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THE LARGE HADRON COLLIDER

proton-proton collider @ 13.6 TeV center-of-mass energy 
4 interaction points 

40 million collisions / second 
Higgs boson produced 1/10 billion collisions (every 4 minutes) 

analyze ~1000 collisions / second

p p

~10 cm

2CMS



▸ 100 million channels to measure different particles
COMPACT MUON SOLENOID 3
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Broad physics program, ranging from 
measurements of the standard model 

and the Higgs boson to studies of heavy-
ion collisions and searches for new 

particles and phenomena 
 

AI integrated into almost every aspect 
from simulation, triggering, 
reconstruction, and analysis



Collision event

Proton beams

Collision point

Jet

Outgoing particles:  
tracks 

electromagnetic interaction energy  
nuclear interaction energy

…

LHC RAW DATA TO “PARTICLE" CLOUDS 4

Can artificial intelligence help us?

Higgs boson?

Quark/gluon?



Evolution of algorithms from Run 1 to Run 3

25

Figure 13: Evolution of the 
light- (udsg, yellow bars) 
and c-jet (red bars) 
rejection for a fixed b-jet 
identification efficiency of 
70% for taggers from Run 1 
to Run 3. The BvsAll 
discriminator is used to 
derive all numbers but the 
last one, where the 
weighted BvsAll 
discriminator with a factor 
of kc = 0.14 is used, yielding 
a good trade-off between 
light- and c-jet rejection.

FROM BDTS TO GNNS AND TRANSFORMERS
▸ Great strides made to leverage rich low-level information with graph neural 

networks and transformers for a variety of tasks including jet classification 
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▸ Major improvements 
demonstrated in CMS 
(ParticleNet/Transformer)

CMS-DP-2024-066

https://cds.cern.ch/record/2904702
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bb ZZ

CMS-PAS-HIG-20-004

Observed: 21
Expected: 19
Multilepton

CMS-PAS-HIG-21-002

Observed: 3.9
Expected: 7.8

resolvedbb bb, 
Sub. to PRL (2202.09617)

Observed: 8.4
Expected: 5.5

γγbb 
JHEP 03 (2021) 257

Observed: 3.3
Expected: 5.2

ττbb 
CMS-PAS-HIG-20-010

Observed: 9.9
Expected: 5.1

merged jetbb bb, 
Sub. to PRL (2205.06667)

Observed         Median expected
                      68% expected   
                      95% expected   

CMS Preliminary
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▸ AI improves search for Higgs boson pair production, which can help to 
measure the Higgs boson self interaction

Most sensitive HH 
search in LHC Run 2

https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html


REAL-TIME ANOMALY DETECTION CMS-DP-2023-079 
CMS-DP-2024-059 7

▸ Real-time anomaly detection algorithm 
deployed in FPGAs based on a  
variational autoencoder 

▸ Selects unique events relative to existing 
triggers 

▸ Preference for high multiplicity events

Selected by AD, but not 
other triggers

https://cds.cern.ch/record/2876546?ln=en
https://twiki.cern.ch/twiki/bin/view/CMS/AXOL1TL2024


PARTICLE RECONSTRUCTION AS AN AI TASK 8

▸ Formulate particle reconstruction as an AI task (naturally “tunable” through re-
training and portable to new hardware) 

▸ Learn a “set-to-set” function , where  and f: X → Y {tracks, energy clusters} ∈ X
{particles} ∈ Y

{tracks, energy clusters} ∈ X {particles} ∈ Y

f



PARTICLE RECONSTRUCTION WITH AI 9

▸ Improved physics performance and computational scaling with AI-based 
algorithm
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AK4 jet performance
We evaluate AK4 jet reconstruction 
performance in  and QCD samples 
with pileup. On the left, we show the 
inclusive jet  distribution. On the right, 
generator-level jets are matched based on 
ΔR < 0.4 to reconstructed jets from PF or 
MLPF particles after pileup mitigation. We 
require  > 5 (10) GeV for reconstructed 
(generated) jets. We show the raw jet  
before any corrections.

Jet reconstruction is never explicitly 
trained for with MLPF, which reconstructs 
the list of particles in the event. 
In baseline PF reconstruction: jets are built 
from PF candidates with PUPPIv18 with 
the TAU tune [10] applied for pileup 
mitigation. 

In MLPF reconstruction: pileup subtraction 
uses the per-particle pileup predictions 
from the MLPF model for neutral particles, 
while charged particles within the tracker 
use PUPPI [10-12].

tt̄

pT

pT
pT
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We compare the inference runtime of baseline PF reconstruction (block linking + particle flow reconstruction algo) with MLPF inference in CMSSW 
using the ONNX GPU runtime. A small sample of 2024 Run 3 dijet events is processed on a dedicated machine running 6 parallel CMSSW jobs 
(8 CPU threads each). For MLPF, each job is reserved 1/7th of the compute and memory of one A100 80 GB GPU, so the GPU processes 48 
parallel MLPF inference streams without saturating the memory. The same machine is used for PF reconstruction with the same job 
configuration, with the GPU left idle. The model outputs are highly compatible between CPU and GPU inference, with no change in jet-level 
observables.


The median per-event runtime is 0.04 ± 0.01 s for MLPF and 0.09 ± 0.06 s for PF, with uncertainties given by the interquartile range. For reference, 
the inference runtime of the model on Intel Xeon Silver 4314 CPU @ 2.40GHz using 1 thread is on the scale of a few seconds, demonstrating that 
computational accelerators with optimized kernels should be used for ML inference in such circumstances.


Correlating event IDs, we find that MLPF exhibits flatter scaling, avoiding the quadratic runtime growth on large events, which is achieved by 
using the exact and memory-efficient Flash Attention kernel [9]. Precompiled Flash Attention is currently available in the ONNX runtime on 
Nvidia GPUs from the Ampere generation onwards, e.g. the Nvidia A2 inference GPU, released in 2021. We have used flash attention for training 
on AMD MI250X and Nvidia A100 GPUs.

Inference runtime
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▸ Services for optimized network inference on coprocessors (SONIC) and 
SuperSONIC projects implements server infrastructure for inference-as-a-
service applications in large experiments 
▸ Designed for deployment at Kubernetes clusters equipped with GPUs

ACCELERATED INFERENCE AS A SERVICE 10
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THE STANDARD MODEL Image: https://www.quantamagazine.org/a-new-map-
of-the-standard-model-of-particle-physics-20201022/

▸ But there has to be more to it! SM does not answer all our questions 
▸ Higgs is a centerpiece: Mechanism by which particles acquire mass 
▸ Measuring its couplings to other particles (and to itself) may give insight into BSM 

physics
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https://www.quantamagazine.org/a-new-map-of-the-standard-model-of-particle-physics-20201022/
https://www.quantamagazine.org/a-new-map-of-the-standard-model-of-particle-physics-20201022/
https://www.quantamagazine.org/a-new-map-of-the-standard-model-of-particle-physics-20201022/


LHC EVENT PROCESSING 13

1 ns 1 μs 1 s1 ms

Compute 
Latency

FPGAs CPUs CPUs

High-Level 
Trigger

O(1) kHz 
O(1) MB/evt

40 MHz
L1 Trigger

O(100) kHz

Offline

Challenges:  
Each collision produces O(103) particles 
The detectors have O(108) sensors  
Extreme data rates of O(100 TB/s)

ASICs

Exabyte-scale 
datasets

GPUsGPUs

FPGAs



MULTILAYERED DETECTORS, E.G. CMS

Current and future 
multilayered 
detectors… 

Require complex 
pattern recognition
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