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Why anomaly detection at L17?

detector _ high-level data
collisions L1 trigger trigger analysis

40,000,000 110,000 5000
events/sec events/sec events/sec

L1 trigger filters out 99.75% of collision events @

If we don’t identify interesting events in trigger, we lose them forever!

Motivation Jannicke Pearkes 2
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Why anomaly detection at L17?

detector _ high-level data
collisions L1 trigger trigger analysis

40,000,000 110,000 5000
events/sec events/sec events/sec

“What if we are missing new physics because we are looking for the wrong thing?”

Anomaly detection algorithms use machine learning to be more model independent.
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Anomaly Detection with Autoencoders

Train on randomly
sampled data

Basics

Bottleneck: autoencoder
learns to compress high
dimensional inputs into low
dimensional latent space

Jannicke Pearkes

Unsupervised
learning:

X — X represents
degree of abnormality



Anomaly Detection with Autoencoders

Train on randomly
sampled data

Basics

Bottleneck: autoencoder
learns to compress high
dimensional inputs into low
dimensional latent space

Jannicke Pearkes

Unsupervised
learning:

X — X represents
degree of abnormality



Anomaly Detection with Autoencoders

CMS Preliminary 2023 (13.6 TeV)
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Key Assumptions for Anomaly Detection with
Autoencoders

 Anomalies are rare in training set v' Exotics (usually)
* Anomalies are out-of-distribution v Exotics (often)
 Anomalies are perceptible in available input objects

Outlier detection Detecting overdensities

Find (non-resonant) out-of-distribution datapoints

Find (resonant) overdensities in distributions

Basics Jannicke Pearkes



Anomaly Detection in the L1 trigger

2024 E

May 2024 Oct 2024
AXOL1TL starts | ﬁ CICADA starts

taking data on CMS taking data on CMS

May 2025
GELATO starts taking data on ATLAS

G

\GELATO)

Status Jannicke Pearkes


https://indico.cern.ch/event/1526677/contributions/6549560/
https://indico.cern.ch/event/1493037/contributions/6557276/
https://indico.cern.ch/event/1493037/contributions/6557275/

Anomaly Detection in the L1 Trigger

AXOL1TL & GELATO: L1 trigger objects

Calorimeter

Trigger Voo

(v

Y <7
Global a
Trlgger

CICADA: L1 calorimeter towers

L1 Accept / Reject

f—
1l

Algorithms must be lightweight enough to fit within the
existing L1 trigger system. Latencies of 25 ns-100 ns

Status Jannicke Pearkes
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Differences: Inputs

AXOL1TL

L1 trigger objects (pr, n. $):
MET, 10 jets, 4 muons,

4 electrons / photons

— 56 variables total

Status

L1 calorimeter towers:

E; deposits corresponding
to 14x18 towers in Nx¢
— 252 variables total

CICADA image by L. Gerlach

()
GELATO \

L1 trigger objects (py, n/

MET, 6 jets, 4 muons,
4 taus
— 44 variables total
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Differences:
AXOL1TL

L1 trigger objects (pr, n. $):
MET, 10 jets, 4 muons,

4 electrons / photons

— 56 variables total

Higher-level input features:

» Cross-object final states
« MET+X, Jets+X

« Signatures with muons
 HNLs, VH

Status

L1 calorimeter towers:

E; deposits corresponding
to 14x18 towers in Nx¢
— 2562 variables total

Lower-level input features:

* Interesting jet substructure:
* Semi-visible jets
« Emerging jets

* Eventlevel calorimeter deposits
« SUEPs

()
GELATO \

L1 trigger objects (py, n/

MET, 6 jets, 4 muons,
4 taus
— 44 variables total

Higher-level input features:

« Same as AXOL1TL
* + signatures with taus
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Differences: Inputs

AXOL1TL

L1 trigger objects (pr, n. $): L1 calorimeter towers:
MET, 10 jets, 4 muons, E; deposits corresponding
4 electrons / photons to 14x18 towers in nx¢

— 56 variables total — 252 variables total
H_gher-level |nput features Lower-level input features:

Status

lindbnvcamtim s tnd Avslnatbies vnds v imn s

GELATO \
i

L1 trigger objects (py. n/

MET, 6 jets, 4 muons,
4 taus
— 44 variables total

Hiqher—level input features:

O nvvnn e AN/ M AT

Notes: Sensitivity still to be fully demonstrated by analyses using these triggers.
- L1 trigger often already very efficient, AD not a replacement for targeted triggers.

*  HNLS, VA deposits (SUEPS)
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Differences: L1 Strategy

AXOL1TL
i m

&

Model:
Variational Autoencoder

We o'

CICADA

Autoencoder

GE! ATO

Variational Autoencoder

Implementation strategy:
Only encoder deployed
50 ns latency

Knowledge distillation with student
model deployed
100 ns latency

Only encoder deployed
25 ns latency

L1 Unique rate:
250 Hz target

Status

250 Hz target

Jannicke Pearkes

500 Hz target
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Differences: HLT Strategy

AXOL1TL
i m

—\ \

HLT Strategy:

Passthrough trigger at HLT

« Scouting & full reconstruction
streams

Status

CICADA

o oV

Passthrough trigger at HLT

Scouting & full reconstruction
streams

Jannicke Pearkes

()
GELATO

Variational autoencoder at HLT

MET, 6 jets, 3 electrons, 3 photons,
3 muons — 47 variables total

10 Hz unique rate
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AXOLA1TL triggered events

CMS preliminary 0.527 fo~', 2024 (13.6 TeV)
9106'"‘\“"|"“|""|"“|__
c E
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L 105; [ All Scouting |
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. 1.0 AXO Pure
1042— -
z Large fraction of unique
103 " =
; Y | _— events recorded that would
107} W - otherwise be rejected
o1 A : High anomaly score events,
100k i Bk, < also triggered by existing L1
E 1 8 ] e RN e 1 T .
0 500 1000 1500 2000 2500 tngger

Emulated AXO Score
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What might we be sensitive to?

Nice separation between Zero Bias data and
BSM signatures such as SUEPs and H—-SS
— 4b (ct = 900mm)

Important caveat: Domain shift between data
(training) and MC (evaluation)

Developing techniques for studying trigger

efficiencies in data and evaluating on
standard candles.

Results Jannicke Pearkes
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t at the LHC, CERN
023-May-24 01:42:17.826112 GMT
367883 / 374187302 / 159

S CMS Experiment at the LHC, CERN
/ Data recorded 2024-October-10
Run/ Event / LS: 386795 / 95764485 / 86

CMS preliminary 0.527 fb~?, 2024 (13.6 TeV)

Rate Monitoring
Run 380470

High object multiplicity a key feature of autoencoder based triggers

o
@

Many options for reducing the dependence on object multiplicity:
- Wasserstein normalized autoencoders

- Pile-up reweighting of anomaly score
- Contrastive learning + data augmentation for robustness

30 35 40 45 50 55 60

Results Jannicke Pearkes Mer 18
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Outlook

ldeas for increasing AD sensitivity to exotic
signatures in the future:

Include new objects as inputs:

Muon detector showers

Muon displacement

HCAL, timing

HCAL / energy ratios
(CMS HL-LHC)

Beyond variational autoencoders:

Semi-supervised algorithms?
Making use of learned embeddings?
Real-time over-density estimation?

T,
Silicon ’\ N
Tracker ;

\ /" -"-' Fotoi
Electromagnetic / b
Calorimeter 7w,

l}ﬂ@@ﬂ[?@l?ﬂ\\/
Calorimeter Superconducting

Solenoid Iren return yoke ﬁ[mft@ws@@[fg A

with muen chambers
- Muon Electron Charged hadron (e.g. pion)
= ==-Neutral hadron (e.g. neutron) ----. Photon

Jannicke Pearkes
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How to do analysis with anomaly detection

triggers”?

increasing order of
novel challenges

Do a bump hunt

Repeat an existing targeted search with AD
triggered events

Potentially useful for searches without
dedicated triggers

Try a completely new technique
E.g. second layer of anomaly detection offline

20



Summary

Outlook

Anomaly detection triggers offer a new, model-
agnostic approach for triggering on interesting
physics

CMS has been taking data with AXOL1TL and
CICADA since 2024. ATLAS has started taking
data with GELATO in 2025

These are the first ML-based anomaly detection
triggers deployed at the LHC

Many extensions in the future are possible

This is just the very beginning!

Jannicke Pearkes
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Thank you!

Come join the dedicated Triggers
AI/ML session (link) tomorrow if
you want to hear more!

Jannicke Pearkes 22


https://indico.cern.ch/event/1493037/timetable/?view=standard#b-597848-parallel-triggers-aim

References:

- AXOL1TL (2023)
- AXOL1TL (2024)
- CICADA (2023)
— CICADA (2024)
— GELATO (2025)
— Muon detector showers
— Muon impact parameters in the barrel
— HCAL depth and timing
— CMS Phase Il L1 Trigger TDR

Jannicke Pearkes
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AXOL1TL & CICADA n the L1 Trigger

A - 4
Layer 1
inMux Calorimet
Trigg
— | —

y
R /
er Y
i r \
L 1

N — 47

CsC RPC HBHE ECAL
TPs Hits
Muo Link

Port C Board

CICADA L1 calorimeter towers are inputs:
252 E+ deposits corresponding to 14x18 towers

in Nxé

AXOLATL L1 trigger objects are inputs:
MET - (pr, ¢)
10 Jets - (pT: r]a q))

4 muons - (pT! r]’ q))
4 electrons / photons - (pt, N, ¢)

Jannicke Pearkes 24



CMS AD HLT Strategy 2024

Level-1 Trigger (L1T)

AXOLATL (Pure rate)

L1_AXO_VLoose (1000 Hz)
L1_AXO_Loose (400 Hz)
L1_AXO_Nominal (200 Hz)
L1_AXO_Tight (100 Hz)
L1_AXO_VTight (10 Hz)

CICADA (Pure rate)

L1_CICADA_VLoose (600 Hz)
L1_CICADA_Loose (300 Hz)
L1_CICADA_Medium (150 Hz)
L1_CICADA_Tight (50 Hz)
L1_CICADA_VTight (20 Hz)

High Level Trigger (HLT)

HLT Scouting (Total rate)

DST_PFScouting_ AXONominal (1.5 kHz)
DST_PFScouting_AXOTight (1.1 kHz)
DST_PFScouting_AXOVTight (450 Hz)

DST_PFScouting_CICADAMedium (620 Hz)
DST_PFScouting_CICADATIght (370 Hz)
DST_PFScouting_CICADAVTIight (250 Hz)

Full reconstruction (Total rate)
DST_PFScouting_AXOVTight (450 Hz)

Image: S. Giorgetti

Jannicke Pearkes

CMS Preliminary 0.527 fb", 2024 (13.6 TeV)
I B L B L L L L

Run 380470 E
- All Scouting 3
1 All except AXO

7.7 AXO Nominal

== AXO Nominal Threshold
~ = AXO Tight Threshold E
~ = AXO Very Tight Threshold
1

Events

0 1000 2000 3000
Emulated AXO Score

Rates shown are NNv3
target rates

Passthrough trigger:
Anything accepted at L1 is
also accepted by the HLT



ATLAS GELATO in the L1 Trigger

[ Forward

detectors‘] [UCO[O}

E1C€Ti

A

LTMuon SL

A

:
(Muon to CTP\
Interface

REZINC

A 4

[Centrol Trigger Processor (CTPﬂ

T#c]

TTC
partition || partition
v v

e
partition

[sub-detector front-end & readout el%

Each L1Topo board has 2 FPGAs

Each FPGA receives a subset
of physics objects

Choosing which FPGA to sit on

determines which objects we
canuse for GELATO L1

Jannicke Pearkes

Topo3A
eEM, eTAU,
JEM, jTAU,
jJ, IXEITE

Topo2A
Muons,
eTAU, jTAU,
jJ, JXE/TE, JEM

Topo1A
eEM, eTAU,
gJ, gLJ, gXE/TE

Muons,
eEM, eTAU,
gJ, gLJ, gXE/TE

eTAU, jTAU,
jJ, JXE/TE, JEM,
gJ, gLJ, gXE/TE

eEM, JEM,
jJ, JXE/TE, jTAU

Multiplicities Decisions (topological)
(optical) (electrical)

J CTP |
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https://indico.nevis.columbia.edu/event/9/contributions/78/attachments/55/76/Cohen%20ATLAS%20AD%20Trigger%20(L1+HLT).pdf

ATLAS AD Strategy 2025

GELATO L1

=

N _J

Reconstruction loss + variational
layers + adversarial loss

44 input features (pr, 7, ¢) from 15
objects (6 jJets, 4 eTaus, 4 u, MET)

Commissioned to run on L1Topo

Two streams: T (physics; 500 Hz) and
L (control; 1 kHz) based on anomaly
score threshold

GELATO HLT

Only reconstruction loss
(pr=0 inputs masked)

47 input features (pr, 7, ¢) from 16
objects (6 jets, 3 e, 3y, 3 u, MET)
Seeded by GELATO L1 pass events

Three WPs: T (fallback; 5 Hz),
M (physics; 10 Hz), L (control; 20 Hz)
based on anomaly score threshold

Jannicke Pearkes
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https://indico.cern.ch/event/1526677/contributions/6549560/attachments/3121449/5535284/Addepalli_ML4Jets_2025Aug21.pdf

AXOL1TL Implementation

» Only deploy encoder half of the network,
compute degree of abnormality from latent
space directly

« Halves the network size and latency

AXOL1TL
MP7 payload
& — MP7 infrastructure

«— u?term
used for
anomaly
score

Ex0v1

Implemented on Xilinx Virtex-7 FPGA hisEl
50 ns latency and resource requirements met

Jannicke Pearkes 30
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CICADA Implementation ﬂ

Knowledge distillation: student learns from teacher model

The teacher model

Al
| A | |
y Yy
| . |
I ; I
i) - i % |
i W / $ i
e 20 Code 30
| | . y » . . / '
_ AvPool/Conv/ReLU  Fo N Conv /ReLU / '
30 > Denso/ReLU x 1
. y Dense
Conv/ReLU — UpSampling/Conv/ReLU Conv

Inference latency ~ 100 ns
on Virtex-7 FPGA

In

Jannicke Pearkes

CMS Preliminary
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(13.6 TeV)
T T

—— Training

—— Validation ]

80 100
Teacher Epoch

t Loss
n
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CMS Preliminary (13.6 TeV)
0.0~ I ‘ —_ ITrair’\ing E
751 —— Validation |
5.0
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0.0~
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251 - 1 Il 1 1 =

0 200 400 600 800 1000

Student Epoch
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Rate [Hz]

AXOL1TL Rate Stability

CMS Preliminary 0.767 fb~1, 2024 (13.6 TeV)
Rate Monitoring
1094 Fill 9707
—— L1 Physics Rate |
107 Single Muon Trigger — .
Jd HT Trigger
10%; AXO Very Loose ! *
—— AXO Loose
1034 . r
—— AXO Nominal
102] — AXOTight
AXO Very Tight
101_
100,
10—1,
] Q Q O O \\] ) O \\] \\] QO O \\] ) O ) O \\] Q Q Q
A7 8™ 0 0% T T o g @ @ o @ @ @1 @ @F 400 3 2 o ®
Time [UTC]
Beam ramp up Luminosity-levelling Luminosity-decay Beam dumped

Jannicke Pearkes
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What does AXOL1TL trigger on?

High object multiplicity and total transverse momentum.

Events
)
~
[

10°F
10%F
102E

10'F

10°§‘

CMS Preliminary
E T 1 T T I T 1 T

0.527 fb', 2024 (13.6 TeV)

T I T U T T | T U T T
Run 380470
— JetHT ;
Double Muon -

— AXO Nominal ]
— AXO Tight

0 10

1 I L I 1
20

A T
30 40
L1 Object Multiplicity

1047
103;
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10@

100} |
0 500

CMS Preliminary 0.527 fb', 2024 (13.6 TeV)
7\ T T T | T T T T | T T T 1 I T 1 T I7

Run 380470
— JetHT |
Double Muon ]
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— AXOTight

L1 Hr [GeV]

Jannicke Pearkes

L L .
1000 1500 2000
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Peak at AXO triggered data:

« Smoothly falling mass distributions shown here in small fraction (<1%) of the 2024 data

* More plots in our DP Note:

CMS Prejiminary 0.527 fb™!, 2024 (13.6 TeV)
T T
. Run 380470
10% — JetHT
i Double Muon
105E e ]
AXO Nominal
ool — AXOTight |

108
102;

101}

100

A il 1t

N A ‘
500 1000 1500 2000 2500 3000
MyLT Scouting Jet, HLT Scouting Jet [G eV]

CMS Preliminary
B =

105;
104;
1032
102;

107k

0.527 b, 2024 (13.6 TeV)
T
Run 380470

— JetHT 5
Double Muon

— AXO Nominal E

— AXO Tight

100}
0

I |h NI T B | BRI
100 200 300 400
MyLT Scouting Muon, HLT Scouting Muon [GeV]
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CMS Preliminary 0.527 fb~!, 2024 (13.6 TeV)
10E A T T
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108l — JetHT ]
] Double Muon ]
105 — AXO Nominal .
: — AXO Tight
104§
103f
102
107 4
O: .
10% L il | [H] ‘ [ 1 1N
0 200 400 600 800

1000
MHLT Scouting Photon, HLT Scouting Photon [GGV]


https://twiki.cern.ch/twiki/bin/view/CMSPublic/AXOL1TL2024

Challenge: Pile-up Dependence

CMS Preliminary ~ 0.527 fb~1, 2024 (13.6 TeV)

Real data x Reconstructed data X

~ 12
kﬁ’ Rate Monitoring
Run 380470 H
10| +  AXO Nominal .
o ' AXO Tight .
+  py® Trigger
0.8 1 — 8

Events with high pileup contain more “information”
(more jets, more calorimeter cells) are inherently
harder to encode. This contributes to higher rates at
high pileup.

0.6 1

0.4 1
Care must be taken during model development and
deployment:

- more robust training procedures

- back-up paths & “emergency off” columns 0.0

- conservative rate estimates 3 3 40 4 5035 6°P”eup

Average Trigger Rate / Trigger Rate @ Pileup
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HL-LHC Upgrades to the CMS L1 Trigger

« Machine Learning heavily incorporated into upgraded L1 trigger design

» Anticipate 25 billion inferences/s from ML models
t=0

APx x20 Serenty oA

p = - [T
\ 1 -»'D

1 small box = 1 FPGA board
with AMD VU13P FPGA

TRACKING

CALORIMETRY

* MLOps challenge:

MUONS
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Image S. Summers
Detector hits

Clusters & Tracks

Particles

Event Categorisation
1 bit: keep / discard

Tracking and monitoring deployed models, and adapting to changing environments

Jannicke Pearkes
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Challenge: Tracking model updates - MLOps

JLdt=47fb‘1 detzSSfb‘l
@ ® 00—
May 2024 Aug 2024 Oct 2024 '
Start of data taking with AXOLA1TL CICADA starts taking data

AXOL1TL
« Want to be able to retrain for new detector conditions and
_- update models often
April 2025 * For elmtalys"isd, it i|S essentisl ;co store, track and be able to re-
AXOL1TL & CICADA | Cmuiate &l Aeployetl Modets

« Experiences now will be invaluable at HL-LHC where L1
models are expected to contribute 25 billion inferences /
second in CMS mIfI)w"
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