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LHC / HL-LHC Plan
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 HL-LHC: peak instantaneous luminosity of 𝟕. 𝟓 × 𝟏𝟎𝟑𝟒𝐜𝐦−𝟐𝐬−𝟏

 <μ> ≈ 200 inelastic proton-proton collisions per bunch crossing (pile-up)

CERN-2017-007-M

http://cds.cern.ch/record/2284929


ATL-PHYS-PUB-2018-054

Precision of Higgs branching ratio measurements

projection from Run 2 data to Run 4

ATLAS Physics Goals
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 Broad physics programme @ HL-LHC

 Precision measurements 

 Higgs boson‘s properties

 Standard Model parameters

 Searches for BSM signatures

 Flavour physics

 Heavy-Ion Physics

 Goals driving trigger requirements

http://cdsweb.cern.ch/record/2652762


Trigger Requirements

 Inclusive trigger selections

 Maintain low thresholds for

 Single-lepton

 Di-lepton

 Di-hadronic τ

 Multi-jet

 Missing transverse energy

 Requires upgrade of 
Trigger and Data Acquisition (TDAQ)
to handle higher rates & pile-up
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Phase-I TDAQ Level 0

projected to Run 4

Phase-II TDAQ 

Level 0 Run 4

ATLAS-TDR-029

http://cdsweb.cern.ch/record/2285584


Simulated 𝑡  𝑡 Event at Ultimate Luminosity
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 𝒪 10 000 particles / event

 Mostly low pT particles

 Inner Tracker (ITk) offers 

excellent pT resolution

 Track reconstruction

as early as possible 

enhances trigger

Atlas Public Upgrade Event Displays

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradeEventDisplays


 Single Level-0 hardware trigger: 

calorimeters and muon system

 Detector readout rate of 1 MHz

 Event filter system after first level trigger using 

track reconstruction of Inner Tracker (ITk) data

 Output rate of 10 kHz to permanent storage

TDAQ Phase-II Baseline Architecture
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Event Filter System
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Tracking CPU time versus pile-up

 Commodity processor farm 

 Custom Hardware Track Trigger

 Reduce CPU requirements 

 High throughput

 Two stages of HTT

 Regional tracking

 Global tracking

ATLAS-TDR-029

http://cdsweb.cern.ch/record/2285584


Fast Regional Tracking (rHTT)
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rHTT: Rejection vs efficiency

10 GeV electrons & muons Full Level-0 rate of 1 MHz 

 Regions defined by the Level-0 

trigger (< 10% of the full event)

 All charged particles pT > 2 GeV 
and |η| < 4.0

 Coarse resolution

sufficient for initial rejection

 Single high-pT lepton

 Multi-object triggers 
ATLAS-TDR-029

http://cdsweb.cern.ch/record/2285584


More Precise Global Tracking (gHTT)
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Rate versus offline MET

Event Filter using gHTT Lower Level-0 rate of 100 kHz 

 Full ITk event data

 All charged particles pT > 1 GeV 

within |η| < 4.0 

 Track quality and min. pT similar to 

offline track reconstruction

 Primary vertex identification

 Pile-up correction and mitigation

ATLAS-TDR-029

http://cdsweb.cern.ch/record/2285584


 Dual-level hardware trigger architecture 

 Mitigation strategy for

 Detector readout bandwidth limitations

 Hadronic trigger rate uncertainties

 Also holds opportunities

 Reduce thresholds 

 Improve acceptance for physics signatures

TDAQ Phase-II Evolved Architecture
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TDAQ Phase-II Evolved Architecture
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 Level-0 trigger: 2-4 MHz, latency 10 μs

 Level-1 trigger: 600-800 kHz, latency 35 μs

 rHTT → L1Track 

 pT > 4 GeV 

 Latency constraint 6 μs

 L1Track receives data on 
low latency stream from ITk

 HTT system is being developed for 

baseline and evolved scenario



Major Processing Steps in HTT

1. Pattern recognition in AM ASICs (rHTT)

 Pre-computed 8-layer patterns

stored in Associative Memory ASICs

 Reduced cluster resolution: Super Strips

2. 1st stage track-fit in FPGAs (rHTT)

 8-layer full resolution clusters

3. 2nd stage track fit in FPGAs (gHTT)

 13-layers full resolution clusters

17.10.2019Sebastian Dittmeier - Heidelberg University

12

ATLAS-TDR-029

http://cdsweb.cern.ch/record/2285584


HTT Baseline Architecture
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 Evolution of Fast TracKer (FTK) design

 HTT simplifies hardware modularity

 Data from network via 

dedicated servers (HTTIF)

 HTT can run on simulated data

→ commissioning without beam



HTT Baseline Architecture
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HTT Baseline Architecture
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 Single ATCA main board 

Tracking Processor (TP) 

 Pattern Recognition Mezzanine (PRM) 

→ AMTP: Associative Memory 

Tracking Processor

 Track Fitting Mezzanine (TFM)

→ SSTP: Second-Stage 
Tracking Processor 

rHTT

gHTT



HTT Baseline Architecture

 48 independent HTT units 

 rHTT and gHTT in specific 

𝜂 × 𝜙 region (2.66 × π/8)

 12 AMTP boards (hosting 1 PRM)

 2 SSTP boards (hosting 2 TFM)
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Tracking Processor
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 Functionality

 Data sharing/switching 

 Hit clustering

 Event synchronization

 Track duplicate removal

 High-bandwidth: main FPGA 

> 90 Transceivers @ 10 Gb/s

 System-on-Chip for monitoring 

+ ATLAS Detector Control System



Demonstrator board ready for

 Mechanical and thermal studies

 Z-ray connector and 

high-speed link studies

 Integration and cooling tests 
@ CERN from summer 2020

Tracking Processor
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Associative Memory ASIC

 Core component of the hit pattern recognition

 Parallel bit-wise comparison of incoming data 

with pre-stored templates

 About 30 peta comparisons per second per chip

 AM09 production version of the ASIC

 3 × 128k patterns per chip 

 Technology: 28 nm HPC

 Processing speed of 250 MHz 

 Low power consumption 

using KOXORAM+ CAM-cell

17.10.2019Sebastian Dittmeier - Heidelberg University
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The current prototype 
of the AM ASIC: AM07

ASIC Year Technology 
/ nm

Patterns Clock 
/ MHz

Power 
/ (fJ/comp/bit)

AM06 2015 65 128k 100 1.11

AM07 2017 28 16k 200 0.75

AM08 2020 28 16k 250 0.42

AM09 2021 28 3 × 128k 250 0.42

Used in FTK

Shared cost and 
resources with FTK



Pattern Recognition Mezzanine

 4 groups of 5 AM ASICs per PRM

 Store 7.4 M patterns

 Peak cluster rate/layer 250 MHz

 1 large FPGA (Intel Stratix 10 MX)

 1st stage track fit 

 Linearized χ2 fit

 Up to 4 × 1 Gfit/s

 High-bandwidth memory (HBM) 

 Removes need for external RAM

 Retrieve patterns and fit constants

 Demonstrator spring 2020

17.10.2019Sebastian Dittmeier - Heidelberg University
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χ2=  

𝑖=1

𝑁𝑑𝑜𝑓

 

𝑗=1

𝑁𝑐𝑜𝑜

𝑆𝑖𝑗𝑥𝑗 + ℎ𝑖

2

𝑝𝑖= 

𝑗=1

𝑁𝑐𝑜𝑜

𝐶𝑖𝑗𝑥𝑗 + 𝑞𝑖

Linearized χ2 fit
Constants 𝑆𝑖𝑗, ℎ𝑖
Cluster coordinates 𝑥𝑗

Track parameter calculation
Constants 𝐶𝑖𝑗, 𝑞𝑖

𝑁𝑑𝑜𝑓: # degrees of freedom

𝑁𝑐𝑜𝑜: # coordinates



Track Fitting Mezzanine

 Extrapolate tracks from PRM 

to remaining ITk layers

 Perform 2nd stage track fit

 Two mezzanines per SSTP

 1 large FPGA (Intel Stratix 10 MX)

 High-speed links to TP

 HBM for fit constants

 Demonstrator end of 2019

17.10.2019Sebastian Dittmeier - Heidelberg University
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Refined power estimates

 Current best estimates

 AMTP: 259+16 W

 SSTP: 206+16 W

 Total shelves 48 + 2 hot-spares = 50 (17 racks)

 Total HTT power: 289 kW (MPV: 385 kW)

System Aspects

17.10.2019Sebastian Dittmeier - Heidelberg University
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Data flow estimates from detailed simulations

Baseline scenario

 Total system hit data rate 3.2 Tb/s

 Maximum per PRM output track rate 94 MHz *

 Maximum per TFM output track rate 19 MHz *

Size of the system

 576 AMTP

 11520 AM ASIC

 96 SSTP (192 TFM)

 + PCs for HTTIF and 

Control/Monitoring

Massively parallel system

* In a 0.2 × 0.2 region



Simulated Performance
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1st-stage muon track-finding 

efficiencies for pT > 4 GeV 

z0 resolution for muons 

vs pT for 1st-stage fitting

z0 resolution for 1st and 
2nd-stage fitting and offline

Targeted efficiency > 98% 

@ pT > 10 GeV

Requirements 

• 1.2 < η < 1.4 

• 0.7 < η < 0.9 

• 0.1 < η < 0.3

gHTT resolution close to offline

all figures from ATLAS-TDR-029

http://cdsweb.cern.ch/record/2285584


Summary

 Hardware Track Trigger important component of the Phase-II 

TDAQ upgrade to meet ATLAS physics goals @ HL-LHC

 Baseline system: HTT as co-processor in Event Filter

 Regional (1 MHz) and global tracking (100 kHz)

 System can evolve into L1Track with regional tracking @ 4 MHz

 Modular design: Tracking Processor + Mezzanines

 Pattern Recognition Mezzanine (1st stage track fit)

 Track Fitting Mezzanine (2nd stage track fit)

 System specification review passed

 Demonstrators for all components coming soon
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Sources

 The ATLAS TDAQ for Phase II Technical Design Report

 https://cds.cern.ch/record/2285584

 The ATLAS Fast Tracker Technical Design Report

 https://cds.cern.ch/record/1552953

 Figures:

 https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradeEventDisplays

 https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1TrackPublicResults

 https://twiki.cern.ch/twiki/bin/view/AtlasPublic/PhysicsAndPerformancePhaseIIUpgradePublicResults

 https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-020

 https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-021

 https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054
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Backup
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ATLAS Physics Goals
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ATLAS-TDR-029

http://cdsweb.cern.ch/record/2285584


Trigger Menu for 1 MHz Level-0 Rate
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ATLAS-TDR-029

http://cdsweb.cern.ch/record/2285584


Regions Covered by HTT Components

17.10.2019Sebastian Dittmeier - Heidelberg University

30



Regional and Global Tracking Needs

17.10.2019Sebastian Dittmeier - Heidelberg University

31

ATLAS-TDR-029 ATLAS-TDR-029

http://cdsweb.cern.ch/record/2285584
http://cdsweb.cern.ch/record/2285584


PRM Firmware Diagram
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PRM design requirements

Aspect Baseline scenario Evolved scenario

Peak cluster rate/layer 100 MHz 250 MHz

Max average cluster rate/layer 92 MHz 100 MHz

Road processing rate 80 MHz 250 MHz

Fit rate 742 MHz 1 GHz

17.10.2019Sebastian Dittmeier - Heidelberg University
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• All values are per group of 5 AM ASICs

• Including contingency and margin



Design and Characterization of New Content Addressable Memory Cells

Alberto Annovi, Luca Frontini, Valentino Liberali, Alberto Stabile

DOI: 10.1109/ISCAS.2018.8351682

KOXORAM+ Cell in AM ASIC

 XORAM: Bit wise comparison of RAM cell with XOR gate

 Kill-Out XORAM: associative memory cell with kill signal (used in AM07, 28 nm HPL)

17.10.2019Sebastian Dittmeier - Heidelberg University
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 KOXORAM+: 

 Used in AM08 and beyond (28 nm HPC)

 Different cell organization for 18-bit words: 

maximize probability of switching cells off

https://doi.org/10.1109/ISCAS.2018.8351682


Physics Opportunities Evolved System

 Mitigation strategy for 

 Detector readout bandwidth 

limitations

 Hadronic trigger rate uncertainties

 Opportunities 

 Reduce thresholds 

 Improve acceptance for physics 

signatures

17.10.2019Sebastian Dittmeier - Heidelberg University
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ATLAS-TDR-029

http://cdsweb.cern.ch/record/2285584


L1Track + gHTT  Architecture

Overview diagram of the L1Track 

system showing interconnections 

within L1Track units and with the FELIX
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Overview diagram of the gHTT system 

showing interconnections within HTT 

units and with the HTTIF



Simulated Performance L1Track

 Signal vs. background efficiencies 

 Functions of a track pT cut 

in the region of interest 

0.1 ≤ η ≤ 0.3, 0.3 ≤ φ ≤ 0.5. 

 Efficiency: 

events passing L1Track over 

L0 single lepton trigger accepts

 Signal: single electrons 

 Background: 
semi-leptonically decaying jets

17.10.2019Sebastian Dittmeier - Heidelberg University

37

L1TrackPublicResults

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1TrackPublicResults


Detailed System Aspects
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Composition of the HTT system
Raw hit data flow through each hardware 

component in the baseline system

(minimum, median, maximum)


