Track reconstruction and performance at LHCDb

Peilian Li (Z=1{fi%)

Workshop of Tracking in Particle Physics Experiments
Zhengzhou, 2024-05-17

68 TEMTRRT sk

University of Chinese Academy of Sciences




Outline

® Overview of the trigger at LHCDb
® Track Reconstruction with GPU
® Track Reconstruction with CPU
® Clustering & Tracking with FPGA

® Summary

Many materials from D. Vom Bruch, V. Gligorov etc, thanks!
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LHCDb Upgrade

@ Luminosity of 2x1033 cm2s-1, Vs = 14 TeV, visible collisions per bunch py ~ 5
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LHCDb Upgrade

® Luminosity of 2x1033 cm-2s-1, Vs = 14 TeV, visible collisions per bunch y ~5

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
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Challenges for the Upgrade

Hardware trigger: 40— 1 MHz read-out limits (fixed-latency trigger)
— pased on muon detector and calorimeters
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Challenges for the Upgrade
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Hardware trigger: 40— 1 MHz read-out limits (fixed-latency trigger)
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* Hardware trigger is not an option, as rate limit
of 1 MHz saturates fully hadronic modes


https://iopscience.iop.org/article/10.1088/1742-6596/878/1/012012/pdf

LHCb Upgrade Trigger
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e Remove hardware trigger, fully software trigger

e Read out the full detector at 30 MHz in HLT1

* Real time alignment and calibration with 10x higher
data rate than Run 2

e Full offline-quality reconstruction in “real-time”

e |ncrease of hadronic trigger efficiency by 2~4 w.r.t.
Run 2
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LHCb Upgrade Trigger

- 30 MHz ~ Online \
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e Remove hardware trigger, fully software trigger 10’ 3 CMs;Tz;gn |
e Read out the full detector at 30 MHz in HLT1 W e L AS HLLRC
* Real time alignment and calibration with 10x higher é ﬁ I;:CRZRMZ: :LtzS/CMS
data rate than Run 2 % o icmnmmp
e Full offline-quality reconstruction in “real-time” E . :Bng’E
e Increase of hadronic trigger efficiency by 2~4 w.r.t. 5 g eUA oNaw
Run 2 10° 4 - | :
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Highest data processing rate of any HEP experiment!
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LHCb Upgrade Trigger
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Online - Real Time Analysis
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Upgrade trigger:
background rejection &
signals classification

qun 1 & 2 trigger:
background rejection
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L HCb Data Flow
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experiment!


https://cds.cern.ch/record/1701361
https://cds.cern.ch/record/2319756/files/LHCB-TDR-018.pdf
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experiment!


https://cds.cern.ch/record/1701361
https://cds.cern.ch/record/2319756/files/LHCB-TDR-018.pdf

L HCb Detector
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https://cds.cern.ch/record/2319756

L HCb Detector
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https://cds.cern.ch/record/2319756

L HCb Detector

P. Li -
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https://cds.cern.ch/record/2319756

Track Types

Upstream track
1 T2 T3

UT

VELO _——

Long track

VELO track Downstream track
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LHCb-PUB-2021-005
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T track

e Long tracks: best resolution

e Forward Tracking: VELO (— UT) = SciFi

* Matching: V

-1.O Tracks

T tracks

(UT)

* Downstream tracks for long-lived particles
o [ tracks + UT hits


https://inspirehep.net/files/af1d08c124ff59aeab47e4dbd95526ff

Track Types

e Long tracks: best resolution

Upstream track T e Forward Tracking: VELO (— UT) = SciFi
* Matching: VELO Tracks + T tracks + (UT)
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https://inspirehep.net/files/af1d08c124ff59aeab47e4dbd95526ff

Track Types

e Long tracks: best resolution

Upstream track T e Forward Tracking: VELO (— UT) = SciFi
* Matching: VELO Tracks + T tracks + (UT)
uT * Downstream tracks for long-lived particles
VELO —  Longtrack

e [ tracks + UT hits
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https://inspirehep.net/files/af1d08c124ff59aeab47e4dbd95526ff

Track Types

e Long tracks: best resolution

Upstream track T e Forward Tracking: VELO (— UT) = SciFi
* Matching: VELO Tracks + T tracks + (UT)
uT * Downstream tracks for long-lived particles
VELO —  Longtrack

e [ tracks + UT hits
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Track Types

e Long tracks: best resolution

Upstream track T e Forward Tracking: VELO (— UT) = SciFi
* Matching: VELO Tracks + T tracks + (UT)
uT * Downstream tracks for long-lived particles
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Track reconstruction with GPU
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https://link.springer.com/article/10.1007/s41781-020-00039-7

Track reconstruction with GPU

CPU+RAM1 CPU+RAM2

4—-"//
/

103RI31ADDY |
I,
L
|

1.
r
|

Inopeay
Inopeay
Inopeay

1038491900V [

IBU 1H 90T

N
o
3
m
@
3
L3

P D GED D D GED D IS G e—

13@u 83 9002
10113920V
33U 17H 90T

- e en e e e —— — —

GPU-equipped event builder PC, with traffic
of all three readout cards.

e Each Event-builder hold 2 GPU cards
e 173 EBs — 346 GPUs

 Reduce data volume by a factor 30-60, significantly —swwmene  wwmenes  owmones  sowmone

Up to 100 HLTZ sub-farins (4000 servers) |

reducing the networking from EB to CPU farms

Computing and Software for Big Science(2020)4:7
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https://link.springer.com/article/10.1007/s41781-020-00039-7

The Allen software project (GPU HLT1)

e Named after Frances E. Allen

* Fully standalone software project: https://qgitlab.cern.ch/Ihcb/
Allen

* Framework developed for processing LHCb’s HLT1 on GPUs

-irst application of GPU in Trigger of HEP experiment!

* Cross-architecture compatibility via macros & few coding guide lines
* GPU code written in CUDA, runs on CPUs, Nvidia GPUs(CUDA), AMD GPUs (HIP)
» Algorithms sequences defined in python and generated at run-time
* Multi-event processing with dedicated scheduler
* Memory manager allocates large chunk of GPU memory at start-up
* Reconstruction algorithms re-designed for parallelism and low memory usage: O(MB) per core

P.Li - LHCb - Tracking - ZZU - 2024-05-17 11


https://www.britannica.com/biography/Frances-E-Allen
https://gitlab.cern.ch/lhcb/Allen
https://gitlab.cern.ch/lhcb/Allen

Track reconstruction with GPU (HLT1)

@HLT1 filters the 30 MHz pp collision to 1 MHz with GPU architecture

@ Partial reconstruction using hits from VELO, (UT), SciFi & Muon

— High momentum long charged track reconstruction & muon identification
— Few inclusive single and two-track selections to reduce rate

Computing and Software for Big Science(2020)4:7
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https://link.springer.com/article/10.1007/s41781-020-00039-7

Track reconstruction with GPU (HLT1)

@HLT1 filters the 30 MHz pp collision to 1 MHz with GPU architecture

@ Partial reconstruction using hits from VELO, (UT), SciFi & Muon

— High momentum long charged track reconstruction & muon identification
— Few inclusive single and two-track selections to reduce rate

[ R J Computing and Software for Big Science(2020)4:7
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https://link.springer.com/article/10.1007/s41781-020-00039-7
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VELO: Tracking o,

® 26 layers of silicon pixels detector
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e Build “triplets” of three hits on consecutive layers — parallelisation

* Choose them based on alignment in phi
e Hits sorted by phi —=memory accesses as contiguous as possible: data locality
e Extend triplets to next layer — parallelisation

D D. Campora, N. Neufeld, A. Riscos Nufieez: “A fast local algorithm for track reconstruction on parallel architectures”, [IPDPSW 2019
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https://ieeexplore.ieee.org/document/8778210

VELQO: Vertex reconstruction

L HCb-Figure-2020-005

LHCDb simulation

1600

1400 PV candidates
1200 F
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| . 800 |-
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400 -
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> 0 — |

100 =50 0 50 100
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* Primary vertices (PVs) are extended along the beam direction (z-axis)

* Histogram the tracks’ z position closest to the beam line

* Every track contributes to every PV candidate with a weight

* No inter-dependence between PV candidates, as every track contributes to every PV
* PV fitting can be done in parallel for every candidate
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https://cds.cern.ch/record/2714851/files/LHCb_FIGURE_2020_005.pdf

UT: Tracking

@ Four layers of silicon strip detector
e Extrapolate VELO tracks to the UT planes based on lookup
—T | table for minimum momentum requirement

| e Define search regions in each UT plane — parallelisation

* Trackless finding inside windows from 4 layers building
combinatorics — parallelisation

} window +1

forward

| lZ v
1Y 3 .
X X VElo Ltk | |
>— VELO track Activated X track extrapolation " IIIW lIII ]II
main window strip (hit) | main sector range VELO track L DC ) | |
next window | next sector range E | ]'l T track
previous window i | previous sector range ’ |

UTbX UTbV UTal UTaX
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SciFi: Long track reconstruction

® 3 stations with 4 layers scintillating fibres each (xuvx configuration)

e Extrapolate each Upstream track in the 12 layers of the SciFi
e Build triplets combinations using T1/2/3, Best triplets selected according to local

parameterisation of magnetic field
* Forward all triplets to remaining layers with an extra parameterised corrections in the non-

bendlng plane Fixed Kink Position
Station 1 Station2 Station3

Stereoangles
536 mm X: 0° U: -5°

VELO

4835 mm

H b
2 mm 2 mm

y
Momentum dependent search window
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Muon identification & track fit

® Muon identification .

* Project Long tracks to 4 layers of Multi-wire proportional Muon

chambers -
SciF1 track

e Find hits in side the Fol for i identification

e Parallelise across tracks and muon chambers

® Track fit

fanl =i

e Goal: improve track description close to the beam line for precise
determination of the impact parameter

* Only fit part of the track within the Velo detector

o Parameterized Kalman filter = no need for magnetic field map and
detector material description

P.Li - LHCb - Tracking - ZZU - 2024-05-17
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LHCDb Performance Definitions

| HCb-Figure-2020-014

* A track is matched to a simulated particle it at least 70% of the hits come from the

same simulated particle

e Efficiency: number of matched reconstructed tracks divided by number of

reconstructible particles

* Reconstructible particles have a r

which the efficiency is being determi
‘o
e reconst

e APV Is matched to a simu
times the uncertainty of th

ated

2V

nead

ru

iINiMum number of hits in the sub-detectors for

ne distance along the z-axis is less than five

cted

2V

* Muon identification efficiency is determined with respect to all tracks matched to a

simulated track

* Computational performance (throughput) measured with events representative of the
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Run 3 conditions on several G

PU cards
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https://cds.cern.ch/record/2722327

HLT1 Throughput Performance

L HCb-Figure-2020-014
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/f/p/LHCb-FIGURE-2020-014.html

HLT1 Tracking Performance HCD-Figure-2020-014
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https://cds.cern.ch/record/2722327

HLT1 Performance

Efficiency

P. Li -

+ Allen Distribution MC
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number of tracks in Primary Vertex p[MeV. p[MeV]
e More than 90% PV reconstruction efficiency with number of tracks
larger than 10
e More than 95% Muon identification
e About 2-3% m — u misidentification when momentum > 20 GeV
LHCDb - Tracking - ZZU - 2024-05-17 21
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https://cds.cern.ch/record/2722327

Full track reconstruction with CPU (HLT2)

@ HLTZ2 reconstruction is critical to both physics output and physics quality
— Full, offline-fidelity event reconstruction on at least 1 MHz
— Charged track reconstruction with full momentum range & deliberate Kalman fit

@ Common intra-event parallelisation technigues as in GPU

Conceptual Layout Physical Memory Layout arXiV: _I 91 2 099 O_I

Array- of Structs

Array-of-Structs-of-Arrays Memory - 1 I 5 I 3 I 7 | 3 | | | | |

J

N

V.
SIMD Width

e Rewrote all reconstruction algorithms with SOA structure
e Developed custom SIMD wrappers to support all the backends (SSE, AVX2..)
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https://arxiv.org/pdf/1912.09901.pdf

Full track reconstruction with CPU (HLT?2)
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Forward Tracking in HLT2

1. define hit search window for VELO track state (z, v, 0z 0z 1)

0z’ 027 p
9q . 10z Oz
, unknown, assume p > 1.5 GeV use Polynomial(%7, 3%, p)
Z - -
[_> smallest momentum SciFi Tracker
track window
g . T1 T2 T3
// U iistaln aisluln
U4
/,,
,, | J o
U4
) M- ML
,/
,/
/ -
VELO track M?%:I(eitic

*Velo / upstream tracks as input

2. treat magnet as optical lens to simplify track and hit projection

z SciFi Tracker

Magnet Kick z
Position
X : T1 T2 T3

simplified trajectory

’
I -
2 ')SIope Difference
‘“\“I "y, ",

VELO track correct for Ax hit projection
Reference

P.Li - LHCb - Tracking - ZZU - 2024-05-17

PrEorwardTracking

5. clean-up hit set and fit using 3rd order polynomial

6. estimate ¢/p from fit result
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https://gitlab.cern.ch/lhcb/Rec/-/blob/master/Pr/PrAlgorithms/src/PrForwardTracking.cpp?ref_type=heads

Forward Tracking in HLTZ2 o EorwardTracking

1. define hit search window for VELO track state (z, v, g—;”, g—ﬁ, %)

3. Hough-like transform: project all hits in window to reference

q . or Oz
2 unknown, assume p > 1.5 GeV use Polynomial(%Z, 2 = L.
» p y (3% 520 P) plane and count number of SciFi layers in histogram
[_> smatllgf:tkrcv?rrlzﬁrvlvtum et Tracker ; smallest momentum SciFi Tracker #Layers =
X 7 T1 T T3 ‘ track window
J/ X 4 T1 T2 T3
,l, ’l, mininin mintinin Bininin
l’l l,
l’ lo o /,
,’, ° . o o a ,,/
/,’ L // £ =:iitie= 5 L
S/ S —— T —
,‘ ----------- l' \
/ ----------------------------- I ,/,, N\ﬂ\
---------- F—
. UL UL L ey T e e e e e e i \'"HN!\
VELO track M:%:I?jtlc """" Ninintdent ESININNN
* ] . I -
Velo / upstream tracks as input VELO track Reforence Y xReference
Plane

2. treat magnet as optical lens to simplify track and hit projection

z

Magnet Kick z SciFi Tracker
Position
> : T1 T2 T3

4. scan histogram, collect hits from bins above threshold
— found set of SciFi hits extending VELO track

simplified trajectory

’
I -
2 ')Slope Difference
‘\\\“I Ty, '""u,,

i A 5. clean-up hit set and fit using 3rd order polynomial
. 6. estimate ¢/p from fit result
VELO track correct for Ax hit projection for
Plane
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https://gitlab.cern.ch/lhcb/Rec/-/blob/master/Pr/PrAlgorithms/src/PrForwardTracking.cpp?ref_type=heads

Seed Track reconstruction

@ Standalone algorithm: using SciFi hits only
* |nput tracks to Matching & Downstream tracking

* (1) Seeding_XZ track: look at 6 X layers only

* (2) Seeding_Track: add u/v layers by fitting to
the y(z) with at least 4 hits

110 J T T T I

B | | | | | ]
N — _
~  LHCb simulation —+ None _
100 4 et —
- s _
- - + b T
o\.? 90 : Ar'—l\ ey _+_—+—++_+_—+— _+_—+— g 4 + -
" - +_.[._—+-+ -
-é 80 —
E F -
Vo g0k -
60 + H_‘_‘H\
50 : | ] 1 1 | | ] 1 1 | ] I 1 1 :

0 10000 20000 30000

p [MeV/c]
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T ds (0,0,0 ‘ :
(‘3—Vil:i'-/———4»«—_(—_——__‘)€ First hit Second hit (P

Tl

(1)

arxiv:200/.02591

Refused hit X

\

Y
MOPUIM [OIea§

7

T3

First hit Second hit
I Q
"""""""" T
T2
Iteration 1 2 3
First x-layer T1x1 T1x2 T1x1
Second x-layer T3x2 T3x1 T3x1
Minimum momentum | 5GeV/c | 2GeV/c | 1.5 GeV/c

tolerance

tolerance

25


https://arxiv.org/pdf/2007.02591

Matching & Downstream tracking

@ Matching algorithm: VELO + Seed tracks

e Second Long track reconstruction alg.

* Together with Forward Tracki

the Lo

. Velo seed

Ng track reconstructio

ng

N eff

z match x SciFi

P.Li - LHCb - Tracking - ZZU - 2024-05-17

to
ICI

maximise

ency

® Downstream tracking: SciFi tracks + UT hits

o Important for the Long-lived particles, e.g.KO, A
* Neural-Network based classifier to reduce fakes

| E=3 Tracks
1 1 Ghosts

10° <

Events

0.0 0.2 0.4 0.6 0.8 1.0
The score of the neural network for Ghost

@ Both Matching & Downstream tracking are

now also implemented in GPU!
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HLT2 Kalman fit

® Determine the most accurate estimates of the track parameters together with the

corresponding covariances 3 3
X
o Track state at given z: x = (x,y, 1, Lo q/p)T, f, = d , 1 6y
Z <

* Track state + measurement = node (stage for Kalman Filter)

* Principle: add measurements one-by-one and each time update the track state at

the particular node o
Prediction (Runge-Kutta extrapolator) — Parameterisation

—k—1 — k—1 T

0 Xk Fk(xk_l), Ck — Fka_le + Qk

e Noise - zero mean multivariate normal distribution with
covariant matrix Q, for including multiple scattering

Initial
Conditions (Xp)

Measurement (zg)

Predict Update
Step Step

State Estimate (Xk)

P.Li - LHCb - Tracking - ZZU - 2024-05-17 27



HLT2 Kalman fit

® Determine the most accurate estimates of the track parameters together with the
corresponding covariances

o Irack state at given z: X = (X, y, L., Ly q/p)’, =—, 1, =—

e [rack state

0X 0y

07 07

measurement = node (stage for Kalman Filter)

* Principle: add measurements one-by-one and each time update the track state at
the particular node

Initial
Conditions (Xxg)

Predict
Step

State Estimate (Xk)

P.Li - LHCDb - Tracking - ZZU

Measurement (zg)

Update
Step

- 2024-05-17

Prediction (Runge-Kutta extrapolator) — Parameterisation

o ?i_l — Fk(?k—l)’ C]f_l — Fka—ng+ Qk

e Noise - zero mean multivariate normal distribution with

covariant matrix Q, for including multiple scattering

)
k=1 !

K k: Ko 8
. | q ) - , . q
I(%:) = Z Agl 5 k) <—> + Z (Br(®;,yi) 0u + Cr(x;, y;) 0v) (*)

0o, vo linear dependence in du. , ov;

ULV small differences (few 10-3)
TR du, , Ov; €

Comput. Phys. Commun. 265,108026 (2021)
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https://www.sciencedirect.com/science/article/pii/S0010465521001387?via=ihub

HLT2 Throughput for reconstruction

Allowed maximum HLT1 output rate: > 2 MHz

LHCDb Simulation C Throughput = 494.1 events/s/node )

Converters

5.2%

Protoparticles Track fit

12.7% 23.9%

Match tracking

0.8%

HLT1

2.4%

Seed tracking Calorimeter

12.9% 9.1%

Forward trackin Downst:e; :/n

5.3% Y

g;tzlework RICH
' 22.2%

LHCb-FIGURE-2022-005

P.Li - LHCb - Tracking - ZZU - 2024-05-17

Caveat. no selection and persistency included
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https://cds.cern.ch/record/2810226/files/LHCB_FIGURE_2022_005.pdf

HLT2 Tracking performance
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Tracking efficiency calibration

» Data-driven method to determine the tracking efficiency with J/yw — u™u~ candidates

* Tag & probe method with fully reconstructed tag muon + par
* Determine track reconstruction efficiency by trying to match t
reconstructed long track — matched or failed

MUON
| SciFi
Ut % r————  Tag-track
ﬂ/ :
VELO I
__%::: ~~~~~
\ I%robe track (Velo reconstruction

efficiency)

P.Li - LHCb - Tracking - ZZU - 2024-05-17

lally reconstructed probe muon

ne probe track to fully
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Tracking efficiency calibration

» Data-driven method to determine the tracking efficiency with J/yw — u™u~ candidates

* Tag & probe method with fully reconstructed tag muon + par
Determine track reconstruction efficiency by trying to match t

reconstructed long track — matched or failed

€track reconstruction efficiency — N 1
sig,matched

urT /
—1
_tht: ~~~~~~ é
x

SciFi

N sig,matched

MUON

————  Tag-track

I; robe track (Velo reconstruction
efficiency)
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lally reconstructed probe muon
ne probe track to fully

Simultaneous fit
Unofficial, illustration only!

VeloMuon - Matched candidates
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Clustering and tracking with FPGA

@ Clustering with FPGA (Retina cluster) is applied in LHCb Run 3 data taking successfully

arxiv:2302.03972

e Cluster efficiency and tracking efficiency comparable with reconstruction in CPU

C-side
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Front-end
Data .
Data Stream 0
x10 Data Processipg
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L Decoding timing alignment finding Formatting
A
Y 73
Data Stream 1 [
x10 Data Processi ]
Deserialisation & SP sorting & Cluster ] Output
) Decoding timing alignment finding J Formatting
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2 1 ) )

Timing and Fast

Control
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https://arxiv.org/pdf/2302.03972

Track reconstruction with FPGA

® Segment both the distribution of network and the cell matrix into smaller blocks to FPGAs

® Find the T-tracks primitives with FPGA, encoding the recalculated primitives to Retina Raw
banks

@ Replace the T tracks pattern recognition in HLT1 GPU with the decoding of the Retina Raw
bank, expected to largely speed up the tracking in HLT

LHCb-Pub-2024-001

Step1: Parametrisation of reference tracks

Step 2: Accumulating weights (each cell) Step 3: Find the local maxima and compute centroid

@ Weight Qi Q;;
: X, hlt \;I . :. N N
il H +
iy o
............. t, mapped intersection > i
for I layer X o
hits , Ris cj‘lose to N (# of Iayer's) - . v
Detector layers U (7 —t71)“  only if we have a set of hits Zij R;; j=V-1V,V+1
Tracks U, V track parameters R = E € 20 near the mapped track
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https://cds.cern.ch/record/2888549/files/LHCb-PUB-2024-001.pdf

Track reconstruction with FPGA

@ A demonstrator of VELO tracks successfully implemented

@ Emulator of the GPU track reconstruction with Retina T-track primitives (RetinaDWT),
significant speed up in the throughput test

® Proposal of Retina DWT approved by LHCb and in review with LHCC
| HCb-Pub-2024-001

tracks from FPGA

\ 366.00 kHz Seeding (without RetinaDWT)
— 300 ——————
E Igggi: ;f:‘;nu‘iagoslzzGA &D‘ 675.39 kHz Seeding (with RetinaDWT Axial)
E 200 EHLT2 VELO tracks —1200
v - Zoyx € [-15,15]mm 2227.94 kHz Seeding (with RetinaDWT Axial + Stereo) ,-
[S) B - -1
£ 1000
> 100 247.51 kHz Velo-SciFi Matching (without RetinaDWT)
800 364.09 kH Vi iFi i i i i
O ] y elo-SciFi Matching (with RetinaDWT Axial)
600 591.95 kHz Velo-SciFi Matching (with RetinaDWT Axial + Stereo) ]
—100 RN PSP | TS
400 139.52 kHz hit1_pp_matching (without RetinaDWT)
o
—200F _ 200 171.17 kHz hit1_pp_matching (with RetinaDWT Axial)
300 :__; .1 T'. S . lllllllllll 186.16 kHz hit1_pp_matching (with RetinaDWT Axial + Stereo) de DC19 I;1HMCBb 3[: rr:u Ilattlord‘f
- upgrade_ 01_MinBiasMD _retinacluster.m
—-300 =200 —-100 O 100 200 300 y
I T T T | [ !
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Throughput in RTX A5000 (kHz)
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https://cds.cern.ch/record/2888549/files/LHCb-PUB-2024-001.pdf

Summary

® LHCb Run 3 changes the trigger paradigm with software only, pioneering in
the real time processing

® Partial tracking reconstruction at 30 MHz input rate using GPUs

® Full offline-quality reconstruction at 1 MHz input rate using CPUs

® FPGA clustering applied in VELO and downstream tracking in good progress

® GNN based tracking in VELO being studied

® Hybrid architecture (GPU+CPU) in Run 3 would prepare us better for future upgrade
® R&D studies on optimal use of hybrid architectures (GPU/CPU/FPGA), remain flexible

P.Li - LHCb - Tracking - ZZU - 2024-05-17
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LHCDb Experiment at CERN
M Run / Event: 255623 / 300064
Data recorded: 2022-11-25 09:40:16 GMT
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Hardware

Using CPUs Using GPUs
( pp collisions j ( pp collisions
40 Thit/s J’ 30 MHz 40 Thit/s l 30 MHz
4
[ 170 servers ( event building )J 170 servers ( event building

l 30 MHz
<

{ GPUs ( HLT1 )
Server farm g

¢ HLT ) l ~1 MHz
! —
[ buffer on disk J erver tarm

calibration and alignment buffer on disk
¢ calibration and alignment

( HLT2 ) |

0 ) C HLT2

.
80 Gbit/s l

(

80 Gbit/s

Y
( Sl ) ( storage )

Trigger TDR (2014) GPU HLT TDR (2020)
Allen project

LHCB-TDR-016.pd{ LHCB-TDR-021.pd{
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GNN based track finding in VELO

10 LHCb Run 3 Simulation

201

r [mm]
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—40f - |
60 30 100 120
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GNN based track finding in VELO

40+
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https://cds.cern.ch/record/2875263/files/main.pdf

Alignment & Calibration

® Crucial for efficient and pure selections require offline-quality reconstruction at the HLT2 level

® Use output bandwidth more efficiently e Better mass resolution

* Better particle identification
* | ess background

Journal of Physics:
Conference Series, 664 (2015)
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https://iopscience.iop.org/article/10.1088/1742-6596/664/8/082010
https://iopscience.iop.org/article/10.1088/1742-6596/664/8/082010

Alignment & Calibration

® Same disk buffer as Run 2 but 10x more data (Should be very fast!)
Several minutes in Trackers & several hours for RICH & MUON

VELO alignment (~7min)T

Tracker alignment (~12min)

VELO closed

End of run

End of run

End of run

End of run
End of fill

OT global calibration
RICH calibration

(every 15 min)

A A A 4 4
TCalorimeter Calibration

MUON alignment (~3h)

RICH 1&2 mirror alignment (~2h)

((~7min),(~12min),(~3h),(~2h)) - time needed for both data accumulation and running the task
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https://cds.cern.ch/record/2688231/files/VELO_plot_approvals_VPAlignment_v3.pdf

Managing O(1000) HLT2 Selection

© Real-time selections with offline quality
© New algorithm scheduler with multithread

example dependency tree with two lines

static graph with ordered nodes

Execution time [us]

L HCb-Proc-2020-003

Conceptual Layout Physical Memory Layout

Array-of-Structs

Struct-of-Arrays
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SIMD Width

* SIMD-based algorithms allow for more
efficient selections at a lower cost in CPU time

LHCb simulation
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