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Z⇤

Hadronic jet, 
> 200 GeV

05-April-2022 APx Update 2

APxF First Boards
▪ Two units assembled (VU13P-1, 

VU9P-2)

▪ Same PCB stackup as APd1

▪ Heat Sink 2X larger than APd1

▪ Testing optical link positions with 
2020 (3.3V only) and 2021 (3.75V 
Tx) Firefly 25X12 Alpha parts and 
production 28X4 part 

▪ All results shown from VU13P FPGA
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Extended LDMX Sensitivity

FIG. 76: The blue line is the sensitivity of the “Phase I” LDMX discussed throughout this whitepaper,
conservatively assuming 0.5 background events. A scaling estimate of the sensitivity of the scenario de-
noted by the “*” line in Table XIV is illustrated by the red line. We have again assumed low background,
which is consistent with the expected reductions (relative to our 4 GeV study) in both the yield of potential
background, and improved rejection power at higher energies.

arXiv:1808.05219 [hep-ex]
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Light Dark Matter eXperiment (LDMX)

Missing momentum search for MeV-GeV Dark Matter 
DOE-HEP experiment being developed for operation at SLAC LESA beamline by SLAC-led consortium with 
contributions by Sweden (Lund University) 

! uses 4/8 GeV LCLS-II electron beam and mature detector technologies to detect dark matter or other 
invisible dark sector states via missing momentum (or energy) in the production reaction 

Prototyping and Technical Design: $1.5M FY20-22(planned), $1.05M (received) 
                                                                      $150K(5/20)+$150K(7/21)+$250K(9/21)+$500K(10/21) 

R&D: ongoing physics studies to optimize design (outside DMNI-scope: required scientific effort not 
supported through DMNI funds.)

Continuing the hunt for New 
Physics with accelerators!
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Plan
• This afternoon: Concepts

• Introduction and physics goals of the LHC Experiments
• The role of the trigger and DAQ systems
• DAQ concepts: simple toy model → complex systems
• Trigger concepts: from hardware to architecting a system

• Tomorrow morning: Details and Implementations
• The challenge of high luminosity, and the upgrades
• ATLAS, CMS hardware triggers, and their evolution
• Software triggers, and new paradigms for analysis
• Trigger menus, and you
• Conclusions, and looking farther ahead
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• These lectures borrow inspiration and material form many excellent 
schools in the past on this and similar topics.
• Thanks to Sergo Jindariani, Darin Acosta, Lauren Tompkins

Finding more information

• And of course the primary material itself!

• If interested, can consider other schools on dedicated topics! e.g.
• International School of Trigger and DAQ (ISOTDAQ)
• Excellence in Detectors and Instrumentation

https://indico.cern.ch/event/1337180/
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Physics goals (I)
The high energy and large luminosity available at the LHC enables a diverse 
physics program (ATLAS, CMS, LHCb, ALICE, …)

Test properties of copiously-
produced particles to high 

precision (B, W, Z, …)

Hunt for rare SM phenomena
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Physics goals (II)
The high energy and large luminosity available at the LHC enables a diverse 
physics program (ATLAS, CMS, LHCb, ALICE, …)

• Explore the unknown: 2j, 2L resonances (Z’, gravitons, Higgs… TeV+)
• Track record of discovery in “2X” final states

• Search for Dark Matter
• WIMP miracle → DM with W/Z/h-like masses, couplings

• Heavy cousins of the top quark?
• New “top-like” particles key to hierarchy problem?

• …and many more that address other deep questions
• CP violation, matter/antimatter asymmetry, small neutrino masses,…

Search for new particles & phenomena
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The ATLAS detector
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1.9 m2 ~124M channels

13

CMS Detector
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Interesting collisions: Higgs(→ZZ)
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Higgs boson production modes
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UNIVESTITÀ DEGLI STUDI DI PAVIA

DOTTORATO DI RICERCA IN FISICA – XXIX CICLO

Theoretical predictions for Higgs boson decay 
into four leptons

Stefano Boselli

Tesi per il conseguimento del titolo

2 electrons + 2 muons
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Interesting collisions: Higgs(→bb)
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Higgs boson production modes
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Interesting collisions: Dark Matter?

17

Longitudinal view
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Run  280862 
Event 228417606 
Date Oct. 3, 2015  
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Candidate in signal region of H → χχ̅ with two VBF jets (mjj = 3.6 TeV)

= 564 GeV
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Interesting collisions: Dark Matter?
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Interesting collisions: Dark Matter?
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Interesting collisions: top quark partner?

20

10 jets + a muon 
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Interesting collisions: top quark partner?

10 jets + a muon 
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Interesting collisions: b decays?

10 jets + a muon 

b hadron decays:
A few low-energy leptons & hadrons
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• There are many, many ways to produce pairs of jets in LHC collisions
• 8 gluons + 5x3 light quark combinatorics, and αS is large!

Typical LHC collision: di-jets

23

A ‘balancing’ 
pair of QCD jets
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Trade-offs of a hadron collider

Pro: big σ & L @ HC usually mean the 
largest samples of target particles
Con: Soft QCD interactions dwarf the 
typical processes of interest
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→ High-pT jet (100 GeV): 1 in 105

→ Single W production: 1 in 106

→ Higgs boson: 1 in a Billion

→ Top partner (500 GeV): 1 / 100 Billion

Would be more convenient if our collider 
ONLY made B, W, Z, Higgs, BSM, ….
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Trigger system: the next best thing

Storage
Data from 

All LHC 
collisions

A system to filter events, recording only the “signatures of interest”
(Ideally εB ~ 10-5 and εS ~ 1)
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Without a trigger
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Trigger system: the next best thing

Storage

All LHC 
collisions Trigger System
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<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W

<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W

<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

A system to filter events, recording only the “signatures of interest”
(Ideally εB ~ 10-5 and εS ~ 1)
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Trigger system: the next best thing

Storage

All LHC 
collisions Trigger System

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W

<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W

<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

But, it is not feasible (or 
necessary) to send large 
data volumes off detector!

A system to filter events, recording only the “signatures of interest”
(Ideally εB ~ 10-5 and εS ~ 1)
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Trigger system: the next best thing

Storage

All LHC 
collisions

On-detector 
Trigger System

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W

<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W

<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

A multi-stage system has 
several advantages

Off-detector 
Trigger System

<latexit sha1_base64="c7Mg25zOfwpXNx1sg/k+XBjVhtM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q+pl47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPtyOM5A==</latexit>

W

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

A system to filter events, recording only the “signatures of interest”
(Ideally εB ~ 10-5 and εS ~ 1)
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Adding a little more realism

FE 1

1 kHz

Trigger path
(Incomplete & low-res data, 
but full LHC collision rate)

DAQ path
(High-resolution, low rate)

Readout Request

Storage 
(calibration,…)

Correlate  
& Decide

4μs buffer

Event building  
More filtering

100 kHz

Trigger 1

FE 2 Trigger 2

FE 3 Trigger 3

CPU farm,  
large networks

Front End

Algorithms  
(by sub-detector)

FPGAsASICs

Some approximate numbers from ATLAS/CMS

Disk, tape

Monitoring, 
configuration, 

& control



C. HerwigJul 20, 2024 29

Plan
• This afternoon: Concepts

• Introduction and physics goals of the LHC Experiments
• The role of the trigger and DAQ systems
• DAQ concepts: simple toy model → complex systems
• Trigger concepts: from hardware to architecting a system

• Tomorrow morning: Details and Implementations
• The challenge of high luminosity, and the upgrades
• ATLAS, CMS hardware triggers, and their evolution
• Software triggers, and new paradigms for analysis
• Trigger menus, and you
• Conclusions, and looking farther ahead
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The simplest DAQ

ADC

disk

processing

trigger

Measure a temperature (e.g.) 
at fixed frequency

CPU for readout and processing

Analogue to digital conversion, 
digitize signal (“front end electronics”)

Write results to storage

Trigger a measurement 
every N seconds…
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The simplest DAQ

ADC

disk

processing

<latexit sha1_base64="Wm3dmMQtInI5+qwVTMQRRiKVy74=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXw6Qd27orunFZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YPgQVPXDhcM693HtPmHCmjed9OCura+sbm7mt/PbO7t5+4eCwpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2Or2Z++54qzaS4NZOEBjEeChYxgo2VWlnP4HTaLxQ9t4IqfqkGPderVZGPLEHlC698DpHrzVEESzT6hffeQJI0psIQjrXuIi8xQYaVYYTTab6XappgMsZD2rVU4JjqIJtfO4WnVhnASCpbwsC5+n0iw7HWkzi0nTE2I/3bm4l/ed3URLUgYyJJDRVksShKOTQSzl6HA6YoMXxiCSaK2VshGWGFibEB5W0IX5/C/0mr5KKK69/4xfrlMo4cOAYn4AwgUAV1cA0aoAkIuAMP4Ak8O9J5dF6c10XrirOcOQI/4Lx9Ak4Kj6I=</latexit>⌧

trigger

How often can we make a 
measurement?

Limited by the total time to process 
and record the “event”:
τ = τ(ADC)+ τ(process)+ τ(write)

Triggering a measurement each τ, 
leads to a maximum rate of R=1/τ 

E.g. τ=1ms → R = 1kHz
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Simple DAQ, with a ‘real’ trigger

ADC

disk

processing

<latexit sha1_base64="Wm3dmMQtInI5+qwVTMQRRiKVy74=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXw6Qd27orunFZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YPgQVPXDhcM693HtPmHCmjed9OCura+sbm7mt/PbO7t5+4eCwpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2Or2Z++54qzaS4NZOEBjEeChYxgo2VWlnP4HTaLxQ9t4IqfqkGPderVZGPLEHlC698DpHrzVEESzT6hffeQJI0psIQjrXuIi8xQYaVYYTTab6XappgMsZD2rVU4JjqIJtfO4WnVhnASCpbwsC5+n0iw7HWkzi0nTE2I/3bm4l/ed3URLUgYyJJDRVksShKOTQSzl6HA6YoMXxiCSaK2VshGWGFibEB5W0IX5/C/0mr5KKK69/4xfrlMo4cOAYn4AwgUAV1cA0aoAkIuAMP4Ak8O9J5dF6c10XrirOcOQI/4Lx9Ak4Kj6I=</latexit>⌧

trigger
delay

Start

Consider instead events that occur asynchronously, 
and unpredictably (e.g. radioactive decay)

Discriminator triggers data collection on a 
pulse’s rising edge
→ Start ADC readout
→ Ensure CPU is ready to receive

Delay signal, to account for trigger latency

How often can we make a measurement?

Reset
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Simple DAQ, with a ‘real’ trigger

ADC

disk

processing

<latexit sha1_base64="Wm3dmMQtInI5+qwVTMQRRiKVy74=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXw6Qd27orunFZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YPgQVPXDhcM693HtPmHCmjed9OCura+sbm7mt/PbO7t5+4eCwpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2Or2Z++54qzaS4NZOEBjEeChYxgo2VWlnP4HTaLxQ9t4IqfqkGPderVZGPLEHlC698DpHrzVEESzT6hffeQJI0psIQjrXuIi8xQYaVYYTTab6XappgMsZD2rVU4JjqIJtfO4WnVhnASCpbwsC5+n0iw7HWkzi0nTE2I/3bm4l/ed3URLUgYyJJDRVksShKOTQSzl6HA6YoMXxiCSaK2VshGWGFibEB5W0IX5/C/0mr5KKK69/4xfrlMo4cOAYn4AwgUAV1cA0aoAkIuAMP4Ak8O9J5dF6c10XrirOcOQI/4Lx9Ak4Kj6I=</latexit>⌧

trigger
delay

Start

Reset

!16

Decay rate f=1kHz  
for lifetime of 1ms

What if a new signal arrives with Δt < τ ?1ms
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delay
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!16

Decay rate f=1kHz  
for lifetime of 1ms

What if a new signal arrives with Δt < τ ?
Busy?

1ms

“Dead time” τ: time to processes an event, 
before system can handle new triggers
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What is the actual DAQ rate v = f * P(free)?
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Process event 1

Average time between events 1/v

Process event 2
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Process event 1

Average time between events 1/v

P(busy) = τ/(1/v) = τv, and P(free) = 1-τv

Process event 2
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Process event 1

Average time between events 1/v

P(busy) = τ/(1/v) = τv, and P(free) = 1-τv

Process event 2

So the rate is given by v = f(1-τv)→ v=f/(1+fτ)



C. HerwigJul 20, 2024 35

Simple DAQ, with a ‘real’ trigger

ADC

disk

processing

<latexit sha1_base64="Wm3dmMQtInI5+qwVTMQRRiKVy74=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXw6Qd27orunFZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YPgQVPXDhcM693HtPmHCmjed9OCura+sbm7mt/PbO7t5+4eCwpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2Or2Z++54qzaS4NZOEBjEeChYxgo2VWlnP4HTaLxQ9t4IqfqkGPderVZGPLEHlC698DpHrzVEESzT6hffeQJI0psIQjrXuIi8xQYaVYYTTab6XappgMsZD2rVU4JjqIJtfO4WnVhnASCpbwsC5+n0iw7HWkzi0nTE2I/3bm4l/ed3URLUgYyJJDRVksShKOTQSzl6HA6YoMXxiCSaK2VshGWGFibEB5W0IX5/C/0mr5KKK69/4xfrlMo4cOAYn4AwgUAV1cA0aoAkIuAMP4Ak8O9J5dF6c10XrirOcOQI/4Lx9Ak4Kj6I=</latexit>⌧

trigger
delay

Start

Reset

What is the actual DAQ rate v = f * P(free)?

Busy?
1ms
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Process event 1

Average time between events 1/v

P(busy) = τ/(1/v) = τv, and P(free) = 1-τv

Process event 2

So the rate is given by v = f(1-τv)→ v=f/(1+fτ)

Our example: f = 1kHz, τ = 1 ms → v = 0.5 kHz
This means a data-taking efficiency ε of 50%!!



C. HerwigJul 20, 2024 36

Simple DAQ, with a ‘real’ trigger

Andrea.Negri@unipv.it Intro to DAQ 37

Deadtime and efficiency

ϵ=
N saved

N tot

=
1

1+ f τ

ν=
f

1+ f τ

● In order to obtain e~100% ( i.e.: n~f )  Æ ft << 1 Æ t << l 

– E.g.: e~99% for f = 1 kHz  Æ  t < 0.01 ms Æ 1/t > 100 kHz

– To cope with the input signal fluctuations, 
we have to over-design our DAQ system by a factor 100! 

● How can we mitigate this effect?

Maximize ε by minimizing the dead time.
To achieve ε > 99% requires τ < 0.01ms

This is 100x more stringent than what’s 
required for a fixed-frequency experiment
→ The burden of random inputs!
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How to cope? → De-randomization
Queuing the data averages out the 
time to access
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Queuing theory

● Efficiency vs traffic intensity (r = t / l) for different queue depths

– r > 1: the system is overloaded (t > l)

– r << 1: the output is over-designed (t << l)

– r ~ 1: using a queue, high efficiency obtained even w/ moderate depth

● Analytic calculation possible for very simple systems only

– Otherwise MonteCarlo simulation is required 
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Simple DAQ, made efficient

ADC

disk

processing

trigger

analog 
FIFO

Send

Busy/full?
FIFO With sufficient size, buffers rarely fill

Processors can now reliably read 
at fixed frequency
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Simple DAQ, made efficient

ADC

disk

processing

trigger

analog 
FIFO

Send

Busy/full?
FIFO With sufficient size, buffers rarely fill

Processors can now reliably read 
at fixed frequency

FIFOs may also be added in 
analog logic 
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A many-channel experiment

Many front-ends with buffers of various depths

FIFOs throughout the DAQ system

Back-pressure may propagate up the 
readout chain

(Where did it originate? →Monitoring!)

ADCADCADC
trigger ADCADCADC ADCADCADC

ProcessProcessProcessData extraction
Data formatting

Event building
Event filtering

diskStorage
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Ex. dead time at ATLAS

Figure 4. Example of a close to nominal LHC bunch pattern, L1A rate and dead-time (both simple and
complex) veto, as measured by the CTP counters.

2.7 Developments

With the arrival of collisions came ideas for new developments of which four examples are ex-
plained below. A zero bias trigger is implemented in the hardware of the CTPIN, to be used for
comparing the normalization of collisions and simulations. It uses a specific input trigger to fire
the trigger exactly one LHC turn after this input trigger fired. The input trigger is chosen to deliver
a completely unbiased bunch-aware trigger signal with a rate proportional to the luminosity. Cur-
rently it uses a 10 GeV electromagnetic trigger. Also now implemented in the hardware are frac-
tional prescales, in the CTPCORE. The advantage of fractional prescales, over integer prescales,
is that rates can be scaled more appropriately, i.e. an item with prescale 1 can be scaled by 10%
rather than just changing the prescale to 2. Expanding on this further is the automatic rate prescal-
ing where the CTPCORE software checks certain monitoring (i.e. not physics) trigger items against
configurable threshold values. Should the rate exceed the threshold then the prescale is updated,
after approval from the shifter. Should the rate lower again then the prescale will automatically
revert, again after approval from the shifter. Another automatic feature added to the software was
for enabling inputs. This is part of the CTPIN software and automatically masks inputs from de-
tectors that are disabled, which, for example, can be the case during ATLAS runs with parallel
sub-detector tests or calibration runs.

3. Conclusion

The ATLAS L1 trigger has been fully commissioned. The BPTX have been used successfully to
identify the filling pattern used to define the bunch groups. New CTP features have been developed,
along with improved monitoring, which are now in use. The CTP has performed flawlessly and
reliably, to allow ATLAS to collect a 7 TeV physics data-set of 16.72 pb�1 (on 13/10/2010.).
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AT L A S  D E A D T I M E

• Simple dead-time veto: 

• No new L1A after fixed number 
of BC 

• Leaky-bucket Deadtime 
Algorithm: 

• Bucket leaks at rate R 

• Contents increase by X at each 
L1A until full, then BUSY is 
asserted 

• Allows system to maintain 
high efficiency for data taking 
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Simple veto: 
Skip N bunches after accept

Complex veto: “Leaky bucket”
Bucket fills on each accept
Assume a fixed drain rate

Many possible 
origin sources
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Synchronizing signals

ADCADCADC
trigger ADCADCADC ADCADCADC

Also critical for aligning signals in time!

Many front-ends with buffers of various depths

ProcessProcessProcessData extraction
Data formatting

BX1

BX2

BX3

LHC clock

Event building
Event filtering

diskStorage
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Synchronizing signals?

Side Q: then how can we reconstruct particles 
that don’t originate from the beam spot?

Cosmic ray μ

ADCADCADC
trigger ADCADCADC ADCADCADC

ProcessProcessProcessData extraction
Data formatting

LHC clock

Event building
Event filtering

diskStorage

Many front-ends with buffers of various depths
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Scaling up to the full DAQ

ADCADCADC
trigger ADCADCADC ADCADCADC

disk

Event building
Event filtering

ProcessProcessProcessData extraction
Data formatting

disk diskStorage

LHC clock

System of many processors, event builders, 
filters, disks, … requires some choice of 
readout topology.

Node 
1

Node 
2

Node 
3

control & data lanes
(simplicity)

Buses

point to point 
(scalability)

Networks
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Scaling up to the full DAQ
C M S  D A Q / H LT  N E T W O R K  S TAT I S T I C S

!14

C M S  D A Q / H LT  N E T W O R K  S TAT I S T I C S

!14
CMS Data concentrator ‘patch panels’ and switches
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A heterogenous system
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trigger ADCADCADC ADCADCADC

disk

Event building
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LHC clock

FPGAASIC

GPUCPU

hls4ml for on-sensor/detector AI

42

• First design and implementation 
of modern DL for HEP on ASIC 

• Enables powerful non-linear 
data compression schemes on 
detector; better trigger primitives 
downstream 

• Chips fabricated and tested, 
performed well under functional/
radiation validation

Data compression encoder 
ASIC for CMS HGCal 

Fahim ECA 

Herwig, Hirschauer, Kwok, Ngadiuba, Tran, et al., 

IEEE Trans. Nucl. Sci. 68, 2179 (2021)


Dickinson et al. CPAD talk

On-detector/sensor AI can be a game-changer for extreme environments 
Extreme data bandwidths, radiation environments, low power, cryogenic, etc.


Pushing state-of-the-art of technology

See more in Farah’s talk next! 

Goal: 40 MHz pixel detectors
Other applications:  
Quantum readout in cryo

Sensors for light sources

etc.

Advance sensing technology  
in AI+Microelectronics 

Analog NNs, spiking/neuromorphic, 

new devices/materials,…
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performed well under functional/
radiation validation

Data compression encoder 
ASIC for CMS HGCal 

Fahim ECA 

Herwig, Hirschauer, Kwok, Ngadiuba, Tran, et al., 

IEEE Trans. Nucl. Sci. 68, 2179 (2021)


Dickinson et al. CPAD talk

On-detector/sensor AI can be a game-changer for extreme environments 
Extreme data bandwidths, radiation environments, low power, cryogenic, etc.


Pushing state-of-the-art of technology

See more in Farah’s talk next! 

Goal: 40 MHz pixel detectors
Other applications:  
Quantum readout in cryo

Sensors for light sources

etc.

Advance sensing technology  
in AI+Microelectronics 

Analog NNs, spiking/neuromorphic, 

new devices/materials,…
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Inside an FPGA (I)

Enables:
• Highly parallel computation
• High-throughput (Tb/s)

Machine Learning - ISOTDAQ Valencia - Sioni Summers17.01.2020

What are FPGAs?
Field Programmable Gate Arrays are reprogrammable integrated circuits 
See talks “Introduction to Field Programmable Gate Arrays”, “Advanced FPGA 
Programming”, and Labs “FPGA Programming”, “SoC FPGA” at this school 
Contain many different building blocks (‘resources’) which are connected together as 
desired 
Extremely parallel processors 
‘Computing in space as well as time’ 
Processing workhorse of LHC triggers 
 

 26

FPGA diagram

Machine learning algorithms are ubiquitous in HEP  

FPGA usage broad across HEP experiments 
Centered on DAQ and trigger development 
Some early adaptions of ML techniques in trigger [1] 
FPGA development becoming more accessible 

High Level Synthesis, OpenCL 

FPGA interest in industry is growing 
Programmable hardware with structures 
that maps nicely onto ML architectures  

MACHINE LEARNING & FPGAS 7

FPGA 
“programmable hardware” 

DSPs (multiply-accumulate, etc.) 
Flip Flops (registers/distributed memory) 

LUTs (logic) 
Block RAMs (memories)

[1] Carnes et al., https://indico.cern.ch/event/567550/contributions/2629686/

LUTs - generic logic 

DSPs - for multiplication 

BRAM - for local, high-throughput 
storage 

 

Fully re-programmable:
Build custom circuits by connecting:

Memories, Multipliers, and other 
configurable logic blocks

Field Programmable Gate Arrays "compute across space and time"
The workhorse technology of LHC hardware triggers
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Inside an FPGA (II)

Combination of elements, including LUTs, memories and DSP slices.

Xilinx DSP slice 48b accumulator

Rapidly improving tech:
Typical Run 1: 

~ 100 DSP / FPGA
Typical today:
 ~ 5k DSP / FPGA

Many DSPs can make “on the fly” calculations feasible.
(Especially tasks with many/large matrix multiplications)
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Aside: but trigger is not just an FPGA!
The complete trigger system includes hundreds of similar boards.

05-April-2022 APx Update 2

APxF First Boards
▪ Two units assembled (VU13P-1, 

VU9P-2)

▪ Same PCB stackup as APd1

▪ Heat Sink 2X larger than APd1

▪ Testing optical link positions with 
2020 (3.3V only) and 2021 (3.75V 
Tx) Firefly 25X12 Alpha parts and 
production 28X4 part 

▪ All results shown from VU13P FPGA

“APx” prototype trigger board for CMS Phase-II

High speed 
optical links 
(120 x 28 Gbps)

UltraScale+ 
FPGA
(12k DSP 
slices)

System-on-
module Crate 

management

Electrical
↔optical

§ Question:  can APxF cards operate in room temperature 
crates with high power loads without blasting fans or 
cooking silicon? Answer:  YES!

§ APxFs in 6 slots running firmware shell with heater 
“algorithm”, with average 150W FPGA power dissipation, 
16G/25G Fireflys on middle 4 cards, PRBS31 enabled

§ Comtel crate, rated 450 Watts/slot cooling, 21°C room

§ Practical Result:  At 65% fan power, can simultaneously 
operate all 6 VU13P FPGAs at 150W with die temperatures 
< 85°C, and 25G Firefly modules at < 48°C

§ Technical Results @ 65% Fan Power:
§ FPGA heat sink RΘ = 0.35 °C/W for lidded FPGA (FLGA), 

RΘ = 0.33 °C/W for lidless package (FSGA)
§ Leftmost slot 0.04 °C/W RΘ penalty (end slots have less airflow)
§ No thermal coupling observed between TFPGA in adjacent slots
§ Thermal coefficients of coupling in range 0-10% from FPGA to Fireflys

(e.g. +20°C ΔTFPGA   à +1°C  ΔTFirefly)

§ Will evaluate CERN-style crate (also 450 W/slot) when 
installed in Madison

13-September-2023 APx Hardware Status 11

APxF Thermal Testing
6× APxF (VU13P) 6× APd1 (VU9P)

heatsinks

Shelf of 12 ‘blades’
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Plan
• This afternoon: Concepts

• Introduction and physics goals of the LHC Experiments
• The role of the trigger and DAQ systems
• DAQ concepts: simple toy model → complex systems
• Trigger concepts: from hardware to architecting a system

• Tomorrow morning: Details and Implementations
• The challenge of high luminosity, and the upgrades
• ATLAS, CMS hardware triggers, and their evolution
• Software triggers, and new paradigms for analysis
• Trigger menus, and you
• Conclusions, and looking farther ahead
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Designing a rapid-reconstruction system

trigger

LHC clock

Trigger MUST process new events at the 
experimental frequency — quickly!

@LHC this is 40 MHz, 1/(25 nanosec)

If FPGAs are the atomic units, how to architect a complete system?



C. HerwigJul 20, 2024 53

Designing a rapid-reconstruction system

trigger

LHC clock

Trigger MUST process new events at the 
experimental frequency — quickly!

@LHC this is 40 MHz, 1/(25 nanosec)

If FPGAs are the atomic units, how to architect a complete system?

Pipelined 
processing

Latency 
bugdets

Simplified 
algorithms

Regional 
reconstruction

Time 
multiplexing
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Pipelining
Trigger systems rely on pipelines to perform complicated reconstruction 
tasks while handling a stream of continuous inputs.

???
??? ???

They enable systems with long latency, short initiation interval.
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A real life example
Trigger systems rely on pipelines to perform complicated reconstruction 
tasks while handling a stream of continuous inputs.

They enable systems with long latency, short initiation interval.

Load 1 empty

Load 1

Load 2 empty Load 3 empty

Load 2 Load 3

Washer

Dryer  

t=0 t=2 hrs
t=3 hrs

t=1 hr1

Example: laundry in my apartment building: 
1 washer (runs 30min) and 1 dryer (runs 1hr).
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Trigger systems rely on pipelines to perform complicated reconstruction 
tasks while handling a stream of continuous inputs.

They enable systems with long latency, short initiation interval.

Load 1 empty

Load 1

Load 2 empty Load 3 empty

Load 2 Load 3

Washer

Dryer  

t=0 t=2 hrs
t=3 hrs

t=1 hr1

Example: laundry in my apartment building: 
1 washer (runs 30min) and 1 dryer (runs 1hr).

What are the ii, latency of the washer? The dryer? The entire system?
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A real life example
Trigger systems rely on pipelines to perform complicated reconstruction 
tasks while handling a stream of continuous inputs.

They enable systems with long latency, short initiation interval.

Load 1 Load 2

Load 1

Load 3 Load 4 Load 5 Load 6

Load 3 Load 5

Washer

Dryer 1

Load 2 Load 4Dryer 2 Load 6

t=0 t=2 hrs
t=3 hrs

t=1 hr1

Example: laundry in my apartment building: 
1 washer (runs 30min) and 1 dryer (runs 1hr).

What are the ii, latency of the washer? The dryer? The entire system?
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Pipelining
Trigger systems rely on pipelines to perform complicated reconstruction 
tasks while handling a stream of continuous inputs.

They enable systems with long latency, short initiation interval.

New event 
(every 25ns)

Trigger 
decision

My awesome trigger algorithm
(τ = 100ns)
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Pipelining
Trigger systems rely on pipelines to perform complicated reconstruction 
tasks while handling a stream of continuous inputs.

They enable systems with long latency, short initiation interval.

New event 
(every 25ns)

Trigger 
decision

My not-so-awesome trigger algorithm
(τ = 100ns)

The block is still processing when a new event arrives!
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Pipelining
Trigger systems rely on pipelines to perform complicated reconstruction 
tasks while handling a stream of continuous inputs.

They enable systems with long latency, short initiation interval.

New event 
(every 25ns)

Trigger 
decision

Sub-algo 
(τ = 25ns)

Sub-algo 
(τ = 25ns)

Sub-algo 
(τ = 25ns)

Sub-algo 
(τ = 25ns)

Modular logic can process many events at once
(and again, intermediate buffers ease synchronization)
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Pipelining
Trigger systems rely on pipelines to perform complicated reconstruction 
tasks while handling a stream of continuous inputs.

They enable systems with long latency, short initiation interval.

New event 
(every 25ns)

Trigger 
decision

Sub-algo 
(τ = 25ns)

Sub-algo 
(τ = 25ns)

Complex sub-algo 
(τ = 50ns)

Complex sub-algo 
(τ = 50ns)

Sometimes this is inconvenient or impossible → parallel processors
(More complex building blocks, at the expense of more resources)
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Regional processing
Particle reconstruction is an inherently local task 
→ process parallel regions
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Regional processing
Re

gi
on

 1
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Calorimeter Trigger
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Re
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 2

Re
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 N

Muon Trigger

……

μ? μ? μ?ɣ? ɣ? ɣ?

Global OR
No “event building” necessary!

Particle reconstruction is an inherently local task 
→ process parallel regions
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Regional processing
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Global OR
Caveat: some data-sharing always 
needed. How to deal with overlaps?

Particle reconstruction is an inherently local task 
→ process parallel regions
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Regional processing
Particle reconstruction is an inherently local task 
→ process parallel regions
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needed. How to deal with overlaps?
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Regional processing
Particle reconstruction is an inherently local task 
→ process parallel regions

BERTA: TOP TAGGING WITH THE ATLAS EXPERIMENT

Figure 1. Illustration of the di↵erence between the resolved top quark on the left and the
boosted top quark on the right. The three jets from a boosted top quark are overlapping each
other.

Figure 2. Distribution of the angular separation of the top decay products W and b versus the
transversal momentum of the top quark in Z

0 ! tt̄ events [The ATLAS Collaboration, 2012].
The mass of the simulated Z

0 boson is 1.6TeV and the events are simulated with PYTHIA

[Mrenna et al., 2006] at
p
s = 7TeV.

new gauge boson Z
0 decaying to a tt̄ pair. Thanks to the large mass of the Z

0 boson, the two
top quarks are obtaining large values of ptT. The ability to resolve the three jets from a hadronic
top quark using the anti-kt jet algorithm with radius of 0.4 begins to degrade for ptT ⇠> 300GeV.
Therefore, novel reconstruction techniques are necessary to identify boosted tops.

From theoretical point of view, the motivation to study boosted top quarks is the new
physics. A new heavy resonance decaying to tt̄ pair can have signature of two boosted top quarks.
From experimental point of view, the boosted top quarks have no combinatoric background as
in the case of the resolved top quarks which originates from the ine�ciency of choosing the
correct combination of jets belonging to a hadronic top quark. With increasing center-of-mass
energy at the LHC, the ratio of the number of produced boosted tops to the number of produced
resolved tops is increasing. All of these reasons contribute to the importance of identifying the
boosted hadronic top quarks.

Top Tagging

The top tagging is an approach to identify boosted hadronic top quarks. The Figure 2
shows that the angular separation of the top decay products W and b for the boosted tops is
�R(W, b) ⇠< 1. The general idea for top tagging is to use the anti-kt jet algorithm with large

40

Local…
until it 
is not!

E.g. a decaying top 
quark with large 
Lorentz boost

Particle jets occupy 1/2 detector!
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Regional processing
Aside: data-sharing a far larger concern for detectors near the collision point.

Example: find charged particles in a patch of angular coordinates.
dɸdη
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Regional processing

Example: find charged particles in a patch of angular coordinates.

Total data required 
to find tracks can be 
several times the 
fiducial region!

Due to 
magnetic field (r-φ bend)

& beam-spot extension in z

Aside: data-sharing a far larger concern for detectors near the collision point.
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Plan
• This afternoon: Concepts

• Introduction and physics goals of the LHC Experiments
• The role of the trigger and DAQ systems
• DAQ concepts: simple toy model → complex systems
• Trigger concepts: from hardware to architecting a system

• Tomorrow: Details and Implementations
• Some context: challenges of high luminosity & the upgrades
• ATLAS, CMS hardware triggers, and their evolution
• Software triggers, and new paradigms for analysis
• Trigger menus, and you
• Conclusions, and looking farther ahead
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Break


