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THE CMS EXPERIMENT
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THE CMS EXPERIMENT

TWO-TIER TRIGGER SYSTEM

* Proton-proton collisions at the LHC event’s rate of 40 MHz.
*  CMS raw data throughput ~30 TB/s: data reduction is needed.
*  Two-tier trigger system:
o Level-1 Trigger (L1T): hardware system
o High-Level Trigger (HLT): software based
o Event selection via configurable trigger menu (set of algorithms) based on reconstructed
physics objects.
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Why AD for triggering?
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Where to deploy AD in CMS ?
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Where to deploy AD in CMS ?

ANOMALY DETECTION IN CMS :

« Over 99% of the events are rejected at
each stage of the two-tier CMS trigger ;ewphys‘“!
system.

»> Want to work at L1 before any Energy [GeV]

selection is made!

LEVEL-1 TRIGGER
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AD AT THE CMS L1T | ]| | | ]

« CMS LI1T system performs a coarse Layer 2
reconstruction of physics objects. Global Muon Calorimeter
Trigger Trigger
«  Within 4 ps, the L1T decides which (muons) (e/y, jets, T,
events to accept. energy sums)

« In the final stage, the Global Trigger (GT)
runs algorithms with a 50 ns latency
— ultra-low-latency inference.

« Two AD algorithms in the GT:
o AXOLITL : an event-level trigger
based on GT input objects.
o CICADA : an event-level trigger L1 Accept

based on Layer 1 calorimeter EUG1 - F\VQ&
e
towers
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AXOLITL timeline
his 4 ml

March 2018 April 2023
First hls4ml release AXOL1TL in GT test crate

May 2024 Aug 2024 Oct 2024

Start of data taking with AXOL1TL V4 model ﬁ CICADA starts taking data
AXOL1TL V3 update T

April 2025 | May 2025 6 Time to put efforts

- on analysis with
AXOL1TL V5 & CICADA B4 ATLAS star.ts taking data AXOL1TL datal
model updates sttt \with AD Triggers
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AXOLI1TL

AXOL1TL (Anomaly Extraction Online L1 Trigger Lightweight) is an unsupervised variational autoencoder (VAE):

Quantum-aware training on Zero Bias (unbiased trigger) dataset with inputs L1T objects:

(pr, n, @) of 4 e/y,4 u,and 10 jets and missing transverse energy (MET or p"”ss)

AXOL1TL V4

* Trained with a VAE loss combining a reconstruction term and the KL divergence.

*  Deploy only the encoder, due to resource constraints.

*  Anomaly score per event defined as the L2 norm of the 8-dimensional latent vector.
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—)ME’I/“ — —)MP?T —_—>
——> 12 ¢/gamma—» —>4 ¢/gamma —»
uGT upstream Smuon —pprune| sS4 veon

J—> 12 jets —— ——> 10 jets——>

concatenate
flatten
bit shift

p_fixed<8,6>[57]

Dense [28] Dense [ Dense [8]
kernel: ﬁxed<6 3> kernel: ﬁxed<6 3> kernel: fixed<6,3>
bias: fixed <10,7>  [<28 bias: fixed <10,7> |<15 bias: fixed <10,7>
activ: grelu fixed<18,8> activ: qrelu fixed<18,8> activ: qrelu fixed<18, 8>
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Regularize latent space
to avoid overfitting
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AXOLITL VS

BEYOND BASELINE

For 2025 data-taking, a novel model
architecture has been develop based

on contrastive learning:

 VICReg-trained feature extractor
stacked on top of a VAE.

« The anomaly score is now the
squared reconstruction error.

> Il\gE'[/‘ — —>{4VIE}T —>{ concatenate
—> 12 e/gamma—»; —>4 e/gamma —»|
uGT upstream > 8 muon 5| prune > 410000 ) bf.l;itt;r;t
it shi

———> 12 jets ——| —>10 jets——

ap_fixed<14,7>[57]

Dense [29] Dense [10]
kernel: fixed<6,3> kernel: fixed<6,3>
bias: fixed <10,7>  [<29 bias: fixed <10,7> |<105:
activ: qrelu fixed<18,8> activ: qrelu fixed<18,8>
Dense [9] Dense [6] Dense [4]
kernel: fixed<6,3> kernel: fixed<6,3> kernel: fixed<6,3>
bias: fixed <10,7> <9> bias: fixed <10,7> <6 bias: fixed <10,7>
activ: qrelu fixed<18,8> activ: qrelu fixed<18,8> activ: qrelu fixed<18,8>
Dense [6] Dense [9] Dense [10]
kernel: fixed<6,3> kernel: fixed<6,3> kernel: fixed<6,3>
bias: fixed <10,7> | <9> bias: fixed <10,7> <9> bias: fixed <10,7>
activ: qrelu fixed<18,8> activ: qrelu fixed<18,8> activ: qrelu fixed<18,8>
Embedding (VICReg) Latent Layer (p)
Encoder (VAE) Decoder (VAE)

Bardes et al. (2022), VICReg: Variance-Invariance-Covariance Regularization for Self-Supervised Learning, arXiv:2105.04906
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AXOLITL VS

2105.04906  Gtep 1: Embedding Layer Training
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AXOLI1TL on FPGA

03.09.2024

AXOLITL fits within the latency and resources budget of the CMS
GT boards Xilinx Virtex-7 FPGA.

The AXOL1TL QKeras model is converted for FPGA using hls4ml.

Resource usage of V5 is comparable with V4 thanks to the
optimizations with distributed arithmetic (da4ml) for V5.

»  Check out Chang Sun’s tutorial & talk for FASTML25!

Model Latency LUTs (% w.r.t GT) FFs (% w.r.t GT) DSPs
AXOL1TL V4 2 clocks, 50 ns 18961 (4.3%) 424 (0.05%) 0
AXOL1TL V5 2 clocks, 50 ns 22023 (5.0%) 627 (0.07%) 0
(w/ dadml)

AXOL1TL V5 2 clocks, 50 ns 30583 (7.1%) 965 (0.11%) 0
(w/o dadml)
GT 160 clocks, 4 us 433,200 866,400
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Physics performance

CMS Simulation Preliminary

(13.6 TeV)
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Scan of AXOL1TL anomaly score
thresholds, corresponding to a total
range, for SM and BSM simulated

samples and calculate the efficiency.

V5 efficiency improved compared to
V4 and competitive with a standard
trigger like H (scalar sum of jets py).

Broad sensitivity of the unsupervised
AXOLI1TL approach to a wide range
of new physics scenarios.
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AXOLI1TL anomaly score

* Set a threshold on the AXOL1TL anomaly score: define several L1 triggers, then passthrough to the
CMS HLT Scouting system where objects are reconstructed online.

*  Pure AXOLITL events: events uniquely triggered by AXOL1TL and not by any other L1 trigger.
>» Collect events that would not be triggered otherwise!
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AXOLI1TL results
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AXOLITL results
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Conclusions

SUMMARY

* Presented the first anomaly-detection-based trigger implemented in the CMS L1T.
o Successful AXOL1TL data-taking in 2024 and 2025 with first analysis results!

* Showecased the latest model development for 2025 with improved performance.

WHAT'S NEXT

* Push the effort on end-to-end physics analyses using AXOL1TL data.

* Drive the development of anomaly detection for the Phase-2 CMS Level-1 Trigger at HL-LHC.
« AXOLI1TL as a use case for dedicated MLOps infrastructure.

> Join the “MLOps Pipeline for Continuous Deployment of Machine Learning Algorithms for HEP”
session tomorrow!

AXX¥ | ITL NexlGen
O mEQ) @i )
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CMS Experiment at the LHC, CERN
Data recorded: 2023-May-24 01:42:17.826112 GMT
Run / Event / LS: 367883 / 374187302 / 159 ’

THANKYOU!
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AXOL1TL Workflow

2023 Zero Bias
Collisions Dataset

1 Train QKeras
his 4 ml

» CMSSW Emulator

i Offline Validation
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Development
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AXOL1TL V3 and V4

CMS Preliminary 2023 (13.6 TeV)
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AXOL1TL V3 and V4

: The Decoder part of the
AutoEncoder is stripped off due
~—— to timing/resource constraints. |
L) c
X 1 8 5 Y
8 =
/
Validation/Deployment Time
n
1
[ 2
i ] SAnomal = E Y;
z =Mean+exp(0.5-1logVar)-e¢ @ Y < 1( )
L 1 =

Inputs: L1 trigger objects: (pT, n, ) of MET, 4 electron/photons, 4 muons, 10 jets
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AXOL1TL Validation
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