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The Large Hadron Collider (LHC)

most powerful particle collider of the world

accelerating bunches of protons
- multiple collisions per bunch crossing

collisions every 25 ns (event rate of 40 MHz)

over periods of multiple hours without
a break

»challenging data taking conditions
for particle detectors
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The ATLAS Detector after Phase-1

 general purpose detector at the LHC - why did we need to upgrade?
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The ATLAS Detector after Phase-1

 general purpose detector at the LHC - why did we need to upgrade?
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« want to study rare processes
 more collisions = more data
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The ATLAS Detector after Phase-1

« ATLAS is evolving: some parts are still from day - why did we need to upgrade?
one, others are upgraded or even fully replaced
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« want to study rare processes
 more collisions = more data

e calorimeter system:
upgraded readout
electronics
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The ATLAS Detector after Phase-1

« ATLAS is evolving: some parts are still from day - why did we need to upgrade?
one, others are upgraded or even fully replaced
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- want to study rare processes

 more collisions = more data

- calorimeter system: < muon system:

upgraded readout  New Small Wheels
electronics
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The ATLAS Detector after Phase-1

« ATLAS is evolving: some parts are still from day - why did we need to upgrade?
one, others are upgraded or even fully replaced
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- want to study rare processes

 more collisions = more data

. » calorimeter system: < muon system:
- this talk upgraded readout New Small Wheels
electronics
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The ATLAS Trigger System

Motivation:
40 MHz-LHCBunch - unfiltered event rate O(100 TB/s)
Crossing Frequency 5 \way too high to store all of it

Level 1 - Trigger
« custom hardware (FPGA based)

« handles real-time data
100 kHz accepted » needs to be fast, fixed latency budget of 2.5 us
» new data every 25 ns

C——

G—

HLT High Level - Trigger
* software based @ ~60k CPU cores
* accesses more detector information, e.g. tracking

~ 3 kHz recorded » analysis of the regions of interests spotted from Level-1
at full detector resolqun latency O(1s)
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The ATLAS Trigger System

Motivation:
40 MHz-LHCBunch - unfiltered event rate O(100 TB/s)
Crossing Frequency . way too high to store all of it

Level 1 - Trigger
e custom hardware (FPGA based)

 handles real-time data PEE BTN
100 kHz accepted » needs to be fast, fixed latency budget of 2.5 pus after phase-1
» new data every 25 ns upgrade
closer to this

High Level - Trigger
* software based @ ~60k CPU cores
| * accesses more detector information, e.g. tracking

~ 3 kHz recorded » analysis of the regions of interests spotted from Level-1
at full detector resolqun latency O(1s)
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Level-1 Calorimeter Trigger

* receives digitized and calibrated inputs from calorimeters
with improved granularity - 3D grid of energy information

* system of three Feature EXtractors (FEXes) to
reconstruct signatures of corresponding objects

* new Topological Trigger system for multi-object correlations

objects / _
candidates Topological

Trigger

decision

. inputs
Calorimeters

global
FEX

algorithms

0
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| 1Calo Feature Extractors

example: JFEX jet algorithm

-X
: 24 x eFEX 6 X JFEX
= (electromagnetic) (jets & more)
runs within 75ns granularity 0.025 x 0.1 0.1x0.1 0.2 x0.2
coverage central detector full detector full detector
trigger objects (TOB) e/v, Thad jets, Thad, E2SS N Erp, e/Ym>2.5 large jets, Emiss NS Erop
main FPGAs XCTVX550T x96 XCVU9IP x24 XCVU9P x3
o > i #LUT/FPGA 346k 1182k 1182k
1 million LUTS/FPGA input bw/board ~ 1.4 Thps (x24) ~ 2.2 Thps (x6) ~ 3.4 Thps (x1)

large input bandwidth
*with line rates of about 11.2 Gbps per link

ATLAS L1Calo Phase-1 Upgrade - Niklas Schmitt

EXPERIMENT




L1 Topological Processor
» 3 boards with 2 FPGASs, each

eFEX e | w0 o inputs from several level-1 systems, runs
P | \ H|. -_ . . s o e
JFEX o A T@ multi-object algorithms (~200 decisions)
M | Examples:
grEX o S . * angular separation & invariant masses
”
MUONS eeeeeeeee g
= 2

final L1 Célo decisions
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L1 Topological Processor
» 3 boards with 2 FPGASs, each

eFEX e ¥ w0 o inputs from several level-1 systems, runs
7 | \ H|. -_ . . _ o
FEX o “c9 multi-object algorithms (~200 decisions)
gt @. [xamples:
Sl s ~* angular separation & invariant masses
" - variational autoencoder for anomaly detection
* 3-layer MLP evaluated in 25 ns (details here
MUONS eeeeeeeee g . Yy ( —)
= g |
3 x L1Topo i T =
] encoder [ decoder B
: - e(2) j dy(2)
final L1Calo decisions N N
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L1 Topological Processor
» 3 boards with 2 FPGASs, each

CFEX e {m w0 e inputs from several level-1 systems, runs
JFEX oo Cosii \9 multi-object algorithms (~200 decisions)
\ | @. [xamples:
SRR Rz |« angular separation & invariant masses
" - variational autoencoder for anomaly detection
VI | . * 3-layer MLP evaluated in 25 ns
A A - e« correlate information from different bunch
3 x L1Topo crossings (time-slices) A &
e long-lived particles ’ '%

final L1 Célo decisions

Event N—1 Event N
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Algorithmic Examples: “combined” TAU

* eFEX - eTlau:
high granularity,
small window per processor

* JFEX - |Tau: IR
moderate granularity,
larger window per processor -

jTAU eTAU

HAD EM3 EM2 EMA1 PS
* L1Topo - clTau:
combination eTau + jTau = cTau, | B Dev-e~ e
additional energy information in (HAD + EM 1 PS)
core & wide-area isolation from CTAU

JFEX improves background rejection
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Performance: eFEX

e efficiency curve for EM trigger:
- efficiency of finding and triggering the event at level-1
- momentum threshold applied on the object
» curve "turns-on” after the threshold

« eFEX turn-on curve (blue) reaches full efficiency = b ol E

: Hy
much faster compared to old system (red) S ]
- old system suffered from less efficient isolation ~ *°%- * ™™~ E
requirements - slower towards plateau 0al ATLAS Profiminary ]
_ " LHC Fill 8695 ]
0.2~ . \f§f=103\}BLTeV 7]

. . . : . Tk : wio
* Sizeable reduction in trigger rate with phase-1 .

0 | ! | | | | |

system (~5 kHZz) T R R
» Dbetter background rejection
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Performance: eFEX & JFEX

- trigger requires one electron in central forward electron trigger
part of the detector (eFEX) and one in the

aﬂ " | | I | | | "'I_

forward region (JFEX) L = —
= = _

L | ]

% 0.8 ATLAS Preliminary "

- new for phase-1, old system did not = 2 oo Sotson E
trigger on electrons in the forward i e o (n2:25) Troger Efieney ]
region (used jets instead) 04t o rEX oystom (2026) .

. 2:_ —=— Legacy system (2024) _:

* [FEX trigger (blue) significantly outperforms R T
the corresponding legacy item (orange) v o W s % %

Offline forward electron P, [GeV]
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S 06— Vs=13.6 TeV |
» JFEX turn-on (black) sharper compared to old : old Aateaned
system (blue) at the same trigger rate 4 « JFEX four-jet trigger (2025) -
4Jet trigger 0-2:_ o * Run 2 System (2024) B
- ability to resolve nearby{ets overcomes PO LA T I S S S )
inefficiency - reaches plateau at 1 not below! AthLeading Offine Jetp_[GeV]

cc>>‘ ffeesemms e L e 1

% _ ATLAS Preliminary new (jFEX) i

. 08— Vs=13.6TeV _

i miss : P : & [ Data2025 Zuy Selection new (gFEX) ]

« JFEX & gFEX ETS trigger efficiencies outperform F L e rgge cromnr oid svetem
Run 2 system (orange) = 08 Rateaches Y .

r —— jJFEX System (2025) 7

0 4'_ —=— gFEX System (2025) ]|

L —s— Run 2 System (2024) |

> similar improvements for all FEXes . n B
across several signatures missing 2 1
energy trigger L ]

N T R T T T R

DiMuon P, [GeV]
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Summary & Outlook:

* level-1 calorimeter trigger does real-time event selection by running
fast & efficient algorithms on customized hardware

* new and/or improved trigger algorithms were
crucial for a successful data taking during

LHC Run 3 ATLAS

EXPERIMENT

« FEXes will remain an essential building block
of Phase-2 upgrade, which provides
additional improvements towards the
High Luminosity LHC period, starting ~2030
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BACKUP
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Backup: JFEX Input Granularity
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Backup: Overview Old vs. New System

LAr

(digital)

LAr / Tile

(analogue)

ATLAS
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ﬂCalo
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Pre-Processor
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I L1 Muon |
| I ——
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Backup: JFEX Hardware

: : : [=] [=] [=] [=]
24 high speed optical transceivers: / o AE| w | EE|
Avago MiniPODs ! 2 . -
et v U3 Power s Powe
» RX: 240 fibres (5 x 12 x 4) - i _— =
- TX: 48 fibres (1 x 12 x 4) s WEE
, i EHE EE
» control mezzanine: XCZU7EV e

« slow control, configuration, monitoring

* power mezzanines
* 4 FPGa power mezzanines & 3 board power mezzanines
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Backup: JFEX Firmware

LATOME TREX

« multi-linear energy encoding time multiplexed

160 MHZz — S

| Masking and Data Preparation |

* data preparation, time multiplexed

— ( nle-upm;f:ﬁms-nbum )
| ﬂuumnmm?um | ( HﬂnﬁhmﬂEm:mm |
* algorithmic part, parallel S e TP — T
& part, p parallel, __ % ¢¢++
40 MHZ [ TOB Generation and Sorting ]
» sorting with — e

Batcher odd-even mergesort
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Backup: Anomaly Detection (GELATO)
“Generic Event-Level Anomalous Trigger Option”

e variational autoencoder

. o) SO B B AR i e nee) == oo
evaluated based on latent space 5 = ATLAS Preliminary -

w/o decoder part o 107z fLAvmar e "AE// E

: . = = is=136TeV . =

* inputs are objects from FEXes S 107e - E
(o)) - .

H > -3 |

° 3_|ayer MLP N 25 ns = 10 é HAHM ggF:h — ZZ, — 212v 3
10—4 ir"r/ HNL - epv _;

T 7 Z ggF h — SUEP — full-had 3
& adl il VBF h — aa — 4b |
B “~ Il 10 = Z = vv (b filter) =
H encoder i decoder H 106 9gF h — aa — 4b .-
. L = VBF hh — bbbb =
— eo(w) | S— d¢(z) — —7 T""I"I IIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | n
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False Positive Rate
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Backup: Long-Lived Particle Trigger

* long-lived = does not decay immediately
Signature:
* missing energy (particle did not interact with detector yet)

* after the decay it produces daughter particles
> jet in the same direction of missing energy but one bunch crossings (25ns) later
» particle at speed of light travels about 7.5m in 25ns - less if its heavy
—> can still decay before / within calorimeter, but signal is delayed

» correlation of information from different time-slices

» very interesting signature w.r.t.
searches for new physics

Event N — 1
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