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The HL-LHC upgrade
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https://project-hl-lhc-industry.web.cern.ch/content/project-schedule

ATLAS upgrades for Run-4

» Detector upgrades

New silicon inner detector (ITk)
with coverage to |n| <4

New muon detectors in barrel
and endcap inner regions
High Granularity Timing
Detector in forward region

Calorimeters and muon system
front-end readout at 40 MHz

« TDAAQ electronics upgrades

LO hardware trigger fed by
upgraded detector front-ends

New common read-out boards
for all systems

Upgraded Event Filter
processing farm
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chambers &

Maintaining good physics performance and acceptable
trigger rates at low p; requires major upgrades

New and upgraded forward
and luminosity detectors

Trigger & DAQ upgrades
New muon

electronics

New High
Granularity
Timing Detector
(HGTD)

Calorimeter
electronics
upgrade

New all silicon Inner Tracker (ITk
ATLAS il AT
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Physics Drivers of the upgrade ...

ATLAS-TDR-029

o _ Representative :D Corresponding
* Precision measurements of Higgs Physics Goals Triggers
boson properties WK SUSY ) Single electron
— H — bb/up/tt, ttH e —
ingle viuon
— Self-coupling HH — 4b/bbtt/bbyy
. Precision _ Dielectron
* Other precision SM measurements Standard Model
Dimuon
— Z — eelup
.- . EWK SUSY Forward
— VBS, WVVJJ, WZJJ j Compressed Electrons
- TOp phyS|CS Mear-by muons
. Long-lived
° Flavour phySICS particles Hadronic di-t

— Lepton flavour
« BSM searches

High-impact
parameter jets

Multi-je_UHT
— New vector bosons, DM, LLP T (inc biets)
 Heavy lon physics MET
Exotic Higgs Forward Jets
using VBF | with Topologic
Signature selection
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... translated to a trigger menu*®

*i.e. set of criteria for selecting interesting collision events

; Offline pt Threshold [GeV] Planned
link HL-LHC : . iy
Run 1 Run 2 Offline py Despite the much more challenging conditions
Trigger Selection (2017) Threshold [GeV] .
isolated single ¢ > — — thresholds need to remain low to keep acceptance
isolated single u 25 27 20 . . .
single y 120 145 120 — Aim to keep thresholds as low as in previous runs or
forward e 35
di-y 25 25 25,25 even lower
di-e 15 18 10,10 : :
diy 15 15 1010 — Impossible with Run-3 TDAQ system at Run-4
e—u 17,6 8,25 / 18,15 10,10 T
single T 100 170 150 Cond IthﬂS
di-7 40,30 40,30 40,30
single b-jet 200 235 180 F O T AL ARRRRRR AR A T T ATIAS Smumton
single jet 370 460 400 © [ ATLAS /1 s 09 Vs - 14 TeV E
large-R jet 470 500 300 S T Vs=14TeV,L=-30001" " d ] % 0.8 = { =
four-jet (w/ b-tags) 45" (1-tag) 65(2-tags) E & HH— 4b 14 8 o7F L — Wl =
four-jet 85 125 100 s F | A - — EH%T b E
HI;FﬂSS 700 700 375 Tz 3 : | = 0_55— : Compressed SUSY —E
EX 150 200 210 5 T ' ro ] g 5 o E
S Target ! | ] 0.4E (A m (x2x0)= 40 GeV)3
VBF inclusive 2x75 (An > 25 5 25 Threshold | ! ] TE E
. &Ap<25) @ | ! . L 0.3E E
B-physics _ @ 2k i Upgrade E 7] 0'2;_ ; E
Support Trlggers r : : i 01; %ﬂgg;oid E No Upgrade _E
1.5 e e T 0E~ P ARSI NU SR TR S T S e e e
0 A0S0 80 iU offine jet p. [GoV) 0 20 40 60 80 100 120
T Lepton p_ Threshold [GeV]
ATLAS-TDR-029 T
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TDAQ changes for Run-4 (overview)

Inner Tracker

Calorimeters

Muon System
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I : JFEX Endcap MDT Trigger
I 1 1 Sector Logic Processor
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T I > == ‘
L Processor
1 1 -
1 1 1
LI | 1 :
YiV,V, v
4 )
FELIX <= == CTP O PP
J

Data Handlers

Y

Dataflow

A
1

y!

]

Event Filter
Processor Farm

Permanent
Storage

<+ LO trigger data (40 MHz)
<~ = L0 accept signal
<«— Readout data (1 MHz)
<~ - EF accept signal

<}:| Output data (10 kHz)
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Single level hardware trigger (LO)

— ATCADboards, FPGAs, high speed links

— Extended latency and increased bandwidth

Event filter

— Commodity-hardware based processing farm

— Option of hardware accelerators

DAQ system

— Upgraded to cope with higher event rate and size
— Custom r/o board with commodity servers/network

G mﬂ_

100
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Calorimeters

Super CG”SE feeees . :
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fFEX

TOBs
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LO Trigger system

Muon System

Muon Trigger Prin-1| ives:
LT NSW Trigger
Processor
Yy v vy R
Barrel o MDT Trigger o Endcap
Sector Logic Processor Sector Logic

| |
¢ ¢ Muon Track Candidates

MUCTPI }_

ATLAS-TDR-029

Y. V¢

( TOBSs
Global Trigger

[

) multiplicities
CTP <€
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Hardware trigger system working in real time

— Reduces 40 MHz input rate to a maximum of
1 MHz output

Based on inputs from muon system and
calorimeters (no tracking information here)

— Trigger objects are collected in the Global
Trigger (new for Run-4)

Global Trigger also receives full granularity
information from calorimeters
— Offline-like reconstruction at 40 MHz

Central Trigger Processor (CTP)

— Provides LO trigger decision based on the
selection menu

— Timing master for all sub-systems
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LO Calorimeter Trigger

Run-3 hardware with upgraded firmware

— — Feature Extractor boards (FEXs) provide trigger objects for e/y/t
(eFEX), jets and missing ET (JFEX) and large R jets (gFEX)

o New fFEX added for forward region (objects [n| > 2.5)
— high granularity information from calorimeters

v v v v | Improved performance
eFEX| | JFEX | |9FEX] | fFEX ' . .
. — Increased latency budget - upgraded firmware algorithms

jTov@ers R
g'l‘:owers !

LoCalo !

TOBs
ATLAS Simulation

Vs = 14 TeV, <u>=200

. e Phase-1 Selection using eFEX
- e eFEXplus E atio in Global

e T e eFEX plus E " and Topocluster

e, ++++ Isolation in Clobal

4

Rate [kHz]
2,
[

\A i

1 02 = o e

1 1 1 1 1 1 1 1 1 1 1 1 | 1 1
| 20 25 30 35 40 45 50
Online Electron P, Threshold [GeV]

fFEX Prototype ATLAS-TDR-029
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LO Muon Trigger

« RPC (barrel), TGC and NSW (endcap) Run-3
detectors complemented by new RPC inner
layer and MDT trigger MDT TP Prototype 07

— Loosen RPC trigger selection due to additional

Efficiency

ATLAS Simulation

<u>=0, nl<2.4, P,

Phase-Il RPC or

trigger

TGC

>20 GeV 3

® Phase-Il (RPC or TGC) & MDT

| 1 1 1

il

|||||||||||||||||||||||||||
"

(OH—HII'IIII‘\Illll\llllllllHI |I Illllllllllt‘

trigger layers — barrel geometrical acceptance gi .
from ~70% to ~95% 03 .
0.2 e
« MDT chambers included in the LO trigger for 0.1 o8
the first time via dedicated trigger processor Q20

— Matching MDT hits with RPC/TGC seeds

— Sharpen turn-on curve, increase
rejection power

 New Trigger Processor for the -
New Small Wheel (NSW) o

— NSW: Endcap region inner station
— Reduce endcap fake trigger rate B et

LO Muon barrel acceptance
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LO Global Trigger

 Receives L0 Trigger objects and high granularity calorimeter data

— Offline-like algorithms for muons, EM, jets, E+-miss, topological triggers,
refines trigger objects and adds new trigger lines

« FPGA based processing boards performing different functions in firmware
— MUX: data aggregation and time multiplexing
— GEP: Global Event Processing
— gCTPi: demultiplexing and data transfer to Central Trigger Processor

lﬁl T 1 rr I T T 1T 'I T T TrT I T T 1T I T I.'I T I T l. T I L I T 1T 1771 'I
Electrons E 103 ATLAS Simulation -
Taus = :. Vs = 14 TeV, <u>=200 ]
LOCalo _ aell % T . e Phase-1 Selection using eFEX ]
Phase-| ' 74 MET oC - e e eFEX plus Eraﬁo in Global .
| 102ls *e o eFEXplus Eratio and Topocluste
%, e, Isolation in Global ]
A2 _l.‘-o-'.' *e 7
3, \ | % "0_. ]
i - i

LOMuon Z . > 1LC;.l"fP _m - . -o-_._'.-'
from MUCTPI nierrace — L —
\ r 10 § ":" 0’_._" E
o s %o bt 8 ]
= L ""‘..."’, oo, .. i
Global Trigger i f.’:o.% hig o SN ﬂ
b

FEL'X | | I L1 11 I 1111 I 11 I*Id I.’-M I L1 11 I 111 1 I 1111 I

TDAQ Yo ™5 20 25 30 35 40 45 50

Online Subleading Electron ET Threshold [GeV]
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LO Central Trigger and Timing

ATLAS-TDR-029 LHC Timing LL]
| e FELIX | L 2
Phase-1 Legacy ——» POI\] 9 g 8
Forward, Calibration, Auxiliary Triggers = € TICPp N o Q
LOCTP| - N 3 2
e I MUCTP! < 2 7 £
TGC-SL o B o
O ¢ =
c O (@)
3 e
C v o
3% - s
o M

Global Trigger

« Provides final LO Trigger decision based on the selection menu and receive inputs |

— New Central Trigger Processor (LOCTP) Board, now 1024 (before 512) possible input bits

« Higher bandwidth, more complex selections possible, more partitioning, bunch matching, per-ounch
monitoring

— Muon to CTP Interface (MUCTPI): Combines barrel and endcap trigger candidates
« Common hardware with the new CTP board with different firmware

« Trigger, Timing and Control (TTC) signals via new Local Trigger Interface (LTI)
— Distribution of LHC timing, trigger accept and synchronisation signals to the sub-systems

— Clock phase stability < 30 ps, provides standalone operation for sub-system tests
T.Wengler, CERN, Lepton Photon 2025, Madison, USA 11
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Readout, Dataflow and Networking

_ FELIX: Front-End LInk eXchange
 New common readout via FELIX board

— PCle cards with single FPGA, custom optical

links for front-ends, partially used in Run-3 Eecrones e
— Receives readout data and distributes timing
. Front-end A Detector Control
S|gn a| S from LTl Electronics System
FELIX
i D a tafl OW EFlrort\t-er_ld Online Monitoring
— Aggregates data from readout to the Event ~500 cards

Filter (EF) and to storage

— Full event building at 1 MHz and 5 MB event
size requires 5 TB/s to EF

— EF output rate of 10 kHz requires 50 GB/s to
transient storage

* Online software: config./control, monitoring

— Prototype based on Kubernetes as farm
orchestrator

Felix FLX-182 prototype
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Event Filter

« Second stage event selection on asynchronous
processing farm
— Software trigger with full event building at 1 MHz
— Refine LO Trigger decision through inclusion of tracking
information and higher precision algorithms
« Farm of commodity processors with off-line like
algorithms, including ML

— Initial plans to include custom hardware track trigger
changed due to major improvements in reconstruction
speed and the emergence of CPU with significant lower
power consumption

» Enables a farm with sufficient processing power within the
constraints of the computing infrastructure

« Option of using GPU / FPGA hardware accelerators
— Evaluation under way, to conclude towards end of 2025

T.Wengler, CERN, Lepton Photon 2025, Madison, USA
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FELIX -=- cTP DA
y
Data Handlers <€-- LO trigger data (40 MHz)
<~ = L0 accept signal
A 4 . | €— Readoutdata (1 MHz)

Dataflow <~ = EF accept signal

= < h Output data (10 kHz)

1

A Al l

ATLAS-TDR-029-ADD-1

)

Event Filter F——
Processor Farm Storage

Fraction of Events

‘I Et—l | TTTT ‘ TTTT ‘ TTTT | TTTT ‘ TTTT | TTTT ‘ TTTT | TT _E

E ATLAS Simulation Preliminary =

) —— 1T MC (<> = 80) i

10_1 = _E
--=== Di-jet MC (< > = 20) 3

fs =13 TeV ]

102 -
107 = 3
| L , H L i

0 1 2 3 4 5 8 7 8 9 10
Speed-Up ( £V t(GPU))
Speed-up of topo-clustering in

ttbar events with GPU
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Event filter tracking

« Track reconstruction uses the majority of resources E 1400 ATLAS Simulation
of the EF farm " el
— Driver for the technology decision *
— Optimisation of the track reconstruction on CPU using the
final layout of the ITk led to much faster processing
« Several avenues of using commodity accelerator cards
currently under investigation

— Fully CPU based processing ATLAS-TDR-029-ADD-1 z mm}

— Fully or partially GPU based processing g AT T | ]

- FUIIy or partla”y FPGA based prOCeSSIng g;_ 222§+ Default Reconstruction, ITk Inclined Duals é

] . . . [7) - —e— Fast Reconstruction, ITk-22-02-00 Layou =

— Exploring track finding alternatives: Graph Neural Networks £ 250~ B . 3

—> candidate for highly parallel execution on GPU/FPGA % 200 3

. See talk by M. Neubauer & . F E

Interface to ATLAS software via ACTS 2 b E

— A Common Tracking Software arcsproject o E
— Experiment independent toolkit for tracking N T T I S S R
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Summary

Inner Tracker Calorimeters Muon System

« ATLAS is undertaking very significant changes to its x FT TR

TDAQ system for Run-4 [T iy v
/Tc;o_\ LOMuon

— Neeqed to take full advantage of the higher luminosity 2t g 2ore ) [NSW Tigger
prOV|ded by HL'LHC : : : Endcap MDT Trigger
. : : : Sector Logic Processor
Prototypes are available already for many 2 ==
com po ne ntS : E E Global Trigger
— The focus is increasingly on integration and production A
« Purchases of commodity hardware will be done as ViV ;
late as possible to profit from latest developments | o= ]‘[ L —

— Provides time for example to investigate use of Ere— < L0 tigger data (80 WD)
hardware accelerators in the EF farm or components of 1 DI
the data transfer networks Dataflow < - EF accept signal

Yy Output data (10 kHz)
 Much work is still to be done, but the project is ¥ Il
proceedlng We” [ Processor Farm ]
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Example Run-4 trigger menu with trigger rates

Table 2.1: Representative trigger menu for 1 MHz Level-0 rate. The offline py thresholds indicate
the momentum above which a typical analysis would use the data.

Offline pr Threshold [GeV] Planned After | Event

HL-LHC LO | regional | Filter

Run 1 Run 2 Offline pr Rate | tracking Rate

Trigger Selection (2017) Threshold [GeV] | [kHz] [kHz] | [kHz]
isolated single e 25 27 22 200 40 1.5
isolated single u 25 27 20 45 45 15
single v 120 145 120 5 5 0.3
forward e 35 40 8 0.2
di-y 25 25 25,25 20 0.2
di-e 15 18 10,10 60 10 0.2
di-p 15 15 10,10 10 2 0.2
e—u 17,6 8,25/ 18,15 10,10 45 10 0.2
single T 100 170 150 3 3 0.35
di-t 40,30 40,30 40,30 200 40 | 05"
single b-jet 200 235 180 o 55 | 035"
single jet 370 460 400 0.25
large-R jet 470 500 300 40 40 0.5
four-jet (w/ b-tags) 45+(1-tag) 65(2-tags) 100 20 0.1
four-jet 85 125 100 0.2
Hyp 700 700 375 50 10 | 02"
Er™® 150 200 210 60 5 04
VBE inclusive 2x75 (Ay > 2.5 33 5| 05t

& Ap < 2.5)

B-physics'' 50 10 0.5
Support Triggers 100 40 2
Total rate 1066 338 10.15

' In Run 2, the 4-jet b-tag trigger operates below the efficiency plateau of the Level-1 trigger.
™ Thisis a place-holder for selections to be defined.
"' Assumes additional analysis-specific requirements at the Event Filter level
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E. . i, variable in the LO Trigger

o Ehighest energy cell — Ean local maximum energy cell
Eratiﬂ —

Ehighest energy cell T+ Ean local maximum energy cell

Erighest energy cell- €N€rgy in the cell with the largest energy

deposit associated with the electron

E2nd local maximum energy cell- €NEIgy in the next largeSt local 0'3:_
maximum (in a window of typically 0.0625 in n) 025/ ATLAS Simulation
. . . . 02;_ — Electrons, <u==200

» discriminates between dominant background from m° — yy | dets, qu=200

showers (whose maximum and second-maximum energy 0.15(

depositions would be balanced) and isolated electrons or 0.1F

photons (whose E,;, is close to 1). 005 ’I—“a_:lj

O: L L = |'_L N

0.6 0.8 1

ratio

AILAS-TDR-029 (@) Distribution of E,,;, variable.

ratio
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