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Outline of this talk

e ATLAS Run 3 Trigger system

e ATLAS Phase-2 Upgraded Trigger
system
e ATLAS NextGen Trigger program (WP2)

o WP 2.1 Optimal Real-Time Event Selection in
the Global Trigger system

o WP 2.2 Enhancing the Level-0 Muon Trigger
o WP 2.3: High Throughput Data-Collection
o WP 2.4: Event Filter Tracking

o WP 2.5: Optimized Event Filter Muon Trigger
Selection

o WP 2.6: Common Tracking Event Filter
infrastructure

o WP 2.7: Enhanced Reconstruction for Higher
Level Event Filtering
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ATLAS operation status towards 2025 data taking

O
O

2024 was a very productive year for LHC/ATLAS, with a collected dataset of 118 fb™’
In total, collected over 203 fb' in Run 3, way more with respect to Run 2 (147 fb™")
Running at peak luminosity ~2.2 x 10°** cm2s™', with an average interaction per bunch

crossing < p >~ 64

Recording efficiency ~ 94%, increasing as data-taking continues:
Careful follow-up of all issues causing dead-times
Continuously improving systems to be more robust against failures/mistakes
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Main challenges
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e We can’t deal with the full amount of data
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-011

Main challenges

Select only the most “interesting” events and reject “boring” ones

e What is interesting and what is boring?
o Dependent on physics goals
m Often something with a lot of energy, or more creative solutions exploiting event topologies.

e How is the selection applied?

o Let's TRIGGER!
© S L - o Data processing (events) at a high rate (40 MHz)

Uy

3

— ~— | simple & robust o Each event is accepted or rejected: What we don’t
s b needs to work record is lost forever!
40 MHz collision rate \ sl bkl the e : _
doesn't leave much | i o Rate reduction to affordable level for the DAQ chain
i 16 deaide  selective” “ m Reduction over 4 orders of magnitude: 40 MHz to 3 kHz in
highly efficient for “signal” ) Run 3
resistant to “background” erXIbIe . . .
allow for adjustments o Continuous tradeoff between reconstruction quality
to various conditions d i for taki decisi
*but neither too selective nor too flexible or new ideas an Ime Tor taking daecision
maitain eahorontisitatogy for aaneral LD ~ m Separation power and resolution lowers rates for same
physics programme whilst bringing in novel ideas o ) L
efficiency and adds acceptance to signatures difficult to
reconstruct

m Stalled trigger system loses events forever...




Trigger Menu and signatures

The menu is a collection of trigger chains and
corresponding set of rules defining the rate each chain is
allowed to write out

o Defines the Physics program and reach of ATLAS
Design is driven by

o Physics priorities aiming to record a balanced dataset for analyses
B Representative of major processes; high efficiency for rare processes;
supporting triggers for calibration, efficiency measurements, etc
o Rate limitations at L1 and HLT
o Online and offline resources

B available CPU, bandwidth, and Tier-0 processing capacities
Varies with luminosity and time
Different menus defined for specific purposes and
conditions

Trigger signatures correspond to groups of closely related
chains motivated by physics signatures
o Inner detector tracking, calo clustering, e/gamma, tau, jet, b-jet,
MET, muons, B-physics and light states, unconventional tracking,
minimum bias.

NexTGen
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ATL-DAQ-PUB-2019-001

Trigger Selection L1 Peak HLT Peak
Trigger Typical offline selection Rate [kHz] | Rate [Hz]
L1 [GeV HLT [GeV
(Ge¥) el L=2.0x10°* cm~Zs~T
Single isolated u, pr > 27 GeV 20 26 (i) 16 218
Single isolated tight e, pt > 27 GeV 22 (i) 26 (i) 31 195
Single leptons | Single u, pt > 52 GeV 20 50 16 70
Single e, pt > 61 GeV 22 (i) 60 28 20
Single 7, pr > 170 GeV 100 160 1.4 42
Two u, each pr > 15 GeV 2x10 2x 14 22 30
Two u, pr > 23,9 GeV 20 22,8 16 47
Two very loose e, each pt > 18 GeV 2x15() 2x17 2.0 13
One e & one u, pr > 8,25 GeV 20 (1) 7,24 16 6
Twoleptons 1=y e e & one 1, pr > 18, 15 GaV 15, 10 17,14 26 5
One e & one u, pt > 27,9 GeV 22 (e, 1) 26, 8 21 4
Two 7, pr > 40, 30 GeV 20 (i), 12 (i) (+jets, topo) 35,25 5.7 93
One 7 & one isolated u, pr > 30, 15 GeV 12 (i), 10 (+jets) 25, 14 (i) 2.4 17
One 7 & one isolated e, pr > 30, 18 GeV 12 (i), 15 (i) (+ets) 25,17 (i) 4.6 19
Three very loose e, pt > 25, 13, 13 GeV 20,2x 10 24.2:%:12 1.6 0.1
Three u, each pt > 7 GeV 3x6 3x6 0.2 q
Three leptons | Three u, pt > 21,2 x 5 GeV 20 20,2x4 16 9
Two u & one loose e, pr > 2 x 11, 13 GeV 2% 10 (u) 2x10, 12 2:2 0.5
Two loose e & one y, pt > 2 x 13, 11 GeV 2x8,10 2x 12,10 2.3 0.1
[ Signle photon [ One loose y, pr > 145 GeV 24 (i) [ 140 24 [ 47 |
Two loose y, each pt > 55 GeV 2 %20 2 x50 3.0 iq
Two photons Twoy, pr > 40, 30 GeV 2%:20 35,25 3.0 21
Two isolated tight y, each pr > 25 GeV 2 x 15 (i) 2 %20 (i) 2.0 15
Jet (R = 0.4), pr > 435 GeV 100 420 37 35
Single jet Jet (R = 1.0), pr > 480 GeV 111 (topo: R = 1.0) 460 2.6 42
Jet (R = 1.0), pr > 450 GeV, mje; > 45 GeV 111 (topo: R = 1.0) 420, mje > 35 2.6 36
One b (€ = 60%), pr > 285 GeV 100 275 3.6 IS5
Two b (e = 60%), pt > 185,70 GeV 100 175, 60 3.6 11
b—jets One b (e = 40%) & three jets, each pt > 85 GeV 4x15 4x75 1.5 14
Two b (e = 70%) & one jet, pt > 65, 65, 160 GeV 2 % 30, 85 2 x 55,150 1.3 17
Two b (e = 60%) & two jets, each pr > 65 GeV 4x15,[n1 <2.5 4 %55 32 15
Four jets, each pt > 125 GeV 3 x50 4x115 0.5 16
. Five jets, each pp > 95 GeV 4 x 15 5x85 4.8 10
Muldets Six jets, cach p1 > 80 GeV. =15 6% 70 13 )
Six jets, each pt > 60 GeV, |7] < 2.0 4x15 6x55,|nl <24 4.8 15
[ Em=s [ EF™ > 200 GeV 50 | 110 5.1 | 94 |
Two u, pr > 11,6 GeV, 0.1 < m(u, ) < 14 GeV 11,6 11, 6 (di-u) 29 55
B-physics Two p, pr > 6,6 GeV, 2.5 < m(u, u) < 4.0 GeV 2 %6 (J /¢, topo) 2x6(J/y) 1.4 55
DAYSICS Two 11, pr > 6,6 GeV, 4.7 < m(ut, j1) < 5.9 GeV 2% 6 (B, topo) 2%6 (B) 4 6
Two u, pt > 6,6 GeV, 7 < m(u, p) < 12 GeV 2 x 6 (T, topo) 2%x6(T) 12 12
Main Rate 36 1750
B-physics and Light States Rate 200
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Overview of the current ATLAS trigger system

Calorimeter detectors

LAr TileCal
Muon detectors (including NSW) LHC collision rate & event size
40 MHz 3.0MB
Detector
! Level-1 Calo + v Level-1 Muon 4 Read-Out"
Pre-processor  TileCal seE?:rC:)Zic segg:rleolgic
[nMOM | | TREX -2 TEEX Level-1 accept rate
l ‘ l { — 100 kHz | 300 GB/s
CP(e,y,) | JEP (jet, E) elilg -y -~ _
‘CoMX | | | CMX | FEX MUCTPI \ 5
(8]
(&)
< DataFlow
ILLTEEO L1Topo < D .
» -€gacy C etp | % Read-Out System
| L > = (ROS / Software ROD)
> [CTPCORE]
CTPOUT -
Level-1 Trigger
Data Collection Network
Rol
HLT output to storage
Data Storage P g
High Level Trigger 3 kHz 6 GB/s
Ly | Accept
Processors
Sy Tier-0 |

Next Generation Triggers
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Overview of the current ATLAS trigger system

Calorimeter detectors

LAr TileCal
Muon detectors (including NSW) First level trigger (Level-1)
e Rate is reduced from 40 MHz to 100 kHz
! Level-1 Calo 44 Level-1 Muon
Pre-processor TileCal Endcap. | Barrel' (25 H S)
nMCM  TREX| _via TREX sector logic | sector logic

e Custom electronics (FPGAS)

l | vy >
c?: C(&)\(n‘) JFZ S&t \E) ellg MUGTP1 | " —mpd © Usesreduced granularity of the
1 g electromagnetic and hadronic calorimeters
L s and the muon spectrometer
—Eg Acy L1Topo < F;, . .
e | , » CTP 2 e Defines Regions of Interest (Rols) that are

)| [CIEEEER sent to the High Level Trigger (HLT)
> | CTPOUT -

It is formed by:

Level-1 Calo (L1Calo)

Level-1 Muon (L1Muon)

Level-1 Topological Trigger (L1Topo)
Central Trigger (MUCTPI and CTP)

l

Level-1 Trigger

Data Coll¢
e Upgrades in several areas for Run 3: ™

o Introducing new hardware, updates to oy
algorithms and strategies High Lfﬁ'flr )Trigger
o Improved efficiency for same rate, sharper

A\ 4

[Accept
‘ Processors ’

turn-on curves : ‘ l
Data




Overview of the current ATLAS trigger system

Calorimeter detectors

LAr TileCal
Muon detectors (including NSW) LHC collision rate & event size
sombz_|_30mB
Level-1 Calo Level-1 M . .
v 1.3 VO STy High Level Trigger (HLT)
Pre-processor TileCal E?dclatp. Btarrlel .
nMCM | TREX| _via TixEx L SECIOr 00K [ SECIOr 00k e Computing farm
A
- (elv — JEPl(iet’ T e 1 e Sophisticated offline-like selection
[oMx | | [oMX | FEX MUCTPI | I algorithms are executed using full
(&) . .
) = detector information
— L1Topo < .
g&géacy | e 1 | 8 e Reduces the event rate from 100 kHz to
4 -
| > |CTPCORE 3 kHz
B [ CTPOUT H

Level-1 Trigger

e HLT improvements for Run 3: Rol Bata Collsetion loniork

o  HLT software framework fully redesigned to be
multi-threaded compliant

o  Selections aligned with latest offline reconstruction High Level Trigger

techniques (HLT)

HLT output to storage
3 kHz 6 GB/s

Data Storage

. . . Accept
o Usage of full scan tracking for hadronic signatures | ro— ! Wp
o Large radius tracking to increase acceptance for “Event Ti
displaced signatures, long-lived particles Data icr v
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EATLAS Trigger Operations Preliminary —;2.5
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ighlights on trigger developments |; 7. s
: 4? R, E LE)
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= oy (R [ é
. . . 8 i Tl 15 E
As a run progresses the delivered luminosity | R grem v :F 1y
H H a === Di-muon topological trigger 5 7:125
Fast b-tagging preselection, running on decreases _and“the rat,c,a of the various triggers e | i
calorimeter-based jets, which is scheduled d';gg:acs’getﬁ:'?a%e o?‘?)?(:/?ougﬁ/‘l\p’)?erggailzgftﬁgng%r%fh;lijng | S N |
Eetfore.the HLT preCiSion'traCking'based based on phySiCS-driven priority 0%:70005:3006:0006:30 07:0007:30os:oo08:30os:oog?r:gg;?r:‘og&iﬁtg;o;uu:[sho:r:s:oo .
-tagging
x5-10 event rejection for events entering the precision .
b-tagging algorithms g [anas ‘TnggeroP;@ﬁ;ns Prfminary . oy — T gl ., Trigger-Level Analysis (TLA): circumvent the
TT T T 11 T T 11 T T 11 T T 11 T T 1T T T T T T T 11 > g pppcala; May 2025 /s = 185 TeV - Mrgr?(:)’l-);s\zgsa_nays's — Cali?)rra:)tig:lll(\:llsoniwrinQ73 (Tg H 1 H H H H
g 120 o Run 31—t|r!ggers||2b2fsym:£(HHeb£)T|r)=78%I | —o.14 3 £ = Dpyeamats o bs 2 bapdywdth limitation u_smg partlal event
S L AR e " ATLAS Simuiation | e " £ building (0.3% of the size of a full event)
e O RS pbre) 5% (5=18,136TeV. 012 g : 27 Used directly in the corresponding physics analysis,
=)} B _o__o_'_o_: o ..
2 —— o1 3 {5 e.g. di-jet resonance searches
= """ 3 § N
081 —— —_— ] =
i = o —o.08 E 1
06 —— =g=*=x=_A_ _] 3 o IR B A B [ T B B
C o _g_=é= Offline selection: 2z, 2 bjets Jo.0s 105 o 14 ??_TLAS Simulation PreliminaryHLT B A =
r == ] Q2 C Ys=13TeV v tandard Tracking -
0'4:@4: Jo.04 01:00 03:00 05:00 07:00 09:00 1,1:‘00 0 % 1.2 R_hadron A HLT ES LRT =
b _ Time [rim] p 1Z_m =12 TeV, ct =300 mm O HLT Combined (Std + LRT)
02r —0.02 % - 1d>2mm @ Offline Reconstruction g
r ] . . . 2 08E Efficiency wrt Truth =
0||||||||||||||||||||||||||||||||0 LargeradlustraCklngtOIncrease ‘g’ _. .
= . o L _
s 12 0= ' ' ' ‘ ' acceptance for displaced signatures g 060 -
T 13 ""—"——o—_o__o_ Targets charged particles with large displacements = 04;?22’0.. 7
= — . . . c P -
2 115; —— up to 300 mm improving acceptance for long-lived coh Rﬂggu.. ]
T a0 00 s00 700 800 900 1000 particles 0'22 v ] nnﬂ!.!g:; .8.8. 2 o
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What is Trigger Level Analysis (TLA)?

] 95% CL upper limits
— Observed
--- Expected

ATLAS Preliminary

Vs =13 TeV, 3.6-140 ft5' ./
June 2024

= R
‘:]Sglyed dijet + ISR

RS o o

e Whydo TLA? 0.5 Lm0
o Many BSM / exotics searches (e.g. dark matter mediators) limited by o':\s-\t{\,-\w in ' JH o
. . . se o 7 Af - —Boosted(:::::t'i ISR

available trigger bandwidth TLA h??fesTte\/ (ange _é o
o If we can not reduce trigger rate: Reduce event size! thig'/ﬁf

. 0.1 o

\ |~
0.05 | i

0.04 :Xiil-;/;?;:; m;di_a: ~ N EPUC 78 (2018 565

0.03 N ol S T S - i

100 200 —1000 2000 ~— Dl lpn

mZ,A [GeV] JHER 06 2020) 151

e Howtodo TLA?
o Baseline TLA workflow only stores lightweight high-level information

from trigger reconstruction (HLT-jets, -photons, -muons, etc.)

R o TLA Mechanism s_tores robust informa_tion sufficient for apalysis,
= Reduced event T including information about shower profiles and isolation variables
— T"'?f’e"/”' O ... but not designed to allow full “offline” reconstruction from low-level
EventFirer |22 A information
e ) o TLAtriggers operate in Run 3
Fufliaetece | | m Updated Trigger Menu to reflect physics priorities of ATLAS, hoping to further

datﬂt\>£ e J [ e Lj‘ analyses probed by TLA in Run 2 (e.g. arXiv:1804.03496)



https://arxiv.org/pdf/1804.03496

Unconventional Tracking for Long-Lived Particles

diséppearing or

Many unique, non-standard signatures that displaced kinked tracks

rely on tracking information for multitracirSee — \emh |

identification &\ ________ (converted) photons
o  Only standard tracking was used in the Run 2 > 2

trigger, with coverage out to |d |<5-10 mm ARG
m Not adequate for most LLPs displaced leptons, s

o Extended to previously uncovered lepton-jets, or

phase-space in Run 3 - next slide i 3
Keeping rates under control! /
o High thresholds in calo and muon triggers

o Triggering on displaced objects

emerging jets

trackless,
| low-EMF jets

Several physics signatures: quasi-stable
o Massive charged LLP w{ (!solgjted track) and it e rices in the charged\Qartlcles

w/o (large energy deposit in silicon) ID stable muon spectrometer

lifetime, disappearing tracks, neutral LLP

decaying into jet/displaced vertex in the ID

volume, displaced vertices, emerging jets,

displaced objects (objects with large d), ... LLP White Paper.
J. Phys. G: Nucl. Part. Phys. 47 090501 (2020)



https://arxiv.org/abs/1903.04497
https://arxiv.org/abs/1903.04497

Large Radius Tracking in trigger for Run 3

B 14l amns st favatev e Plethora of long-lived particle triggers worked on and deployed for
S 12F Mldeemnn 1 ey ey Run 3
Rl I R o Charged LLP
% zz: j——;:++ >T\T m Disappearing track triggers, large dE/dx, isolated high pT track
S oab T — o LLP decaying into jets
" oo - e +++—; B Hit-based displaced vertex, emerging jets, displaced jets
0 o LLPs decaying into SM leptons
Eur. Phys. J. C 83 (2023) 1081 195" (me}
e General approach:
P ©  Apply requirements to reduce jet or MET thresholds
2 | oo, {5136 Tev E B Single jet threshold: 420 GeV; ETmiss threshold: 90 GeV
T S o g g2 E o Run Large Radius Tracking (LRT)
g e o E B New feature introduced in the HLT for Run 3
ol o ® °:$, E B Based on the offline LRT reconstruction: improved for Run 3 to reduce the number
012}_ 8”‘,33" ’ °3$M ' _ of fake tracks and processing time, while maintain high signal efficiency
3.: L ’ .$.?,...5 m  Covers tracks with cover |z| < 500 mm and |d | < 300 mm, with tight quality
0200”150 <100 50 0 50 100 150 200 requirements to reduce fake tracks

Offline muon track d, [mm]

JINST 19 P06029



https://link.springer.com/article/10.1140/epjc/s10052-023-12024-6
https://iopscience.iop.org/article/10.1088/1748-0221/19/06/P06029

The ATLAS TDAQ Phase-ll architecture

(EEsitaes]  (Hesensen] ([usssmem) e High-pileup conditions during the HL-LHC present a significant

| e L challenge to the ATLAS TDAQ system

Localo — L°"“:“5wmgw o Extensive Phase-ll upgrade program will encompass multiple systems, including
Sector Logic ) |_Processor tracking, triggering, and data acquisition

AHHEA = e Hardware trigger at Level-0 (40 MHz = 1 MHz @ 10 ps latency):

el L (emameeen) | process data from subdetectors, identifies physics objects, evaluate

17 | — rromseor] [ event-level physics quantities

L D e Accepted events are transmitted to the Event Filter (EF) that
[ v — emm——— provides final accept/reject decision (1 MHz = 10 kHz)
U S o EF farm will run tracking, calorimeter and muon algorithms

Dataflow <~ - EF accept signal
’ <}:| Output data (10 kHz)
[ Event ] Storage Event ]
r

Builder Handler Aggregato
\

O

A
1
Y

Event Filter &)
Permanent
Storage
Processor Farm




The ATLAS TDAQ Phase-ll architecture

s (EeRmee| (D) e High-pileup conditions during the HL-LHC present a significant
) [ U challenge to the ATLAS TDAQ system
: » o Extensive Phase-ll upgrade program.as cluding

tracking, triggering

Y
‘ Barrel ‘ | NSW Trigger
Sector Logic Processor
Endcap | [MDT Trigger |
Sector Logic Processor

uate

iiter (EF) that
=ctaecision (1 MHz = 10 kHz)
it run tracking, calorimeter and muon algorithms

A
* en
eeeeeeeeeeeee riggers



The Next Generation Triggers Project & ATLAS: WP 2

[ oner Tracker | | Calo:In-le'teTs I { I:uon Bysiam ]

e Main objectives: il ] e Project is developed within
1 '-1-_---5-_-_ — e — — et g I - -
o Enhance the trigger systems, data — e |1 ATLAS TDAQ in collaboration
collection, and processing : gecior loge i Procssscr 3| with CERN Team:

Endcap MDT Trigger I
Sector Logic Processor

capabilities of ATLAS (and CMS)
in the HL-LHC era, extending o
beyond current baseline, with a L

focus on Machine Learning (ML) RN .... -~

O  Drive innovation in HL-LHC P
triggers through novel ML
techniques, optimized firmware
and accelerator-supported
software

o Tasks are fully integrated in
ATLAS Phase-2 TDAQ Upgrade

o Goal is to extend (not replace!)
the scope and functionality of
the baseline trigger system

© Focus is on innovation/R&D
(e.g., novel ML, optimized
firmware, support for
heterogeneous comp.)

Dataflow
p
Event Storage Event
Builder Handler Aggregator
A

 — =
o

Event Filter

Permanent
Storage
o,

NexTGen

Generation Triggers



Work Package 2-1
Optimal Real Time Event Selection in the Global Trigger System

User APIs I Optimisation Tools I C++ converters I Compilers

M

e Focuses on extending the L0 Global Trigger using
firmware-based offline-like algorithms for event selection

N N -
w3310

I I o

o Receives data at 50 Tbps, tight latency of 10 us (O PyTorch ) sl (T ocers sy s 4 mi :

o System faces key constraints (which drive decisions on FPGA K R q'_*.szN o
selection), e.g., number of links from pre-processors, complexity of custom Mo <J

algorithms

e Main goal: Exploration of novel ML reconstruction within (NP Hoaes™
the ATLAS Global Trigger

o Explore novel ML algorithms for LO Global —
o Develop a common framework for ML optimisation for FPGA
development

B FPGA model, performance metrics, resource constraints and latency e | AdAPTABLE
e < ARE  [§
budget

m Easy to deploy now models on hardware (provides interface to firmware)
o Evaluation of new industry technologies

B New technology in AMD focuses on dedicated vector processors
(Al-Engines) that are optimised for Digital Signal Processing and ML

:.f AMD
§ VvP2802

T. Du, N. Konstantinidis, D. Miller, P. Mucha, V. Petrovic, D. Reikher, I. Xiotidis




Work Package 2-1
Optimal Real Time Event Selection in the Global Trigger System

e Ability to run more complex pattern recognition in the global (LO0)
trigger
o0 Using jet/global Feature EXtractors (j/gFEX) objects in LO Global Trigger
algorithms, benchmarking at high pileup
o Enhanced pileup suppression using CNN (classify bkg, tau, electron, b-jet)
o Vertex estimation using calorimeter shower shape information
Other ideas: jet reconstruction, fast jet calibration, boosted hadronic object
identification, anomaly detection...

B E.g. real-time jet finding directly from the cell information as preselection step to speed
up trigger decisions for hadronic signals containing jets: ATL-DAQ-PUB-2024-003

O

B EMcalorimeter [ ~> Most time-critical step, meaning that any improvement to resolution
K or ability to look for more complex topologies can give us a big gain!

T. Du, N. Konstantinidis, D. Miller, P. Mucha, V. Petrovic, D. Reikher, I. Xiotidis


https://cds.cern.ch/record/2916934/files/ATL-DAQ-PUB-2024-003.pdf

Work Package 2.2

Enhancing the Level-0 Muon Trigger

e Muon trigger undergoes significant upgrade:

o measurements from MDT, additional layer of RPCs in the
1 MDT
barrel; new electronics MDT monitored drift tubes

monitored drift tubes barrel - outer layer

barrel toroid magnet

e Baseline L0 Muon trigger relies only on fast barrel - midole eyer
trigger deteCto rs enﬁ%@;ﬁg " monifor,::;/Dd-l;/ﬁ tubes
o RPCs in the barrel, TGCs and NSW in the endcap 7 e
o M a i n oa I s : mon/torngdty‘t tubes
o Alternative algorithms (ML and non-ML) are being porremerlover
studied to adapt the LO Muon triggers in scenarios of
reduced RPC performance or coverage fornew RPC ™V -

TGC

thin gap chambers
endcap

chambers, extending acceptance using MDTs
o Also study exotic (e.g., non-prompt) muon signatures

RPC
resistive plate chambers

M. Carnesale, O. Kortner, V. M. Outschoorn, R. R. Caballero




z (mm)

displaced muon
WOI’/( Pac/w-fie 2.2 decay from long-

lived particle

Enhancing the Level-0 Muon Trigger

e Supplement pattern recognition algorithms with MDT

muon hits
background hits o Used to select good RPC seeds or recover missing ones
o o Exploring algorithms more suitable for sparse data for pattern
300 g
O recognition as well as ML methods, e.g. for momentum
0 estimation
200
. e Studying displaced muon signatures
O Angles rejected by standard muon triggers - pointing requirement

100 m late decays in front of the MS: very non-pointing tracks

50 ©) O : m  decays within the MS: diverging patterns of hits, rather than fully independent tracks

. o Develop_lng dedicated algorithms targeting signals — require

IR O PO novel trigger concepts

B A& e Overcoming current trigger limitations:

c ; o ‘ .

o G ™\ image/cequence |- ,'.ll ‘lll. m o Collimated muons not resolved as separate
o) 54' . '... 'RNN [

= 1 [T =|lll|| s example: | muons

o MOT | st s =33 mBEE | . .

o T W AN |-} Background o Mis-reconstructed p. for non-pointing

9 o R | 7 muons failing the trigger coincidence window

R d \ o )

; = e bo‘ cwﬁf/gf{}u o ‘ : | .

5 O . 00 o High Py thresholds, especially for single

% o S .:‘W}Ncw BovreLoner! muon triggers

a - S ST L

- l“”sh . 04 01___“__&1_';5:;_ M. Carnesale, O. Kortner, V. M. Outschoorn, R. R. Caballero




Work Package 2.3

Enhancing the ATLAS’ TDAQ

Electronics

7y

A (
IS I NN EEE O S S S S S S S S S S S S e . .. — — '_ —I —-— - - packet routing,
: trigger, clock signal

|

FELIX | distribution ]|
. |
|

|

|

e Main goal: Ensure the ATLAS data
acquisition infrastructure delivers
required event information reliably and
with minimal latency to maximize the
potential of WP2 trigger approaches

¢ ( detector-specific h
packet processing
Data Handlers| and aggregation to

bigger-fragments

Readout system
Interface between
detector + trigger and
commercial computer
network
Readout System

o The readout subsystem connects _ I
detector-specific optical links to a commercial | Alternative Readout Dataflow
network, posing significant technical | ooy rchitecture 1) F
challenges e e e e e e - - _ Offline
o Optimize readout performance and eliminate SrenThier Storage
SyStem bOttIe.nec!(s . —) Readout data = =% Trigger signal
o Support application such as TLA with — Selected data <% Control & monit.

sufficient sustainable bandwidth

e Developments on alternative server
architecture led to optimization in

data'transmiSSion tO EF AIternative readout Systems tO the Baseline- Alternative
o Direct access from DH to FELIX cards baseline being under investigati CPU cores A2k e
. S, gu Investigation Number of 990 280 (-70%)
o Testing of end-to-end data transmission in & Cheaper Servers
progress ) No flexible data routing between  [-2" W) 49 Sl i)
o Downstream effects on detector interfaces FELIX and DH g Racks e 28 (-22%)
an Relative Cost 100% 78%10

being studied A
C. A. Gottardo, M. Shehu, W. Vandelli, T. Wengler




Work Package 2.4

Event Filter Tracking

[ nner Tracker | | Calo:In:e:teTs ] { I:uon Sysiam ]

LOMuon

Sector Logic

Barrel NSW Trigger

Processor

Sector Logic

Endcap MDT Trigger

Processor

i..»| Global Trigger

Event

Processor

YiV,V, v

CTP

[ Data Handlers ]

v

<---- LO trigger data (40 MHz)
<~ - L0 accept signal

<€— Readout data (1 MHz)
<~ - EF accept signal

<}:| Output data (10 kHz)

Dataflow
Event Storage Event
Builder Handler Aggregator
— Y =
Permanent
L‘~ torage

Event Filter

Processor Farm

EF farm will run tracking (WP 2.4), calorimeter and muon (WP 2.5)
algorithms

EF Tracking refers to the tracking algorithms running on flexible,
heterogeneous commercial system

o TDR for Phase-ll Upgrade of the ATLAS TDAQ System - Event Filter Tracking
Amendment

o Combines regional tracking on the majority of the events, with full-scan tracking
at a reduced rate

o Investigates unconventional tracking strategies for new triggers

Main goal: Development of an algorithmic solution for the ATLAS EF
track reconstruction

o Exploring optimal classical numerical and Machine Learning (ML) techniques,
e.g. Graph Neural Networks (GNN)

Data
preparation

Ambiguity

CKF :
solving

formation

Track
candidates

P. Butti, N. Calace, B. Huth, S. Majewski, L. Mlynarska, M. Moller Modekjaer, J. Wollrath

Clusters
Space points



https://cds.cern.ch/record/2802799
https://cds.cern.ch/record/2802799

Work Package 2.4

Event Filter Tracking

e Development of an algorithmic solution for the | ACTSClustering/SPs
ATLAS EF track reconstruction [ ACTS Clustering / SPs ] [ GNN based proto-Track Finding J ACTS (C)KF
o Exploring optimal classical numerical and Machine | FPGAClustering/SPs |
Learning (ML) techniques, e.g. Graph Neural Networks ( FPGA Clustering / SPs and proto-Track finding |
(GNN)

PROCESSING FLOW

0 Deployment on the most suitable hardware
architecture: FPGA, CPU (ACTS-based), GPU

Data Seed Ambiguity
e Contributing to R&D lines for algorithms and i 4] | formation o solving
technologies to extend trigger event selection - ~ i a
e Provide support and enable deployment of the il e
tracking chain at EF trigger Acceleratorm ﬁ CPU
o Inputs for the 2025 technology choice report: hard pased based
deadline on August 1st!! Sliding window which can be
2 Optimization of physics and processing optimized for FPGAsolution ,
performance of the track reconstruction at the EF ] N 4 Commn F o ¥
@ = v ST 8k
w SN STE S L gm SS

Graph Edge Graph
Construction Labeling Segmentation

P. Butti, N. Calace, B. Huth, S. Majewski, L. Mlynarska, M. Moller Modekjaer, J. Wollrath




ATL-DAQ-PUB-2024-002

kage 2-1 £ [ ATLASSimuaton Prefminary ]
Wol’k Pac g > 105 Vs=14TeV, Z - ee, (u) = 200 Y —
8 [ Electrons: In| < 2.5, Offline ID: LH tight, ]
E t F u It T k- g : Track isolation:pﬁﬂo's/pT<0.15 7
vent Filter Tracking R e PO
L _‘_*¥"_¥_'" +4 + ]
5 C ¥ ++ _
@ 10— E Ve 95 * T =
8 F  ATLAS Simulation Preliminary —— Nominal 3 '0\_0'140—_' ATLAS Simulation Preliminary | Efﬂc|éncy for B 7++'+ ]
= = Vs=14TeV, (u)=200,t ——- Resolution SF =2 - = b (fs=14TeV, (=200 . — C 7
. - Jetpr>20GeV,ni<4 ] - Resolution SF =5 | G, 5oF. Single muon combined muons- 90 _ . A
+ 104l Track pr>1GeV | > [ Standalone (LO) muon p_ > 10 GeV -4 Tracking resolution SF |
[ E  AR(track, jet) < 0.4 E k) C AR<0.1, @™ 5 20 Gev 3 C ® Nominal ]
-g F - £ 100:— T a8 — # = B A 2 4
32 | il Transverse impact 2 8o ? I = Eﬁ?g?iency for electrons v 4 .
103 = paramete%‘ ;for % 60:— + —4— Standalone 20 GeV _: L I I I I | * 10| | I:
- e tracks associated = F A o ResaionSF 2 E 80 20 20 60 80 100 120 140 160
= <~ jets used to - —#— Rasalution SF =5 - Offline electron p_ [GeV]
102 L beé—bﬂ}eun_!l;je’is 20:_ M@ —— Resolution SF = 10 _: T
§ 3 = AM; ; —— ? c o R L B L BB I LI I
7 £ 205— ——H—__—E: E _g - VAT%\? VSimuIaztion Preliminary ZZVA<5mm 3
o i 2 28;— e E 2 8 Bt any Rrack p"a°k>d)2 G:Z E
. L L I I I L 520, | - ) L = = = Nominal AR(track, jet seed) < 0.4 J
-1.00 -0.75 -0.50 -0.25 0.00 025 050 0.75 1.00 g 10 7 o T e R on SF - 2 bt >30Gev
Track dp [mm] & Truth p_[GeV] -g 6:_ —&— Resolution SF = 10 =
) F Efficiency SF = 0.9 7
= 55 Effcioncy SF =08 Efficiency on HH=bbT*T°
L] L] = > E\\‘ ,>
e Improving HLT Tracking provides: I vs bkg rejection
. . : . : : m F ) =
o Offline-like performance: improved b-tagging, resonance reconstruction, vertexing, 3F N E
2F Sy
T R N R R RPN EPRPRPR B v
B loss of rejection (== rate increase for same efficiency) if degraded ID resolution = 1 . . w Enmmemssesessnsnase-
. L . 0.9= .
Tighter turn ons: improved signal acceptance for same rate budget < 08 e
. . . > 0.7 E
Pileup suppression: helps keeping HLT rate under control £ gl oD

Support for TLA with offline-like tracking Signal efficiency [%]

Faster tracking add capacity to process more P. Butti, N. Calace, B. Huth, S. Majewski, L. Miynarska, M. Moller Modekjaer, J. Wollrath



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-DAQ-PUB-2024-002/

Work Package 2.5
Optimized Event Filter Muon Trigger Selection

Muon rec. chain

e Main goal: Providing advanced muon

Raw data
reconstruction with optimized precision and
efficiency find bottlenecks N
o Leveraging muon track reconstruction by using in current chain -
extended L0 muon trigger coverage (WP 2.2) and
the ACTS tracking infrastructure Calibrate

o Develop novel ML-based reconstruction techniques
to surpass classical algorithms

PATTERN FINDING

Combinations

e Current focus: migrate / reimplement classical
reconstruction based on ACTS

o Sharing as much code as possible with inner tracking
(both online and offline)
o0 Use understanding of bottlenecks, implement

reconstruction improvements Segments

o New implementation has significant muon
reconstruction chain speed-up (~2-3x) with no impact -
on physics performance

E. Moyse, M. Owen, J. Junggeburth, D. di Croce, L. Monaco, J. Renusch




Work Package 2.5

Optimized Event Filter Muon Trigger Selection

Event: 9, chamber MDT EOL eta 4 phi 7 w-view (post ambi

E_ 200 ™ pa,.., ;;‘17;7’.;;,;;53; ot ;.~.' FiraE: .0’_;;.; "3
e Solve limitations of classical approaches exploring N 5ok e o 5
strategies based on ML techniques 100f & |
o Plots to the right is a schematic of a side-on view of a muon e i =
chamber. Circles represent the simulated “drift radius”, as b [ Bifjrcation from ]
simulated... e E
m Left-right ambiguity of drift circles: the true tangent in unknown! Multiple _150§_ @% ‘msmaﬂmpre“mm_f
analytical solutions, only one is correct. _2oo§ i fo=14Tev v
B Also with significant background from 8-electrons: Segment finding needs to 350 400 450 500 550 600 650 700 750 800
suppress background drift circles y [mm]
e Use ML to solve ambiguity in segment finding and to deal g g'ﬁ:ﬁ"ﬁf:;jfjffi::ﬁfﬁf‘;:1*':,"ELZT;'ZT""?;'#;?,;;L;_O' e
with background W TR P
o Building GNN based segment finding: s ;;m;:g;,;;;_ RN o 3
B Initial performance looks promising = ‘,.,;.s““‘ E
o Plan to add ML-based segment parameter regression [ Left-right ambiguity Z ] ,1;:?’::" :
B Might allow smaller search windows for segment attachment oiC O E
e Access to lower threshold and to more challenging ~150/- ,,,;;: r:‘m
signatures, combined with L0 muon efforts T T, et

y [mm]

E. Moyse, M. Owen, J. Junggeburth, D. di Croce, L. Monaco, J. Renusch




Work Package 2.6
Common Tracking EF infrastructure

e Main goal: Development of core algorithm and infrastructure to support other WP on EF
o  Support ATLAS EF prototypes within ACTS, including technical assistance and data modeling
o Improve integration of GPU, CPU and FPGA based demonstrators

B Common geometry model and tracking tools, enable ML pipeline interfacing ACTS, optimize data structures for diverse
(heterogeneous) workflows

o Major effort to improve ACTS track reconstruction chain
B Benefit from ATLAS offline optimization effort (changes to ACTS + Athena code)
e Increased commonality with offline implicitly makes TLA more feasible and understandable

@ . . ‘ : : . . . ‘

5 . £ ; . - HL-LHC, V's = 14 TeV, ff, {u) = 200 ]

Event processin GNN track findin = ; > % A
The heterogeneous landsca pe franpwework 4 . 2 A TLAS Simulation Prellmlnary ACTS-based vs default non-ACTS track finding CPU
g Start date: February 2024, Athena 24.0.24 (ACTS v32.0.2)
— , / 2 End date: September 2024, Athena 25.0.16 (ACTS v36.2.1)
s
/ = 114 ]
1.12
FPGA-based Common geom model GeoModel 110 =
demonstrator :
sl AéTS_GPU — b gy i, o,
eom ng &ty Un, lo o Ve ]
modelg oty Folgyessay, “Omeyoing ]
d 1
7 2 3 g P 5: 6 7 8 5, 9 7 7 7
Reag Brapy, 7 B, &0y = " Brap, &0y " it Mg 0 s " Hang, 2 Ay, Yor,
Common Yor o, 9 Sty o Pl Pl Mirog) St Wty Usgp Seeq,  opprMe oty 9o, St nng, fogotSa
i Misay, Minag, ek, o Riopy el ers Aoy, Oleq s Plimg s sy, Uty " ¥of s, I0me 3y
Very imPorf““t FPGA tracking tool CPU ATLAS GPU track GPU Satio,, lion, /;,d/,,g ? 7 Io,, " atio,, ecty, St lors ™ Rtio,“Sary, ety Ping
for fechnoll’?‘l o reconstruction

choice! A. Krasznahorkay, P. Gessinger, S. Swatman, A. Salzburger (Not NGT: A. Stefl)

Next Generation Triggers



Work Package 2.1
Enhanced Reco for Higher Level Event Filtering

e Main goal: Overall optimization of the Run-4
trigger menu with focus on physics e Conducted survey to assess trigger limitations in
application analysis

o Exploit capabilities developed in other WPs, e.g.

new reconstruction techniques for enhanced
particle identification

B Connect reconstruction and physics analysis
o Go beyond conventional trigger strategies
B Trigger concepts for exotic, non-standard signatures

Run-4 Trigger Wishlist

Low-mass Higgs bosons

HHH->6p

TLA Di-Jet resonance
el

Heavy ney

tral leptons

B Investigate TLA and other real-time analysis methods —
— require close collaboration with other WP e Look intwo directions: from physics to signatures

o Use results from WP 1.6 to define new as well as from signatures to physics applications

benchmarks for trigger algorithms

T. Critchley, M. Goblirsch, A. Ruiz, C. Sauer, G. Rupnik Boero
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o
NGT WP 2.7

N
Trigger Emulation | é@,UE.K
s

Developing fast emulation tool to evaluate triggers

without full menu simulation
Use of modified offline reconstruction as proxy for trigger - Simple to uce ‘

Work Package 27 o
0%&
c\){“\;

O
reconstruction - Intearation :
o Fast and flexible definition of prototype triggers yy grotion into Athena
- - . - lowe for the im,b/emehtat/oh of new
— Simple QUick and Easy Analysis toolKit variablee (alco MU -baced)
o Flexibility over precision: not replacing baseline, just to scan - Fact and reliable
= Mimice trigger conditione as cloce ac

different chains quickly for a good working point

\ possible
, ’_\_’_\\\ /,//_—\\

Signal process of interest p ; \/ _— _m—"
& 4 | e 2 P 0
R«{@ lmwer .
A\ el
ol - "
Trigger Emulation - g Tr.'qﬁ@{‘ 7
Tool / ROOT g Sl
7 ‘ Interesting candidates investigated
\_ —)
g,omg £ T. Critchley, M. Goblirsch, A. Ruiz, C. Sauer, G. Rupnik Boero




Work Package 2-1 ATL-PHYS-PUB-2025-018

ldentifying Interesting Physics Scenarios ~————""=

. ( Improvements in analysis and h
| o€ 9 . T . .
2wy 2t g ATLAS +CMS projections ESPPU 2026 reconstruction techniques
o VU = 5-M H @ + £ 0] o it procuction e 3 — much stronger projection |
e Di-Higgs CORE——
o Rare process — essential to characterize self-coupling of the Higgs .4 = Z‘éiibn d S
7] mm Combine 4 3 o reliminary : l;:sselis':;unc _28
m Fundamental parameter of the Higgs potential T 4 8 | b1 cominaton Theo.un. e |
. . . 5) Expected SM —+— Run 2 syst. unc. é
o Recent advances: Potential for HH at HL-LHC beyond original 2 ?
expectations — Need triggers to make the most of it ——— + //
(CERN-2 Ll i / —3
Rl |Rm27)|  Paned - [ Physics projections for European ] d 4
Threshorl | Thioshors | Offinepy | Rato | troding | Rate Strategy for Particle Physics I3 Eh
Trigger Selection [GeV] [GeV] Threshold [GeV] | [kHz] | cuts [kHz] | [kHz] ot—rg e e S ae— 0
isolated single e 25 27 22 200 40 1.5 Integrated Luminosity [fb']
isolated single u 25 27 20 45 45 1.5
single 120 145 120 5 5 03 . . . .
P s 2 225 “ x| & e Using offline-like jets at LO o
di-e 15 18 10,10 60 10 0.2 =
o v |eshum| ¥ | B o & o Investigating HH—bbbb at Vs = 14 TeV o truth
single T 100 170 150 3 3 0.35 . _ O
di-t 40,30 40,30 40,30 200 40| o5t with <M= = 200
single b-jet 200 235 180 o 25 | 035™ - .
s o o e a0 0 ol & o Jet building from topo clusters available at
pop/bgl| | Sey | Getel | el w0 LO (emulated for study “422")
Hp 700 700 375 | 50 10| 02" . . . )
B i o I P T . A o LUT-based fast jet calibration 422 jets
& A 2.5 . .
Bphysics” Pl e | s o Usage in TLA being evaluated i >
Supporting Trigs 100 40 2 m H
Total | 1066 338 104 ~12 5 GeV —

Phace IT TDR, trigger limitation — TUA ,b/fog’,bect?

T. Critchley, M. Goblirsch, A. Ruiz, C. Sauer, G. Rupnik Boero



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/

Work Package 2.1
Identifying Interesting Physics Scenarios

e Exotic signatures ATLAS
. . EXPERIMENT
o Interested in non-standard signatures foms 497727

Event: 303055321

in the detector that require novel trigger e
concepts, e.g. investigating TLA
scenarios beyond baseline

o Particularly interested in exotic final

states
o Also exploring anomaly detection in the
trigger
In this event:

e 1 muon with pT > 30 GeV (p,= 113 GeV)

e 3 electrons with pT > 30 GeV (p T = 209 GeV, 82 GeV, 60
GeV)

e 215 GeV of MET

T. Critchley, M. Goblirsch, A. Ruiz, C. Sauer, G. Rupnik Boero




Work Package 2.

Identifying Interesting Physics Scenarios

e Exotic signatures with muons : a® —
. . . . . Too collimated muons (2 or more)
o Provide physics signature input to muon trigger — Tracks overlap on the same RPC Pad, trigger |- ¢
developments only sees one muon F @,:9
o Ongoing work with 2.2 & 2.5 studying unconventional % RPC ¥
muon signatures (e.g. soft, displaced, collimated) i
B LLPs decaying to pairs of collimated muons, or to pairs of high %&
impact parameter muons, highly ionizing particles, hadronic
decays in the muons
o)

v % H/
¢=0de -
Studies needed into the feasibility and physics ( 2 g 4__5.1
potential of muons used in Event Filter TLA .

g— — — - () '_Vf
| HC rontor -\
High impact parameter muons i /7 n
. displaced = p; is mismeasured if evaluation assumes e - ~
HSCP dilepton beamspot 6 Displaced VertiCeS in
— front of or.in the MS
disappearing displaced
track lepton

—> Need to use
—_— standalone muons for

‘! vertex reconstruction

displace (I
dijet

LLPs
Exﬂ"f’ les :
displaced

_/
4
. . I )
5% :i b \ / </
V\\mmm Gagnatures for LLP¢ é'»:i 2 4 P Fat T 13 Feet
d) R
me (delaye rin = El
- T RIIo”'gat'o” Pa“e /\ dark sector L b7
displaced y displaced ~ Unusu ¢ ]) p \
vertex conversion D,gPIace"‘B” / e f T
Soft- Unclustered Energy -Patterns (SUE;s) — —

T. Critchley, M. Goblirsch, A. Ruiz, C. Sauer, G. Rupnik Boero




Work Package 2.1
Identifying Interesting Physics Scenarios

e Blue-sky R&D: Hit-based b-tagging (joint with WP 2.4)

o Assuming new ITk pixel sensors would provide timing measurement

(starting ATL-PHYS-PUB-2023-023 where 4D tracking was studied) to help
discriminate signal from pile-up hits,

ATL-TDR-030, LHCC-2017-021

4.2 Key requirements for the ITk design |
e T e o Assuming a new readout technology that would allow to read the two
ey s s crosing. e e Innermost Layers at a rate > 1MHz,

lem\‘\wmt\l\ 200 inele
Jf the Strip TDR in Dece

100 vhich is now in
3000 fb to 4000 fb wh

P
he lifetime of Ph
X er > Jifetime O1
be able to deliver over the

o Would this allow light-jet rejection at trigger level without tracks?

5 il
. i fotv factors usec + the nev ixe
is still within the safety facto or the new I

1 + 1
N .«Q«‘lwl S COr 2o in ocood track-
‘ ,siegn presented in [1] E .d maintain g
and the design | red total integrated luminosity anc m
required tot: €5

ke e Hyktllx'\ml‘ifetime of Phase 11, it is foreseen that the inner two layers of the -
N T the 4 . =
;Egel;if;z:iiﬁfe replaced part way through the HL-LHC pr?graftf.\rdy possible that it (@] A ttb . I I t [ ] G N N based a I g 0 rlth m based o n raW
~ e i this volume as it s entixly possible hat | = ar single lepton no pu
The replacement detector is not d(.BSCrl A | to be able to replace the inner 'se : O -
e g O L o g e orn || © hits under study
i e ~te on the design of the pixel patids §
tion O tor) places severe ‘ \-‘im’w.:lu ;'Wv“:“\:wm‘iw\‘ e n t 9 NO PU! . . .
| - o Evaluating signal efficiency vs bkg
o0 rejection using different types of
3

inputs:

Calorimeter clusters (1)

All ITk layers (2) [hypothetical]
Two innermost ITk layers (3)

B jet efficiency 1

P. Butti, T. Critchley, M. Goblirsch, A. Ruiz, C. Sauer, G. Rupnik Boero



https://cds.cern.ch/record/2870326?ln=de
https://cds.cern.ch/record/2285585?ln=en

Conclusions

e Main objective of NGT project is to extend the Run-4 trigger to increase the physics reach
of the HL-LHC
o Develop, improve and deploy reconstruction and trigger techniques
o Investigate new approaches, including ML

o NGT activities and personpower are integrated within the existing ATLAS structures especially
extending R&D beyond baseline approaches!

e Agenda plenty of interesting developments in front of us!

o NGT fuel is the expertise of the entire community: strongly benefits from collaboration within and
across work packages!
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