : - good enough at this stage (sync!)
i, ¢+++ * Track following to find missing clusters
LR e S .
+' \ <+ _'t 9 i * Refine z = 0 estimate, refit track with best precision
= t #+ * Find ITS-TPC track compatibility using times
time
s
S+
=0
?(beam and TPC drift direction)  2=0 z=0
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ALICE - central-barrel tracking in Run 3 /oo

/3814327/

Tracking in the central barrel

Challenge
overlap
justatime
distortion
* *x s1% » Standalone ITS tracking
a % * Standalone TPC tracking, scaling t linearly to an arbitrary z.
B é * Extrapolate to x = 0, define z =0 as if the track was primary
A\ ) - good enough at this stage (sync!)
* Track following to find missing clusters
£ * Refine z = 0 estimate, refit track with best precision
O *  Find ITS-TPC track compatibility using times
e * Match TPC track to ITS track, fixing z-position and t of the
£ TPC track
- * Refit ITS + TPC track outwards and inwards

2 (beam and TPC drift direction)

* Prolonginto TRD / TOF
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