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Objectifs de cette presentation
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1.Motiver pourquoi il est intéressant d'effectuer une 
trajectographie à variable latency en temps réel, ce qui, au 
LHC, signifie à 30 MHz 

2.Décrivez les défis liés à la fourniture d'un tel suivi pour 
l'expérience LHCb en faisant référence à deux architectures 
spécifiques: x86 et GPU. 

3.Donne mes pensées personnelles sur ce que nous avons 
appris au cours de ce processus de développement à LHCb, 
et des pensées sur ce que cela va devenir dans le futur



Spectrometre “forward" optimisé pour la physique des saveurs lourds 

Le détecteur LHCb
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Pourquoi une trajectographie @30 MHz?

Pourquoi variable latency?
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LHC processing au temps reel circa 2018

~30 Eb/
année

LHCb CMS/ATLAS

~1 Zb/
année

Volume des 
données pour 
l’analyse

~30 Pb/
année

~40 Pb/
année

Taux des données 
mondiales 2015

~640 Eb/
année
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Volume des 
données au 
detecteur

https://en.wikipedia.org/wiki/Internet_traffic
https://en.wikipedia.org/wiki/Internet_traffic


Quelles genres du processing en temps reel existent-il?
Fixed latency

Event selection

Variable latency

Data compression

ATLAS/CMS/LHCb 
first level calo & 
muon triggers

ATLAS/CMS/LHCb 
High Level Triggers

ALICE upgrade 
TPC processing

ATLAS “trigger level analysis” 
CMS    “data scouting” 
LHCb   “real-time analysis”
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Selection des événements rares et avec des critères simples et 
locales (par example un cluster energetique) au fixed latency

Processing traditionel en temps reel — “triggering"

July 2006
SSI 2006

3
P. Sphicas
Triggering

Collisions at the LHC: summary

Particle

Proton - Proton 2804 bunch/beam
Protons/bunch 1011

Beam energy 7 TeV (7x1012 eV)
Luminosity 1034cm-2s-1

Crossing rate 40 MHz

Collision rate § 107-109

Parton
(quark, gluon)

Proton

Event selection:
1 in 10,000,000,000,000
Event selection:
1 in 10,000,000,000,000

l
l

jetjet

Bunch

SUSY.....

Higgs

Zo

Zo
e+

e+

e-

e-

New physics rate § .00001 Hz 
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https://arxiv.org/abs/1609.02366


Bruit de QCD trop important après une certaine luminosité!

Pourquoi ca s’applique pas au LHCb?

 

LHCb
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http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html


Des MHz des signals reconstructibles! 
Aucune possibilité de discrimination sans une 
trajectographie efficace au 30 MHz 

Taux des signals @ LHCb upgrade au 2021

The anatomy of an LHCb event in the upgrade era, and implications for the LHCb trigger Ref: LHCb-PUB-2014-027

Public Note Issue: 1

6 Reconstructed yields Date: May 21, 2014

b-hadrons c-hadrons light, long-lived hadrons

Reconstructed yield 0.0317± 0.0006 0.118± 0.001 0.406± 0.002
✏(pT > 2GeV/c) 85.6± 0.6% 51.8± 0.5% 2.34± 0.08%
✏(⌧ > 0.2 ps) 88.1± 0.6% 63.1± 0.5% 99.46± 0.03%
✏(pT)⇥ ✏(⌧) 75.9± 0.8% 32.6± 0.4% 2.30± 0.08%
✏(pT)⇥ ✏(⌧)⇥ ✏(LHCb) 27.9± 0.3% 22.6± 0.3% 2.17± 0.07%

Output rate 270 kHz 800 kHz 264 kHz

Table 6: Per-event yields determined from 100k of upgrade minimum-bias events after partial offline
reconstruction. The first row indicates the number of candidates which had at least two tracks from
which a vertex could be produced. The last row shows the output rate of a trigger selecting such
events with perfect efficiency, assuming an input rate of 30 MHz from the LHC, as expected during
upgrade running. A breakdown of each category is available in Table 14.

Figure 1: HLT partially reconstructed (but fully reconstructible) signal rates as a function of decay
time for candidates with pT > 2 GeV/c (left) and transverse momentum cuts for candidates with
⌧ > 0.2 ps(right). The rate is for two-track combinations that form a vertex only for candidates that
can be fully reconstructed offline, ie: All additional tracks are also within the LHCb acceptance.
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40 Tbit/s des événements complets qui sont envoyé dans 
un data centre (flexible archi, baseline CPU)

Le design du DAQ LHCb pour l’upgrade
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LHC bunch crossing (40 MHz)

DETECTOR READOUT

26% FULL

68% TURBO  &  
real-time analysis

6% CALIB

PARTIAL RECONSTRUCTION (HLT1)

FULL RECONSTRUCTION (HLT2)

REAL-TIME ALIGNMENT & 
CALIBRATION

Physics analysis

OFFLINE PROCESSING

OFFLINE PROCESSING

040 Tb/s 
30 MHz non-empty pp

1-2 Tb/s 
0.5 - 1.5 MHz

80 Gb/s

LHCb upgrade dataflow



Trajectographie des traces au dela du 500 MeV PT @ 30 MHz! 12

Contenu du premiere étape de processing (HLT1)

UT

UT



 

Étant donné la géométrie du LHCb la 
trajectographie nécessite par conséquent 
de réunir des données non locales 
provenant de plusieurs sous-détecteurs. 

Vous pouvez créer un trajectographie à 
latence fixe avec des FPGAs, mais vous 
devrez néanmoins construire la plus 
grande partie de la lecture du détecteur. 
Vous pouvez également tout lire à 
l’avance et travailler à latence variable. 

Ce n’est pas un argument de ne pas 
utiliser des FPGA, il faut simplement 
d'abord créer des événements, puis les 
traiter de la manière la plus rentable.

Mais pourquoi variable latency?

VELO track Downstream track

Long track

Upstream track

T track

VELO
TT

T1 T2 T3
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Meme taux des données mais 6 ans avant et avec un budget 
beaucoup plus faible… 14

Comparaison au ATLAS/CMS HL-LHC



Challenges et 
solutions
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Il faut d’abord recevoir les données, les transformer dans les 
coordonnées globales, et puis faire le pattern recognition… 16

Regardons la sequence en detail
Inputs

VELO raw data

VELO tracks

VELO tracks and UT raw data

Velo-UT tracks and SciFi raw data

Long tracks

UT

UT

Fitted long tracks



La preparation des données est aussi important que la trajectographie! 17

On a commence a environ 3 MHz au 2018… 

PATTERN RECOGNITION 
DATA PREPARATION
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Comment améliorer?

1. Faites ce que vous pouvez sur les FPGAs! Produisez les données dans le format 
le plus utile possible, effectuez le clustering dans le readout si vous le pouvez. 

2. Écrivez des structures de données orientées sur le débit, qui ne contiennent 
que le minimum absolu requis par le pattern recognition. “Plain old data” 

3. Travaillez autant que possible avec les structures SOA pour permettre la 
vectorisation. 

4. Minimisez la copie des informations en décomposant de grandes structuresen 
morceaux plus petits - par exemple séparer les track states et track hits.
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Regardons la sequence en concret…



x

z

1 m

390 mrad

interaction region showing
2xσbeam = ~12.6 cm

70 mrad

15 mrad 66 mm

cross section at y=0

Accentuer le “memory locality" des objets liées 20

Petit example illustratif — pourquoi decomposer le VELO?

VELO track Downstream track

Long track

Upstream track

T track

VELO
TT

T1 T2 T3



Les traces traversent lignes du constant 𝛗 
Cherchers les N nearest neighbours est plus effectif que chercher 
les hits dans un “search window” d’une taille fixe en 𝛗 21

Comment utiliser la géométrie du détecteur?

φy
x

x

z

1 m

390 mrad

interaction region showing
2xσbeam = ~12.6 cm

70 mrad

15 mrad 66 mm

cross section at y=0



Trigger du premiere niveau au CPUs est faisable! La simplification 
des données et la vectorisation ont un gain tres complementaire 22

Et nous sommes la!



Exploite la flexibilité de notre DAQ Run 3 en implémentant HLT1 directement dans les serveurs 
recevant les données du détecteur. Jugée viable par un review externe, une analyse coûts-
avantages complète est en cours pour déterminer si nous utiliserons cela lors Run 3. 23

Et nous avons aussi développée un HLT1 sur les GPUs!



Exploiter les emplacements vides sur les serveurs - opportuniste mais efficace 
Chaque GPU consomme 6 GB/s - les premiers tests d'intégration donnent de bons 
résultats pour le I/O, testes plus severes sont en cours de finalisation 24

Architecture d’un trigger GPU @ 30 MHz

x86 CPU farm

Run 1 Run 2

pp Collisions

Hardware L0

EB

HLT1

9PB bu↵er
calibration

HLT2

Storage

1TB/s1TB/s

50GB/s50GB/s

50GB/s50GB/s

4GB/s

0.3GB/s 0.7GB/s

6GB/s

6GB/s

x86 CPU farm

Run 3: Baseline

pp Collisions

EB

HLT1

bu↵er on disk
calibration and alignment

HLT2

Storage

5TB/s

5TB/s

10GB/s

x86 CPU farm

Run 3: GPU-enhanced

pp Collisions

EB on FPGAs
HLT1 on GPUs

(FPGAs & GPUs hosted
on same EB servers)

bu↵er on disk
calibration and alignment

HLT2

Storage

5TB/s

0.2TB/s

10GB/s

Figure 2: Evolution of the LHCb trigger system. Real-time calibration and alignment was first
performed between the HLT stages in Run 2. The FPGA-based hardware stage will be removed
in Run 3. Our proposal focuses on adding GPUs to the EB servers and running the entire HLT1
sequence there. This reduces the bandwidth that needs to be transmitted from the EB nodes to
the CPU farm from 5TB/s to 0.2TB/s. The cost savings on networking is expected to be more
than the total cost of the GPUs needed to run HLT1 on the EB servers. Furthermore, the entire
(fixed-size) CPU farm would be available for running HLT2.

The full post-zero-suppressed data rate could not be read out by the electronics in Runs 1
and 2, or processed by CPUs in real time using existing pattern recognition algorithms (called
reconstruction in HEP). Therefore, a hardware trigger (L0) implemented simple algorithms executed
on FPGAs to reduce the data rate to 50GB/s. The data selected by L0 are sent to a CPU farm
(the Event Filter Farm or EFF) for processing by a software application called the high-level trigger
(HLT), which is divided into two stages. HLT1 partially reconstructs events and selects a subset for
further processing by HLT2, which performs a more complete reconstruction then executes many
selection algorithms to further reduce the rate at which data are ingested for permanent storage.

In Run 1, the combination of limited CPU in the EFF (20k logical cores), lack of experience
with the data (a new detector), and suboptimal algorithms limited HLT1 to reconstructing only
a low-fidelity subset of the interesting objects in each event. Similarly, HLT2 was not able to
reconstruct all objects, and the lack of data calibrations available in real time meant that o✏ine

reconstruction was necessary to produce the high quality data required for physics analysis. A
more immediate problem at the start of Run 1 was that the HLT2 event-classification algorithms
selected more data than could be stored permanently. As the rate at which the LHC delivered data
increased, Williams was tasked with redesigning the HLT2 event classification. He produced an
algorithm known as the Topological Trigger (TOPO) that provided excellent physics performance
while meeting the 2010 output bandwidth requirements. For 2011, MW designed an ML version of
the TOPO which provided much better performance (higher signal e�ciency, greater background
rejection). About 60% of all LHCb publications to-date were produced using data recorded by the
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~250 event building units

subfarm of 40 servers

Up to 100 subfarms (up to 4000 event filtering servers)

subfarm of 40 servers subfarm of 40 servers subfarm of 40 servers

25GbE

100G IB

32 Tb/s

10GbE
10 Tb/s

PCIe

GPU
GPU

GPU
GPU

GPU
GPU

GPU
GPU

GPU
GPU

GPU
GPU

GPU
GPU

GPU
GPU



Effectivement les memes elements que le x86 baseline, mais avec 
des algorithmes beaucoup plus parallèles. 25

La reconstruction GPU est composée de… 
Raw data

Global

Event Cut

Velo decoding

and clustering

Velo tracking

Simple Kalman filter

Find primary vertices

UT decoding

UT tracking

SciFi decoding

SciFi tracking

Parameterized

Kalman filter

Muon decoding

Muon ID

Find sec-

ondary vertices

Select events

Selected events

Figure 5: Full HLT1 sequence implemented in CUDA to run on GPUs. Raw data is copied as

input to the GPU, selected events are copied back to the host CPU as output. Yellow rhombi

represent algorithms reducing the event rate, while grey rectangles represent algorithms pro-

cessing data.

Figure 5 shows the full HLT1 sequence. In most cases, a single event is

assigned to one block, while intra-event parallelism is mapped to the threads130

within one block. Typically, the binary payload comes in one packet per readout

unit, so naturally the decoding can be parallelized among these packets. During

the pattern recognition step, many combinations of hits are tested and those are

processed in parallel. The track fit is applied to every track and therefore par-

allelizable across tracks. Similarly, extrapolating tracks from one sub-detector135

to the next is executed in parallel for all tracks. Finally, combinations of tracks

are built when finding vertices and those can be treated in parallel.

Initially, events are preselected by a Global Event Cut (GEC) based on the

9



Meme qualité que le baseline 26

Physics performance 
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Evolution linéaire avec le detector occupancy! Relation quasi 
linéaire entre les TFLOPS théoriques et la performance. 27

Evolution des performances GPU
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Utilisation du ML

28



LHCb reconstruction en temps reel et machine learning

De Cian et al. LHCb-PUB-2017-011

Dans LHCb on utilisent du machine learning dans le système temps reel depuis 2011 

Très différentes architectures correspondent aux différentes problèmes: BDT, réseaux 
neurones, “deep” et “shallow”, customise pour une evaluation rapide. Architecture flexible 
nous permets une énorme liberté de choix meme en temps reel!
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https://cds.cern.ch/record/2255039?ln=en


ML pour classification au temps reel

Likhomanenko et al. http://cds.cern.ch/record/2019813?ln=en

http://cds.cern.ch/record/2019813?ln=en


Example de réseau de neurones fait pour le upgrade

Slides and Paper available

Trouver les collisions pp a partir des traces 
4 convolutional layers  
Performances encourageants mais sera-t-il plus 
rapide que l’algorithme classique? Il faut voir.

https://indico.cern.ch/event/786096/contributions/3433979/attachments/1846396/3029479/rta_190517.pdf
https://arxiv.org/abs/1906.08306


En regardent vers 
l’avenir

32



Faut il faire la reconstruction complete du détecteur a 30 MHz?

Vers une deuxieme upgrade du LHCb a 1034 du luminosite? 

33

The anatomy of an LHCb event in the upgrade era, and implications for the LHCb trigger Ref: LHCb-PUB-2014-027

Public Note Issue: 1

6 Reconstructed yields Date: May 21, 2014

b-hadrons c-hadrons light, long-lived hadrons

Reconstructed yield 0.0317± 0.0006 0.118± 0.001 0.406± 0.002
✏(pT > 2GeV/c) 85.6± 0.6% 51.8± 0.5% 2.34± 0.08%
✏(⌧ > 0.2 ps) 88.1± 0.6% 63.1± 0.5% 99.46± 0.03%
✏(pT)⇥ ✏(⌧) 75.9± 0.8% 32.6± 0.4% 2.30± 0.08%
✏(pT)⇥ ✏(⌧)⇥ ✏(LHCb) 27.9± 0.3% 22.6± 0.3% 2.17± 0.07%

Output rate 270 kHz 800 kHz 264 kHz

Table 6: Per-event yields determined from 100k of upgrade minimum-bias events after partial offline
reconstruction. The first row indicates the number of candidates which had at least two tracks from
which a vertex could be produced. The last row shows the output rate of a trigger selecting such
events with perfect efficiency, assuming an input rate of 30 MHz from the LHC, as expected during
upgrade running. A breakdown of each category is available in Table 14.

Figure 1: HLT partially reconstructed (but fully reconstructible) signal rates as a function of decay
time for candidates with pT > 2 GeV/c (left) and transverse momentum cuts for candidates with
⌧ > 0.2 ps(right). The rate is for two-track combinations that form a vertex only for candidates that
can be fully reconstructed offline, ie: All additional tracks are also within the LHCb acceptance.
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Il faut developer et maintenir des competences techniques au travers des archis 
hybrides si on veut être prêt pour l’avenir, et nous sommes parti dans le bon sens.

Maintenir la flexibilité de notre processing sera crucial

34

GBT link: 4.8 Gb/s Upgrade I 
Evolution au 10 Gb/s pour HL-LHC mais il 
faut donc aller encore 5 fois plus loin 
pour pas exploser le cout

Event-building: passer au 200 Gb/s dans 
les années prochaines et suivre 
l’evolution technologique après ca

Centre de calcul: quelle technologie sera 
la meilleure? Hybride ou non? Proche de 
l’experience ou loin?



 

Et pour finir, petit point de réflexion

35

Sequence genome of 
all humans on EarthLHCb 2032

8000 Eb

~30000 Eb/year

Square Kilometre 
Array (2030s) 

>1000 
Eb/year

Global internet 
dataflow 2021

2800 
Eb/year

ATLAS+CMS 2027

260 Eb/year

https://www.forbes.com/sites/sap/2012/04/16/how-cloud-and-big-data-are-impacting-the-human-genome-touching-7-billion-lives/#551288195609
https://www.forbes.com/sites/sap/2012/04/16/how-cloud-and-big-data-are-impacting-the-human-genome-touching-7-billion-lives/#551288195609
https://www.skatelescope.org/signal-processing/
https://www.skatelescope.org/signal-processing/
https://en.wikipedia.org/wiki/Internet_traffic
https://en.wikipedia.org/wiki/Internet_traffic


Backup
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Data driven efficiency calibration key to precision physics

LHCb analysis methodology and role of calibration samples

Trigger Efficiency 
Tag-and-probe calibration 
method exists & widely used

Tracking efficiency 
Tag-and-probe

Existing Developing

μ e,π,K,p

Particle identification 
Tag-and-probe 

Tag-and-probe calibrations 
exist for all charged particle 
species and for π0/γ, with 
new sources added over 
time to improve coverage
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A staged data reduction using increasingly complex algorithms

What is a cascade buffer?

Reconstruct high PT leptons

Reconstruct pp vertices & 
select displaced leptons

Reconstruct other charged 
particles & build B candidate

Build particle identification 
information & purify selection

Bigger data 
volume

More 
complex 

processing
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Use Run I LHC fill structure to simulate disk buffer usage

Optimization of the Run 2 LHCb cascade buffer
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Use simulation to ensure robustness if timing estimates wrong

Optimization of the Run 2 LHCb cascade buffer
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Use simulation to ensure robustness if LHC overperformed

Optimization of the Run 2 LHCb cascade buffer
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Data volume increases quadratically even with 0 background. 
Select pp collisions, not bunch crossings, in real time!

And what about data volumes?

• No pileup suppression 
• Pileup suppression
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