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Outline

@ LHCDb detector for Run 3

@ Irigger strategy

@ Allen design

® Track reconstruction with GPU

® Performances See Tracking with FPGA in the next Talk by Ao XU

® Summary
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L HCb Detector for Run 3

~——— General purpose detector in the forward region (2 < 5 < 35)

specilalised in beauty and charm physics

e Momentum resolution: 0.5%~1%
o Vertex resolution: o;p ~ 35um
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L HCb Detector for Run 3

P.

——  —— General purpose detector in the forward region (2 < n < 5)

‘-\\

Vertex & Track reconstruction specialised In beauty and charm physics
VELO, UT, SciFi

e Momentum resolution: 0.5%~1%
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LHCDb Detector for Run 3

_——— General purpose detector in the forward region (2 < n < 3)
Vertex & Track reconstruction specialised In beauty and charm physics
VELQO, UT, SciFi

e Momentum resolution: 0.5%~1%
o Vertex resolution: o;p ~ 35um

Side View HCAL
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Particle identification: Neutral reconstruction:
RICH, MUON, ECAL ECAL
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Challenges for LHCb Run 3

® Luminosity of 2x1033 cm-2s-1, Vs = 14 TeV, visible collisions per bunch py ~ 5
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Challenges for LHCb Run 3

® Luminosity of 2x1033 cm-2s-1, Vs = 14 TeV, visible collisions per bunch y ~5
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LHCb: Mainly beauty and charm physics

Signal rates at MHz level
Signal characteristics: Displaced vertices, momentum, particle type
- No optimal local criteria for selection

* MHz of signal rates

ATLAS & CMS: Mainly Higgs properties, high p_new phenomena

Signal rates up to hundreds of kHz
Signal characteristics: high pT / transverse energy
- Local criteria for selection possible

iy Teter &/’ATLAS
2016-99-0L 16:52:46 CESY { EXPERIMENT




Challenges for LHCb Run 3

Hardware trigger: 40— 1 MHz read-out limits (fixed-latency trigger)
— pased on muon detector and calorimeters
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Challenges for LHCb Run 3

Hardware trigger: 40— 1 MHz read-out limits (fixed-latency trigger)
— pased on muon detector and calorimeters
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LHCb Run 3 Trigger

P. Li
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e Remove hardware trigger, fully software trigger

* 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”

* |ncrease of hadronic trigger efficiency by 2~4

- LHCDb Trigger -
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LHCDb Run 3 Trigger
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Highest data processing rate of any HEP experiment!
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LHCb Upgrade Trigger

bunch
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Online - Real Time Analysis

qun 1 & 2 trigger:
background rejection
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Upgrade trigger:

background rejection &

signals classification

RIA



LHCb Data FIOW All numbers related to the dataflow are

taken from the LHCb
Upgrade Trigger and Online TDR
Alignment Upgrade Computing Model TDR
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LHCb Data FIOW All numbers related to the dataflow are

taken from the LHCb
Upgrade Trigger and Online TDR
Alignment Upgrade Computing Model TDR
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First complete high-throughput GPU Trigger tfor a HEP experiment!
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The Allen 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

» Cross-architecture compatibility via macros & few coding guide lines
e GPU code written in CUDA
* runs on CPUs, Nvidia GPUs(CUDA), AMD GPUs (HIP)

Publications: Comput Softw Big Sci 4, 7 (2020), Technical Design Report (2020), Comput Softw Big Sci
6, 1(2022), EPJ Web of Conferences 251, 04009 (2021)

P.Li - LHCDb Trigger - CEPC Workshop - 2024-10-24
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Minimise copies to / from GPU

Server

Raw data

Selection decisions

P.Li - LHCDb Trigger - CEPC Workshop - 2024-10-24

GPU
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from Dorothea’s slides
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Three levels of parallelisation

Intra-collision: Tracks, vertices, ...

Proton collisions

P.Li - LHCb Trigger - CEPC Workshop - 2024-10-24

Collision batches

(7

from Dorothea’s slides
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Allen design

P.Li - LHCb Trigger - CEPC Workshop - 2024-10-24
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Computing and Software for Big Science(2020)4:7
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Allen design
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GPU-equipped event builder PC, with traffic
of all three readout cards.

e Take as input LHCb raw data (5TB/s) at 30 MHz

e Each Event-builder (EB) holds 3 GPU cards via
PCle slots

e ~500 NVIDIA RTX 5000 GPUs installed

* Reduce data volume by a factor 30-60, significantly
reducing the networking from EB to CPU farms Computing and Software for Big Science(2020)4:7

| Up to 100 HLT2 sub-farms (4000 servers)
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Allen design

soes | Bl o B e (B * Threads grouped into blocks, forming a grid to
execute one kernel on the GPU

sock (10) | [Block @) | wer [ Block () e Every GPU receives complete events from an EB
unit and processing several thousand events at once

Thread || Thread .
(0,0) (0,1)
Thread Thread .
(M,0) (M,1)

Computing and Software for Big Science(2020)4:.7
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Allen design

P.
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e Threads grouped into blocks, forming a grid to
execute one kernel on the GPU

* Every GPU receives complete events from an EB
unit and processing several thousand events at once

* Raw detector data copied to GPU, processed with the
full HLT1 sequence

e LHCb raw events ~ 100 kB

e no limitation in PCle connection between the CPU
and GPU

* only selected events copied from GPU to CPU (a
reduction of a factor 30-60)

e no Intra-GPU communication as each event is

iIndependent

Computing and Software for Big Science(2020)4:7
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Allen design

/
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Input reader ----------
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Checker
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Arguments n
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Constants Scheduler HostBuffers
ArgumentManager A]gorithms } MemoryManager
ArgumentRefManager

* 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 (SOA) and low memory
usage: O(MB) per core

14



P. L

Track reconstruction with GPU

® Filters the 30 MHz pp collision to 1 MHz

® 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

Upstream track
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Track reconstruction with GPU

® Filters the 30 MHz pp collision to 1 MHz

® 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

[ raw g J Computing and Software for Big Science(2020)4:.7
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l l Il [ Selected } Long track i traclj
events
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l l l
Find primary Parameterised
vertices Kalman Filter LT LEERE )
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Track reconstruction with GPU

® Filters the 30 MHz pp collision to 1 MHz

® 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

[ Raw data J

Global
Event Cut

Computing and Software for Big Science(2020)4:.7

v v

Muon decoding secT::aly
l l vertices
Velo decoding Muon ID o
& clustering ‘ q)
l l Select events :
Calo decoding | UpStI‘eaI‘I,l K
Velo tracking SciFi decoding & clustering : UT R
l l v [ AT J = Longtrack T track
events
Straight line fit SciFi tracking Electron ID __D_oivgsiream track
l l l VELOtrack ~ ~~~<__
: ' 5 T1T2 T3
® Velo clustering with FPGA is used in data taking
P. Li - LHCb Trigger - CEPC Workshop - 2024-10-24 More details in the next talk by Ao
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tX

VELO: Tracking o,

® 26 layers of silicon pixels detector

>
Z
Seeding > Forwarding > Seeding > Forwarding
® Coc
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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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VELQO: Vertex reconstruction

L HCb-Figure-2020-005

LHCDb simulation

1600

1400 PV candidates
1200 |
1000 F
- 300 -
- AN 600 -

Entries/(0.25mm)

' 400 -
beam line 200
> 0 — |

100 =50 0 50 100
Z [mm]

* 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

P.Li - LHCb Trigger - CEPC Workshop - 2024-10-24
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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

g
| | “
X X VELO Lt
->— VELO track Activated X  track extrapolation ] IIIW lIII
main window strip (hit) | main sector range VELO track F DC ]
next window - next sector range L | ]' Ttrack
‘ |
previous window i | previous sector range

UTbX UTbV UTal UTaX
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SciFi: Long track reconstruction i

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

. 4835 mm
m w)
g
‘50 o
5 @
o
8 =
o
3

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-
bending plane

| Bending plane EOf the magnet | | | Ma l'C/’)
Forward

z match x SciFi

Input Velo/Velo-UT ™ ~\} Search
track window
(e . [ oom
T T Zoerane z
Velo Ut Sci-Fi
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Muon identification & track fit w Mg

® Muon identification
SciF1 track

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

e Find hits in side the Fol for i identification

e Parallelise across tracks and muon chambers

=l =gy == ==gy==h

® Track fit
- L2
* Goal: improve track description close to the beam line = | LHC simulation -
. s . s 1f e
for precise determination of the impact parameter R SR IO o :
0.8 % -
* Only fit part of the track within the Velo detector oob -
o Parameterized Kalman filter — no need for magnetic 04f :sgffu.ibuﬁonAum -
field map and detector material description 02| jliﬁh -
T T T R T R

P. Li - LHCDb Trigger - CEPC Workshop - 2024-10-24 p[GeVic] 20



HLT1 Performance

IEEE Access, vol. 12, 2024
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e About 95% long track efficiency about p>5 GeV

* More t
larger t

e More than 95% Muon identitication
e About 2-3% m — u misidentification when momentum > 20 GeV
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HLT1 Throughput Performance

e O(500) Nvidia RTX A5000 GPUs implemented
e O(300) enough for designed HLT1 trigger on 30MHz = plenty of space for more physics

73.19kHz per GPU card Forward + Matching + Rest HLT1

67.50 kHz per GPU card Forward + Matching + Rest HLT1 + Downstream

LHCb-FIGURE-2024-035 LHCb 2024

Run 306411

T T | T T
0 20 40 60 80 100 120

Throughput in RTX A5000 (kHz)
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HLT1 Throughput Performance

e O(500) Nvidia RTX A5000 GPUs implemented
e O(300) enough for designed HLT1 trigger on 30MHz = plenty of space for more physics

73.19kHz per GPU card Forward + Matching + Rest HLT1
67.50 kHz per GPU card Forward + Matching + Rest HLT1 +
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* Downstream tracks reconstructed on GPU, extending Run 307848 (7.07 pb')
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e ECAL & RICH reconstruction on GPU in progress
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https://lbfence.cern.ch/alcm/public/figure/details/4155

HLT1 Trigger Performance with 2024 data

e The real-time analysis philosophy proved to be valid

e Removal of hardware trigger results in significant improvement in the trigger efficiency for
dielectrons, hadronic ¢ and b decay channels
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https://cds.cern.ch/record/2912743/files/main%20(2).pdf

Toward the future upgrade

® LHCb planning Upgrade |l for Long Shutdown 4 o
* FTDR approved in 2022 and Scoping document in review == v el e
o Luminosity: 2 X 10°° > 1.5 x 10°* em=! - 57! % e
« Pile up: 5 — 40 e AT e
e Exciting challenges in trigger and DAQ: " ama /
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reconstruction with time... R
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Toward the future upgrade
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® Fully software trigger strategy, partial and full detector reconstruction both on GPUs

® Complementary R&D activities focusing on primitives reconstruction on FPGAs, IPU exploration

P.Li - LHCDb Trigger - CEPC Workshop - 2024-10-24
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Summary

'g 10 — 2024 (13.6 TeV): 9.56 fb’
~ — 2023 (13.6 TeV): 0.37 fb™
%‘ g 2022(136TeV):0.821b"
® LHCb Run 3 changes the trigger paradigm with £ 17 S TOVI 171
_ % 6 2016 (13 TeV): 1.67 fb™’
software only data processing successfully - — 2012 (8 TeV): 2.08 fo
ks —2011 (7 TeV): 1.11 fb
v GPU-based HLT1 reduce data rate from 8 4
oC
30MHz — 1 MHz B o
©
v Great performance achieved in 2024 data g | e
- Mar May Jul Sep Nov

Month of the year

® Hybrid architecture (GPU+ FPGA +CPU) in Run 3 paves the way for the future upgrade
® R&D studies on optimal use of hybrid architectures (GPU/CPU/FPGA) for LHCb Upgrade |l

P.Li - LHCDb Trigger - CEPC Workshop - 2024-10-24
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https://lhcb-outreach.web.cern.ch/2024/10/18/end-of-successful-proton-proton-collision-data-taking-period/

LHCb Experiment at CERN
- Run / Event: 255623 / 300064
Data recorded: 2022-11-25 09:40:16 GMT
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LHCb Experiment at CERN
Run / Event: 255623 / 300064

Data recorded: 2022-11-25 09:40:16 GMT

) | L
vy ) |

0 iilu;,h:'i‘ll I’
L ll’la:‘l “ |l

BN 8! it
l'“"ll i
i




Alignment & Calibration

@ Data passing HLT1 trigger stored in a buffer of O(30PB) for real-time alignment and calibration
@ Crucial for efficient and pure selections require offline-quality reconstruction at the HLT2 level

Several minutes in Trackers & several hours for

VELO closed

RICH calibration \

P. Li - LHCDb Trigger -

RICH & MUON
5| 3 3| 5 3 3 3
L R PR T B P
w| o w| i w| o
VV# \ J v L v L L ¢
FILL

3 End of run

A A A A A
VELO alignment j
Tracker alignment

Muon alignment

(Calorimeter Calibration

RICH mirror alignment

CEPC Workshop - 2024-10-24
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https://cds.cern.ch/record/2909712

HLT2 Performance with 2024 data | HCbFIGURE.2024.010

e Achieving TDR performance for tracking and Particle identification

Velo tracking efficiency
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https://lbfence.cern.ch/alcm/public/figure/details/3579
https://lbfence.cern.ch/alcm/public/figure/details/4117
https://lbfence.cern.ch/alcm/public/figure/details/3983

HLT2 Trigger Performance

® Fixed output bandwidth of 10 GB/s
@ Bandwidth [MB/s] ~ Trigger output rate [kHz] x average event size [kB]

TURBO++ (since 2016)

TURBO (since 2015) TURBO SP new 2017

PV D*'/‘ n-+

Q- -

~
D0
K+ Tracks from other PVs

Event size: 15 kB -

Event size: 70 kB Other tracks from PV

Event size
HIt2 (output to tape)

10 4 LHCb Simulation oo 9.8640:0

i Current s TDR

Bandwidth (GB/s)
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P Li - LHCb Trigger . CEPC Workshop . 2024-10-24 Full Turbo  TurCal  Calib Lumi  NoBias  Total
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https://lbfence.cern.ch/alcm/public/figure/details/4159

HLT2 Trigger Performance

® Fixed output bandwidth of 10 GB/s
@ Bandwidth [MB/s] ~ Trigger output rate [kHz] x average event size [kB]

TURBO++ (since 2016)

TURBO (since 2015) TURBO SP new 2017
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https://lbfence.cern.ch/alcm/public/figure/details/4159

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

P. Li - LHCDb Trigger - CEPC Workshop - 2024-10-24

Run 3 conditions on several G

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

GNN based track finding in VELO
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https://cds.cern.ch/record/2875263/files/main.pdf

Parallelisation

@ Common intra-event parallelisation techniques as in GPU
@ Significantly speed up the reconstruction

Conceptual Layout Physical Memory Layout
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* Developed custorr
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D wrappers to support all t
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* Rewrote all reconstruction algorithms with SOA structure

ne backends (SS

= AVX2.)
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