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The Large Hadron Collider beauty experiment (LHCDb)

Large Hadron Collider (LHC) + Originally designed for study of beauty and charm physics

-+ loday: general-purpose detector Iin forward region

-+ Proton-proton and heavy ion / fixed target collisions
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https://www.nature.com/articles/s41567-021-01394-x

The LHCDb trigger challenge
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https://arxiv.org/abs/2511.03883

| HCb Run 3 detector (2022 - 2026)

Five times higher luminosity: 2x1033 cm-2s-1 - Replacement of all tracking detectors
Increased pileup to <p> = 5 - Removal of hardware trigger

Fully new readout electronics to read out
40 Thit/s

Charged particle reconstruction at 30 MHz in
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The LHCD trigger in Run 3

REAL-TIME
ALIGNMENT &
CALIBRATION
4 TB/s g :
30 MHz non-empty pp - OFFLINE
PROCESSING

FULL DETECTOR
RECONSTRUCTION

PARTIAL DETECTOR
RECONSTRUCTION
& SELECTIONS
(GPU HLT1)

FULL
DETECTOR

& SELECTIONS

READOUT (CPU HLT2)

All numbers related to the dataflow are
taken from the LHCb

Upgrade Trigger and Online TDR
r mputing M | TDR
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https://cds.cern.ch/record/2730181?ln=en

Heterogeneous computing system

200G 1B

Raw detector data is received by FPGA cards

100GbE

163 event builder servers aggregate data from sub-
detectors

10GbE

: 173

- Event Builder
: servers
Three TELL40

readout boards
per EB server

Fach server hosts 3 GPU cards on which HLT1 is run
Around 500 Nvidia A5000 In total

Output of HLT1 is stored on storage servers while
alignment & calibration Is processed

HLT2 is processed on computing farm with 250k CPU
COres

Up to 100 HLT2 sub-farms (4000 servers)
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What do we reconstruct in the High Level Trigger (HLT)?

Tracks Vertices

, Upstream track ‘ 4
: T T2 T3 ‘ ¢
| uT : ~ | —— :
1 VELO /f;@ track ] 1 ><di ~ — j
I i A ]
VELO track Downstream track T- X N
T track

Calorimeter objects Cherenkov rings Muon hits

ECAL ‘ ‘ J " Rich1 Event Snapshot | Run 210787 Event 646068495
Magnet ‘ P

3 600

’ 3 \ ao0fei
El g '

200(3in 5, L7

Upstream -~ Downstream ‘ s
brem brem ‘

Cherenkov Angle (rads)

80
60

~200- "2

; 2 i oo
Eo ‘ ‘ t S

0.02 ’ 40

-

) e . g % * 20
b | | . 0,015 1 1 1 raaal 1 L 1 1 y 32 31l
E2 " g 0

—600—l

4 o PR S TN ST SN T NN TN [N ST ST W N SO ST T A S SN | 105 .
.‘- i s -600 -400 -200 0 200 400 600 Momentum (MeVlC)

o
-
o

>

LHCb data processing, Irfu Workshop on computing strategy D. vom Bruch, 09/2026



How does the HLT map to GPUS"”

Characteristics of LHCb’s HLT Characteristics of GPUs
Reconstruction is intrinsically parallel problem: Suited for:
Process collisions and objects in parallel - Data-intensive parallelizable applications

* High throughput applications

uge compute load Many TFLOPs available
Full data stream is read out Higher latency than CPUs
—No stringent latency requirements Not as predictable as FPGAs

« Connection via PCle — limited I/O bandwidth

Small raw event data (~100 kB) » Thousands of events fit into O(10) GB of memory
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The Allen software framework

Heterogeneous high throughput software framework
Designed for LHCb’s HLT1 in Run 3

Built with CMake
Single source code, runs on x86 and GPUs (Nvidia and AMD)

Portability between architectures provided by macros and few simple coding guide lines Named after Frances E Allen

Memory manager for efficient usage of GPU memory
Multi-event scheduler for batched execution
Configuration via python

Monitoring for development and data-taking

Geometry loaded from DD4Hep, converted to simple structs for easy use on GPU
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Design of the Allen GPU HLT |

4 PARTIAL DETECTOR

- Do all work on the GPU FULL TB/S | cECONSTRUCTION
- Minimise copies to/from the GPU ?‘EI‘ZC;S: ) — g &(ZE:SCFETS )
- Parallelise on multiple levels
- Maximise GPU algorithm performance
- Design software framework to optimise algorithm throughput performance Row daka
- Interleave ML/Al and classical algorithms Selection decisions
+ Single precision only
- SiImple event model
Intra colliston: tracks, vertices, .. e rOtONprOtON Collisions __Colllston batches

e e e e e e
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HLT1 reconstruction

- Track reconstruction
- Calorimeter reconstruction

+  Lepton identification

Upstream track

T1 T2 T3
UT
VELO —  Long track
VELO track Downstream track
o
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T track

Execution order

Reconstruction step
Velo tracking
Primary vertex finding
Velo — UT tracking

VeloUT — SciFi tracking
Standalone SciFi tracking
SciFi — Velo tracking
SciFi — UT tracking
ECAL reconstruction
Tracks & calo clusters
Tracks — muon stations

Tracks = ECAL
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HLT1 reconstruction beyond Technical Design Report (TDR)

Reconstruction step
Additional long track reconstruction method Velo tracking
Gained 20% efficiency at pT = 500 MeV Primary vertex finding
Robust with respect to detector occupancy
Velo — UT tracking
Downstream track reconstruction
. VeloUT — SciFi tracking
Ecal & Jet reconstruction e
Standalone SciFi tracking

o
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Kalman filter with parameterised scattering errors and
transport through the magnetic field (since 2025)

SciFi — Velo tracking
SciFi — UT tracking
ECAL reconstruction

Bevc)hci TR

reconskrucktion
T'racks — muon stations

Tracks — ECAL
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Tracks & calo clusters

Output objects

e ( Velo tracks )

- . .
—— . Primary vertices )

r
s | Upstream tracks )
T ) Long tracks |
——t [ T tracks
—— : Long tracks

4 .,
s | Downstream tracks ) |

- :
- . Calo clusters ) ;
— - Jets y
- ( uwPID )
— e PID

A,

0 |

12



HLT1 trigger performance

TOS efficiency
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+ Heterogeneous software trigger has been a full success
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- RHLI1 trigger performance greatly surpasses DR goals set in 2014 and 2020

LHCb data processing, Irfu Workshop on computing strategy D. vom Bruch, 09/2026

B*— Jfp(ete”) K+

—
LHCD Preliminary

. - 2025 Hit1(Two)TrackMVA B
" =+ Run 2 LOElectron + HIt1(Two)TrackMVA i
L — o — g T T ]
[+ ~ 1
n i Mg
i _._—H-'-‘—I—' x
-—.—l-'-'*
L L I 1 L 1 1 l 1 1 1 1 I 1 1 L 1 I 1 1
5 10 15 20 25

S

MC candidates in acceptance / a.u.

[.0

B* transverse momentum [GeVc™]

13



Real-time alignment and calibration
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https://cds.cern.ch/record/2916454/files/main.pdf

HLT2 reconstruction

FULL DETECTOR
RECONSTRUCTION

& SELECTIONS
(CPU HLT2)

GB/s

Offline quality reconstruction
Track reconstruction algorithms tuned for efficiency
Kalman filter with parameterised scattering errors
Hadron and global PID
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Reconstruction step

Velo tracking

Dty | —}C

Velo — UT tracking

Velo — SciFi tracking + UT hits

Standalone SciFi tracking

SciFi — Velo tracking + UT hits

SciFi — UT tracking

PrKalmanFilter

Fake rejection
Clone removal

ECAL reconstruction & PID

Tracks & neutral calo clusters

Tracks — muon stations

Tracks — ECAL

Tracks — RICH
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| HCb trigger performance during Run 3
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The LHCb trigger challenge in Upgrade 2 (~2036)

x86 only x86 only x86 & GPU
Quasi real-time
analysis quality
reconstruction
& calibration

Offline Quasi real-time

reconstruction analysis quality
& calibration reconstruction

required & calibration

Ax]103R cym—25-1 2x1033 cywm—=R5-1

Heavy ions Heavy ions

Heavy ions

Proof-of-concept Pilot program at Collision & fixed

limited centralities target program up
to 30% centrality

25 TB/s
30 MHz non-empty pp

FULL 25 TB/s
DETECTOR | wemmlpy

Real-time READOUT
analysis quality
reconstruction

x86 & GPU & ?7?

& calibration
0.3 - ' '
1.6%x1034 em23-1 I\ bb
0.25
02
0.1

.llll-'_"lllllllll_;lllllllllllllll
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Fraction of bunch crossings containing process

pp analysis-level performance at same level, despite higher pileup
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Processing 25 TB/s

Only currently viable option is to process the full reconstruction

on

GPUs

Best suited architecture to process thousands of selections still

(¢

be determined

Split (or no split) between HLT1 and HLT2 still to be determined

AC
CO

apt currently used Allen and Gaudi software frameworks to

oe with the challenges

ML/Al technigues increasingly important for reconstruction,
classification, selection

HEP-specific challenge: Fast inference at 30 MHz on GPUSs,
FPGAs and emerging technologies
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CERN-ESU-2025-001, https://arxiv.org/abs/2511.03883

LHCb Upgrade 2 trigger can act as technology driver and catalyst for future experiments

LHCb data processing, Irfu Workshop on computing strategy D. vom Bruch, 09/2026
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https://arxiv.org/abs/2511.03883

Path from 5 TB/s to 25 TB/s

Challenge 1: Process full reconstruction on GPU architectures

Design robust and maintainable framework capable of processing large selection of complex offline quality algorithms

=xplore Al/ML methods for reconstruction and classification tasks

Design high-throughput algorithms to be processed on GPU architectures

—xplore emerging architectures to choose most suited technology

Challenge 2: Reconstruct most central heavy ion collision events

Need to reduce fake track rates in high multiplicity environment

Explore Al/ML methods and stand alone track seed methods

Atelier U2 LHCD France: RTA, D. vom Bruch, 10/2025 20



Path from 5 TB/s to 25 TB/s

Challenge 1: Process full reconstruction on GPU architectures
Design robust and maintainable framework capable of processing large selection of complex offline quality algorithms
Explore Al/ML methods for reconstruction and classification tasks
Design high-throughput algorithms to be processed on GPU architectures

Explore emerging architectures to choose most suited technology

Challenge 2: Reconstruct most central heavy ion collision events

Need to reduce fake track rates in high multiplicity environment

Explore Al/ML methods and stand alone track seed methods

+ Possible only with continued support of long-term teém of softwére enginéers and physicists fdr Allen projec

Only two countries / institutions currently provide software engineers for RTA: CERN and France
CERN has no long-term FTE on Allen

Chance for France to play a leading role in designing and maintaining the U2 trigger framework ?

Atelier U2 LHCb France: RTA, D. vom Bruch, 10/2025



Proposed RTA-France project

WP1 Allen ) WP2 Al/ML WP3 Reco & calibration \‘ WP4 Heavy lons

(Allen-Gaudi integration Quantisable models Gack reconstruction ) —» | Reconstruction

Graph Neural Networks —»' Calo reconstruction ' _ﬂ Calibration
Transformer networks —>| Track efficiency measurement ' _’\ Selection

—>(New architectures

—>(AI/ML libraries

iy R A ey Ry L

_y(Monitoring DNN track reconstruction '—V(C alo calibration ) _»\ uminosity determination
—>CEvent model —>| Reco in readout chain '
r >
WP1 Allen WP2 Al/ML Table 3: Distribution of RTA areas of interest across French LHCb teams.
e ALY Institution Area of interest
e 5y
(WPO Management | WP1 Allen CPPM, LPNHE, Subatech
ﬁ- \éom Brucf:_l(g\lp:é\ﬂ) WP2 ML/AI LPCA, LPNHE, Subatech
. Lot WP3 Reconstruction & Calibration | CPPM, 1JCLab, LAPP, LPNHE, LLR
WP3 Reco & calibration WP4 Heavy lons WP4 Heavy lons Irfu, LLR
J.-F. Marchand (LAPP) B. Audurier (Irfu)
_ i

RTA-France kick-off workshop, D. vom Bruch, 09/2026



Delliverables
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2 LHCD reconsbruction Protobypes of ML/AI-based
a . .

Y For pp and heavy tons reconstruction readv
o

ready for Run 4

RTA-France kick-off workshop, D. vom Bruch, 09/2026

AllenCore extended for emerging architectures,

AI/ML support, energy-efficiency evaluation

LHCD recdms&ru&&iom

For PP and he.o\vv LOWNS

ready for Run §
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AllenCore: A heterogeneous high-throughput software framework

Core parts extracted into experiment-indepdendent AllenCore framework

Optimised for high-throughput execution on heterogeneous architectures Application

Demonstrator with Open Data Detector

Jse reconstruction algorithms from A Common Tracking System (ACTS)

GPU implementations available in tracc

Read geometry in DD4Hep format -
Services

First sequence of reconstruction algorithms runs

Proved independence from LHCb Allen Core
TR Portability
Integration of AllenCore within LHCb's software stack ongoing Memory
cheduling
Hosted on gitlab: https://qitlab.cern.ch/allen-core A Allen Core & Event loop

Service interfaces

Subgroups and projects  Shared projects Shared groups Inactive Seq u e nC| ng

[ O v | Search (3 character minimum)

(M A AlenCore®

(0 A Allen Core Containers &

(0 A Allen Core Demonstrator &

LHCb data processing, Irfu Workshop on computing strategy D. vom Bruch, 09/2026 @ & Alten Core Demonstrator Container &
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http://Open%20Data%20Detector
https://dd4hep.web.cern.ch/dd4hep/
https://acts-project.github.io/
https://arxiv.org/pdf/2505.22822
https://gitlab.cern.ch/allen-core

Vision of AllenCore interfaces with HEP experiments

AllenCore

Experiment-independent
Cross-architecture algorithm definition
Batched processing

Mixed classical & Al workflows

Fast inference on different backends
Optimised for microsecond execution

Algorithms defined in Allen syntax Algorithms defined in Allen syntax Algorithms defined in Allen syntax
Geometry defined in DD4Hep Geometry defined in DD4Hep Geometry defined in DD4Hep (FCC)

LHCb HLT1 & HLT2 ePIC Alignment & Calibration Potential other experiments

e SKA
e FCC-ee

e LHCb reconstruction algorithms e ePIC algorithms for
e Processing at up to 30 MHz alignment & calibration

RTA-France kick-off workshop, D. vom Bruch, 09/2026



R&D for reconstruction Graph Neural Networks (GNNSs)

Track reconstruction in the vertex locator Calorimeter reconstruction

ETX4VELO

Inspiration from CMS

- Distance-weighted graph networks

- FPGA implementation

/

N\

Full Message Passing

Common challenge: High-throughput inference on GPUs

https://arxiv.org/abs/2406.12869

RTA-France kick-off workshop, D. vom Bruch, 09/2026

GarNet
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https://arxiv.org/abs/2406.12869
https://arxiv.org/abs/2406.12869
https://arxiv.org/pdf/1902.07987
https://arxiv.org/pdf/2008.03601

Summary

LHCb has revolutionised its trigger system in Run 3 to use a fully software system

based on GPUs and CPUs

Allen framework has enabled HLT1 to go far beyond the original TDR design

Allen provides generic tools for high-performant

Next challenge: LHCb Upgrade 2 with 25 T

orocessing on heterogeneous architectures

B/s tO process

Can act as technology driver for future experiments

Experiment-independent high-throughput heterogeneous software framework

AllenCore developed

Demonstrator with Open Data Detector and ACTS algorithms in place

R&D for high-throughput reconstruction with Al/ML methods on GPUs

LHCb data processing, Irfu Workshop on computing strategy D. vom Bruch, 09/2026

Allen Core

Portability
Memory
Scheduling
Event loop
Service interfaces
Sequencing
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Backup

LHCb data processing, Irfu Workshop on computing strategy D. vom Bruch, 09/2026
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The LHCDb trigger in LHC Runs 3 & 4

REAL-TIME
ALIGNMENT &
CALIBRATION

.
o**
L ]
.
.
<«
o
.

4 TB/s
30 MHz non-empty pp OFFLINE

4 Y- PROCESSING
FULL TB/s PARTIAL DETECTOR FULL DETECTOR
DETECTOR ' RECONSTRUCTION RECONSTRUCTION
READOUT & SELECTIONS & SELECTIONS
(GPU HLT1) (CPU HLT2)

All numbers related to the daf aflow are
taken from the LHCb '

»grade Triager and Online TO

r mputing Model TDR\

! High Level Trigger 1 (HLT1)

|- 30 MHz input

i+ Not latency bound

I+ O(100) algorithms to maintain
i+ O(10) developers

- 125k lines of code

Processed by Allen software on O(500) GPUs | HCb-FIGURE-2020-016
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The LHCDb trigger in LHC Runs 3 & 4

REAL-TIME
ALIGNMENT &

CALIBRATION

4 TB/s
30 MHz non-empty pp

PARTIAL DETECTOR
RECONSTRUCTION
& SELECTIONS
(GPU HLT1)

v
FULL DETECTOR

FULL
DETECTOR
READOUT

& SELECTIONS
(CPU HLT2)

All numbers related to the dataflow are
taken from the LHCb

Upgrade Trigger and Online TDR

r mputing M | TDR

| High Level Trigger 2 (HLT2)
- 1 MHz input
i+ Not latency bound
I+ O(2000) algorithms to maintain
{+ O(100) developers
- 2M lines of code
* Processed by Moore software on CPUs
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RECONSTRUCTION |}
‘.\: o

GB/s

OFFLINE
PROCESSING

LHCb-FIGURE-2020-016
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The LHCDb trigger in LHC Runs 3 & 4

REAL-TIME

A ALIGNMENT &
ROV Bl  CALIBRATION

4 TB/s
30 MHz non-empty pp

FULL T; /s PARTIAL DETECT FULLD OR
DETECTOR ' RECONSTRUCTI@N RECONSTRYCTION
READOUT & SELECTIO f & SELECTI t*. S

(GPU HLT1) (CPU HLT2)\,

All numbers related to the dataflow are
taken from the LHCb

Upgrade Trigger and Online TDR
r mputing M | TDR

| Alignment & Calibration

i+ Determine detector position based on

- reconstructed quantities

{- RICH mirror alignment & refractive index calibration
- Calibrate calorimeter

LHCb data processing, Irfu Workshop on computing strategy D. vom Bruch, 09/2026

OFFLINE
PROCESSING

LHCb-FIGURE-2020-016
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Allen: Memory management and algorithm scheduling

CPU

Compute § Compute

Control Control
Cache Cache
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Compute | Compute
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=U EU EU EU EU EU U ¥
Cache Cache " | v | v | | U | v | U | Ev |

Cache Cache

DRAM Controller, I/O DRAM Controller, I/O

{ CPU

i+ Few strong cores

+ Suited for serial workloads

- Quick access to large system]
\. memory

|GPU
- Many weaker cores

-+ Limited memory on card

LHCb data processing, Irfu Workshop on computing strategy D. vom Bruch, 09/2026

', Suited for parallel workloads

GPU challenges

Fit workload into limited memory resources

Allen uses count first - write later model
Only allocate as much memory as needed
Allen provides memory manager and algorithm scheduler

Only keep objects in memory for as long as needed

Sufficient parallelisable work to utilise compute cores

n Allen, every algorithm processes many collision events in parallel

« Multi-event scheduler » in Allen generates static sequence of
algorithms to be processed using event masks
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Allen: Versatile and scalable user intertace

Users  EQ@OQSER (P )

Versatile configuration
of mixed algorithm sequence

| Algorithm source code (CUDA)
Classical reconstruction algorithms

e Al/ML algorithms

{e Selection algorithms

Developers

Core framework components (C++)

oQ® |
Core developers '&‘ |« Memory management

i ® Scheduling
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