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& Will Panduro Vazquez (RAL PPD).
e | work on ATLAS — much of this talk will be collider-based and

ATLAS-centric, but the concepts are general.



What is a trigger system, and why do we need it?

e The problem:
o Particle physicists are typically searching for rare processes.
o Particle physics experiments, in particular at colliders, generate enormous
amounts of data.




One barn, 102* cm?, is approximately the
cross sectional area of a Uranium nucleus.

Standard Model Production Cross Section Measurements
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One barn, 10?4 cm?, is approximately the
cross sectional area of a Uranium nucleus.

Standard Model Production Cross Section Measurements
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OAQ total (x2)

| velasiic ATLAS Preliminary Theory

incl

pr>100 GeV Vs = Te
. V5=57,8,13,13.6 TeV LHC pp V5 = 136 TeV
E "”.7&?2’ o Data 29.0 — 31.4fb
- o ogge
e LHC Vs =13 TeV
o g 1.6 billion per second PP
L o 256 BBl Data 32-1401b!
E pr>100 GeV iy
r ( '64X25 M‘ 'Z) LHC pp Vs =8 TeV
3 0520 BB Data 202-2031b
E Oy
r s LHC pp Vs =7 TeV
30 Ge
3 E> g =1 o BBl Data 45-491!
e i e e8gm 0O One per second
C o o v total
C o I B o O o LHC pp Vs=5 TeV
A A = t-chan o - p——
3 s o i B W BBl Data 003-031
F A X 100GV we . wz e
E a2 aAg oy 22 A Igﬂg Y .
L & mz4 o pr>25 GeVf 2z g ¥n
E i njz4 Fl total
: = B,y Yo R -
L n=5 [ MZ5 | s.chan Z : AL . u
3 [ ol omz4 n>6 o HesbB o WWW tot.
E n o )z Zy Zy o oo o
E i o O o . oo o =
o 426 | p_3 o LY o | Hoobb iz "
r J ke Y a o W
C A g s 27 vy o (x0ony A (x05)| m L s
i = o o (x001) e (x0.25) - avF BN ﬁo 2> Bg
E o n>s Bz (x0.01) SO o bO5) o™ A
: M ®mL ¢ | - Tngg " o )
K [E Hoyy Horr Zjj u Wyy Wyjj
L __ w27 (x0.15) A D O total
3 T - o B Bz B .,
o [d oo = [Hoyy Ho - -8 o oo
- (x0.5) — +
! .. One every day = g e o g 4l
3 - - — wz
E o H=yy ~
- - i oh i DI
PP Jets ¥ w z tt t v H Hjj VH ttv ttH _ wwv 7YY Vyy yy-WwW
tty Vijj  tet Vyii VVijj

tot. tot. VBF tot. EWK ' tot. EWK EWK

/) XN|4

UOI1DRISIUI UR SISAIIBP AjUalind DHT 9yl

/sourwun

-S z.WD L OLXT 4O (A



What is a trigger system, and why do we need it?

e [or example:
o CMS and ATLAS unfiltered off-detector data rate of order 60 TB/s
o Instantaneous global internet traffic in 2025: 395 TB/s [AppLogic/Sandvine GIPR 2025]
o No storage system we could possibly afford could cope with this volume
of data!



What is a trigger system, and why do we need it?

e T[he solution: pp — W(—ev)yy
o Trigger systems! Broadly -

m A system that uses simple
criteria to rapidly decide
which events in a particle
detector to retain, when
only a small fraction of the
total can be recorded.

e Example from Colliders:

o Interesting events usually

have high-p_particles. AT LAS

EXPERIMENT
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https://www.sciencedirect.com/science/article/pii/S0370269323007335

What is a trigger system, and why do we need it?

e The solution:

o Trigger systems! Broadly -

m A system that uses simple
criteria to rapidly decide
which events in a particle
detector to retain, when
only a small fraction of the
total can be recorded.

e Example from Colliders:

o Interesting events usually
have high-p_particles.

© ... hidden in a mass of low-p_
background.

2025 high-intensity test
{u)=150, 92 PVs

ATLAS

EXPERIMENT




What is a trigger system, and why do we need it?

S 2025 high-intensity test

o Trigger syste
m Asyste

criteria Sec | — ATLAS

EXPERIMENT

total can be recorded:.
e Example from Colliders:
o Interesting events usually
have high-p_particles.

© ... hidden in a mass of low-p_
background.
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From Gas to Higgs Bosons
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e | HC Radio Frequency is 400.8 MHz R R
e | HC Circumference is 26,659 m | 5 = Gl
I | ~— —
e Ring divides into 35,640 buckets a8 ) : :
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General Overview

/ Detector data

Trigger
signals

e Trigger must:
o Make a FAST decision

Trigger

System

Data
Acquisition
System

“Online”

Accepted event

data

~

/

o Select the most INTERESTING events

o Keep rate LOW ENOUGH for offline
storage and reconstruction

“Offline”

Physics Results

Mass Storage

Reconstruction
and Analysis
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Hardware Triggering
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Calorimeter detectors
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The signals in the detector are digitized and buffered
in a front-end circular pipeline.

The race is now on to decide if we want to keep the
event before it gets overwritten in the buffer.

Need to make and return our decision within 2.5 us.
That’s only 750m travel time at the speed of light...
The L1trigger is released primarily via pipelined
algorithms implemented on FPGAs.

Make a FAST decision

T

Detectors
Digitizers

Front end pipelines

Readout buffers

Switching networks

Processor farms
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Electromagnetic Feature EXtractor (eFEX)
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Muon Spectrometer

Hadronic Calorimeter (TileCal)

Electromagnetic Calorimeter (Liquid Argon)
Magnet

Transition Radiation Tracker
Tracking

Pixel & Silicon-Strip Detectors

Beampipe



Prior to 2022, the L1trigger only had a single EM energy reading per 0.1 x 0.1 region.
In our upgraded system, eFEX gets 10 EM energy readings from the same region.

The eFEX system cuts on shower shape variables.
o  Shower width in the 2" electromagnetic calorimeter layer.
o  Fraction of energy in the hadronic calorimeter.

o Shower width in the 1% electromagnetic layer.
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L1 Rate [kHZz]

L1 Efficiency
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e cFEX: Both purer (greater fraction of triggered
candidates are actually electrons) ...

e .. and more efficient (greater fraction of electrons
are triggered) than the prior system.
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Calorimeter detectors
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e A Trigger Menu converts the collaboration’s physics goals into momentum &
identification requirements on objects identified by the L1 trigger.
e ATLAS’ L1trigger limited to a maximum of 100 kHz (around 250-400 rejection).
e The Central Trigger Processor emits Accept signals for events above threshold.
D



No triggers are issued

to ATLAS, simple dead _
time

LW R e I S
= ATLAS Online Luminosity Run 475474

. g 30 [ elivere
Alive and waiting A|IV? an waiting Trigger received - EEEEA%EWZB:&\:LPIZ )
for trigger ar ngger issued to ATLAS Y e

y—

20F

Luminosity (10 ** cm2 s°1)

SR

> -
f Bunch crossing b

15F

0 200 400 600 800 1000 1200

: G Run 475474 Lumi Block
Trigger received

and issued to ATLAS

e Once atrigger signal issued, the data must be copied off of the front end pipelines.

e No triggers can be issued in the following bunch crossings.

e The amount of luminosity recorded by the experiment is less than the amount of
data delivered to the experiment by the LHC. 30



Calorimeter detectors
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Software Triggering




Raw Data

An Abstraction O

Process 100 kHz events in “real-time”
Every event will PASS or FAIL.
FAIL events are lost forever.
Only 3% of events can PASS.
Electrons
We want events with MOONSs and
We don’t care about events with only SQUAREs.
We cannot look at all of the data due to network bandwidth.

We cannot reconstruct all the data due to CPU budget of 0.5 seconds/Event:

33




Run: 266919
proton-proton collisions at Event: 19982211
13 TeV centre-of-mass energy 2015-06-04 00:21:24

Full event reconstruction &8
takes O(30s) and
required all detector
data, whereas the by
Trigger has only around /" =
0.5s on average and only 4R | e Selected events
partial regions of ey \ T} are fully
detector data. e b ; reconstructed
‘ ‘ e O(days) later in
P v, ' N another compute

‘ ATLAS \ /pi farm.

EXPERIMENT




Key Principles of the Trigger Region of Interest

e Regional Reconstruction

O

(@)

e Early Rejection

(@)

O O O O O

Step 1

€ O %

We cannot look at all of every event due to bandwidth.
Restrict to running reconstruction algorithms within
Regions of Interest, identified in the 15t level hardware trigger.

Split reconstruction up into multiple Steps, called Chains.
Filtering occurs after each Step via Hypothesis Algorithms
Early steps are fast, but coarse. Hypothesis Algorithms
Later steps take more time, but are detailed.

Stop reconstructing an object as soon as it fails a selection at the end of a Step.
Stop reconstructing the event when all objects are rejected.

(

?

7 Step 2 Step 1 7 Step 2

(




High Level Trigger Example

e Suppose three types of selection: ( ,*and (+* Each Chain will

follow one of these three paths, with the chain’s configuration controlling object
quality & object size requirements.

e We build a dependency graph of the algorithms required to perform the
reconstruction. This is divided into different steps.

e Three classes of algorithm are used to control the execution.

Always runs at the start of each step. Responsible
for implementing Early Rejection. Returns a boolean Filter Decision.

o ‘Input Maker’ Algorithm Provides concrete starting point for reconstruction
algorithms. Responsible for restricting reconstruction to Regions of Interest.

Executes hypothesis testing for all active chains.

Provides input to next Step’s Filter(s).
e Graph nodes evaluated asynchronously & in parallel: multi-threaded FW.

O

36
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W
Input Maker Step 2 . Input Maker Step 2 d
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Calorimeter detectors
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e ATLAS’ HLT Trigger Menu records around 3 kHz full-events to disk (x32 rejection).
e The largest bandwidth is on the “Main” stream of physics events, but the largest

rate is for the “Trigger Level Analysis” stream.

o  Only save the High Level Trigger reconstructed physics objects, and none of the raw detector data.
42
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e Dual-CPU machines, 128 GB RAM, 2x AMD
EPYC 7302. Total of 32 physical and 64
physical+virtual (hyper-threading) threads
per machine.

e Total of around 120,000 threads in the farm.
GGG

B D Reco

W Muon Reco

I Calo Reco

EEE Combined Reco and Hypos
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Application throughput [events / s]
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Multi-threaded execution is still relatively new to ATLAS (2022+).

With our MT-system we can fine tune the number of forks (multi-process) and the
number of threads (= concurrent events) (multi-threading) used by each process.
We continue to work to reduce thread contention & maximise MT operation.
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Triggers In Other Detectors




Other Systems: LHCb

e From 2022, LHCb has essentially
done away with its hardware
trigger.

e |nstead, all detector data are
read out directly into High Level
Trigger (software), which features
GPU based acceleration.

e Possible due to (relatively)
small event size (approx. 10% of
CMS/ATLAS), but involves very
complex reconstruction at high
rates in HLT.

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz

readout, high Er/Pr signatures

450 kHz 400 kHz 150 kHz
h* H/up e/y

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online

detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

12.5 kHz (0.6 GB/s) to storage

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

... .. X

:Software High Level Trigger

Full event r truction, inclusive and
exclusive ki tic/g tric selections

L

Buffer events to disk, perform online

detector calibration and alignment

O

Add offline precision particle identification

N
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers

4r I3 L
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Other Systems: ALICE

e From 2022, moved to integrated
online-offline ‘O2’ system
with continuous readout.

e Introduction of new Fast
Interaction Trigger (FIT)
minimum
bias trigger with high precision
timing and luminometry.

e Making use of GPU-accelerated
reconstruction.

Data links from detectors >3.5TB/s

= =
> 600 GB/s
U U DI U E g‘
O DIO . ¢
D U U s = S
D 0 0 0 o«
£ 8
)
2 D 13 _\
é B
£
- U U 1) U .g, g
proce g 5 o
o-. O o g
. ; - Compressed
Reconstructed Data{} N/ Raw Data
Permanent storage <100 GB/s
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/

Other Systems: DUNE

e Single trigger level with two modes of operation:
o Interaction triggers (interesting localized activity somewhere in the
detector)
o Beam triggers, cosmic rays and photon detection.
e Supernova Neutrino Burst triggers
o All data are stored for 100 sec window including O(10 s) before the
trigger signal.
o Interfaces to the Supernova Early Warning System

48
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Future at the High Luminosity LHC




To The Future! (Phase-ll)

HiLuMI

LARGE HADRON COLLIDER

LHC HL-LHC

EYETS 13.6 Tev Ls3 136-14Tev

13 TeV
Dlodes Consolidation
Spios DonsoRcation limit LIU Installation - HL-LHC

7 TeV 8 TeVv button collimators eracuon inner triplet installati

P —— R2E project reglons Civil Eng. P1 pllot beam radlanon limit ins ion

2020 2022 | 2023 2025 | 2028 IIIIIII@
ATLAS - CMS ./____._.—q
< 1 a 51075

i:;:nrl:':;\; B A-I;'LLAUS CMs x nominal Lumi
nominal Lumi w ALICE - LHCb A 2 x nominal Lumi . pgrade
75% nominal Lumi upgrade

— = integrated [EIUVRIH
EXd 190 fb 500 b | uminosity [ETIRI

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY : PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS CORES
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Phase-ll in ATLAS

x10 and x3.3 increases in L1 and HLT
output bandwidth.

New time multiplexed Global FPGA
trigger at L1, with access to
calorimeter cells.

HLT processing nodes have access to
all event data fragments.

HLT processing nodes will be
augmented with GPUs for track
reconstruction (and more).

Greater use of machine learning in
hardware & software levels.

[ Inner Tracker ] [ Calorin'.ne.ters ][ Muon Sys.tem ]

R

LOMuon

Barrel NSW Trigger
Sector Logic Processor

Endcap MDT Trigger
Sector Logic Processor

L) Global Trigger
................... > Event (
Processor
YV, ¥ V :
FELIX <~ - - cTP PR
y
Data Handlers «---- LO trigger data (40 MHz)
<~ = L0 accept signal
<«— Readout data (1 MHz)
Dataflow @) <~ - EF accept signal
r Q: Output data (10 kHz)
Event Storage Event
Builder Handler ||Aggregator
> o

A
1

Y

Event Filter R
Permanent
Storage
Processor Farm
_J
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Phase-ll in CMS

Global Calorimeter
Trigger

L1 latency increases 4 » 12.5 us

Event size increase to 7.4 MB

L1 trigger rate increases 100 » 750 kHz
Rate to storage ~7.5 kHz

Introduce tracking trigger in

hardware at L1.

Targeting 50-80% GPU offload.
Increased used of Trigger Level
Analysis.

Calibrated, offline-like quality
objects in the trigger.

DT || RPC | CSC | GEM | iRPC
'h-h

y OMTF
;

Global Muon Trigger

Barrel
Layer-1

Global Trigger

Phase-2 trigger project

PF

GT



Summary

e ‘A system that uses simple criteria to rapidly decide which events in a
particle detector to keep when only a small fraction of the total can be
recorded.”

e Trigger strategy is a trade-off between physics requirements and
affordable systems and technologies.

e Main trigger requirements:

o High efficiency but with control of rates.
o Knowledge of trigger selection on signal and background events.
o Flexibility and redundancy.

e Most triggers are underpinned by some fundamental concepts, but
there is a lot of innovation happening now right across the field as
technology continues to evolve. 54



