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We will have MHz of signals in our acceptance! 
We can only afford to fully store 50 kHz of events

The challenge of the LHCb upgrade in one slide

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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Create an order of magnitude more room for signal by 
compressing and removing pileup in real-time!

From selection to compression : real-time analysis
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Typical triggers select signal needles in Standard Model haystacks 
Real-time analysis sorts and compresses haystacks of needles

Or in a picture…
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40 Tbit/s full event building & processing in a data centre

From this follows the LHCb DAQ design for the upgrade
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HLT1 is a huge high-throughput challenge — budget of a few M$ 6
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“Traditional” inclusive selections selecting bunch crossings. 
Based on charged particles, so require 30 MHz tracking at 2⋅1033! 7

What is the physics content of HLT1 which runs @30 MHz?

UT
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The LHCb upgrade has to handle the same data volume in real-time 
as ATLAS/CMS HL-LHC upgrades! But earlier and for less money… 8

Pause and compare this to ATLAS/CMS HL-LHC processing



Exploit flexibility of LHCb’s DAQ to implement HLT1 on O(500) GPUs in the event-
building servers. No comparisons to the fully viable and complete CPU baseline 
here — cost-benefit analysis is ongoing to decide if LHCb will use Allen in Run 3. 9

Allen developed as one solution to this problem



Use empty slots in event building servers — opportunistic but efficient.  
Each GPU consumes ~4 GB/s and outputs ~0.1–0.2 GB/s, well within PCIe3 limit. 10

Architecture of a GPU trigger @ 30 MHz       Arxiv 1912.09161
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https://arxiv.org/abs/1912.09161


Allen is a complete data processing solution! A wide range of configurable reconstruction and 
selection algorithms, monitoring and writing of provenance information. Integration with Gaudi is 
provided for the LHCb production environment but Allen has no inherent reliance on the LHCb 
codebase. I/O is handled with minimal reliance on server CPU. 11

Allen is not just one or two algorithms
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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
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Test carried out with two GPUs and two readout boards in an Intel server: stable performance 
observed, I/O does not bottleneck the processing. A second harsher test in an AMD EPYC server 
with three GPUs and three readout boards across two NUMA domains is ongoing. 12

Integration test                                     (LHCb figure 2019-016)

https://lhcbproject.web.cern.ch/lhcbproject/Publications/f/p/LHCb-FIGURE-2019-016.html


Linear scaling of throughput vs. occupancy, and throughput vs. the 
theoretical TFLOPS of each card. Efficient use of hardware! 13

GPU throughput scaling

Compatible with 30 MHz 
on O(500) GPUs!



Charged particle reconstruction at 30 MHz down to zero transverse 
momentum with order 1% momentum resolution. 14

Reconstruction performance 



Can reduce the data rate by required factor 30 while keeping 
>50% selection efficiency for most signals of interest. 15

Physics performance 



Huge thanks to NVIDIA and OpenLab for all the support and 
encouragement over the last 24 months! 16

Personal observations on working in a hybrid world
1. The computing landscape increasingly consists of hybrid architectures. We 

are developing the skills to thrive in this world! 
2. If the basic principles of high throughput computing are respected, a well 

designed software architecture will perform on x86, GPU, or FPGA 
systems. Functional design and uniform API helps to achieve this. 

3. High-throughput software is far from what universities teach physics 
students no matter the architecture. Learning CUDA, HLS or C++17 is the 
same for them. Recognise the importance of new skills in the field. 

4. Real-time processing is a home for API designers, physicists and selection 
authors, throughput experts, algorithm designers… it’s a very diverse 
community and personal architecture preferences are real. It is more work 
to keep a diverse community coherent, but it’s worth it.



Master all tools to tackle the data deluge of next decades

Conclusions and final thoughts
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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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Forward spectrometer optimized for precision physics

The LHCb detector at the LHC
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We also need to align and calibrate our detector in real time
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Implemented for the first time in Run 2 with offline like quality from very early in 2015. 
Not only tracker but also RICH and calorimeter. For me this is the most impressive aspect 
of LHCb’s Run 2 and required a huge team effort across projects and working groups.

So we did!

Few % control of calorimeter 
response changes due to ageing!
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Unlike ATLAS and CMS, LHCb must maintain a data-driven permille level control of its 
efficiency across the kinematic and geometric acceptance of the detector. Requires 
collecting an extremely wide range of tag-and-probe samples in real time.

We also need to measure our efficiencies in real-time!
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Full flexibility to store “additional” detector information if required by some analyses

Then select signals and associate them to pp collisions
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Tracks in LHCb
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