
T H E  C M S  T R I G G E R :  T H R O U G H  T H E  A G E S

S U D A N  PA R A M E S VA R A N  ( U N I V E R S I T Y  O F  B R I S T O L )  
U C L  H E P  S E M I N A R  -  2 6 T H  A P R I L  2 0 1 9
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W H AT  I S  A  T R I G G E R ?

Looking for the specks of gold 
hidden in the water
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W H AT  I S  A  T R I G G E R ?



W H Y  D O  W E  N E E D  A  
T R I G G E R ?
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W H Y  D O  W E  N E E D  A  T R I G G E R ?

To answer this question we first need to understand another concept: 
DAQ = DATA ACQUISITION
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To answer this question we first need to understand another concept: 
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W H Y  D O  W E  N E E D  A  T R I G G E R ?

To answer this question we first need to understand another concept: 

DAQ
data acquistion



UCL Seminar - S.Paramesvaran !12

W H Y  D O  W E  N E E D  A  T R I G G E R ?

~100 million channels
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W H Y  D O  W E  N E E D  A  T R I G G E R ?

~100 million channels

~1MB per event

40 million collisions per second
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W H Y  D O  W E  N E E D  A  T R I G G E R ?

~100 million channels

~1MB per event

40 million collisions per second

40 TB/s!!!!
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W H Y  D O  W E  N E E D  A  T R I G G E R ?

Data volume is much too high - has to be reduced! (We can 
record ~1.5GB/s) 

P R O B L E M
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W H Y  D O  W E  N E E D  A  T R I G G E R ?

Data volume is much too high - has to be reduced! (We can 
record ~1.5GB/s) 

P R O B L E M

Store “interesting” physics only

S O L U T I O N



E A S I E R  S A I D  T H A N  
D O N E …
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B A S I C  R E Q U I R E M E N T S  O F  T R I G G E R  S Y S T E M



L E T S  TA K E  A  L O O K  AT  T H E  
C O N D I T I O N S  W E ’ R E  P R E S E N T E D  
W I T H … . L H C  &  C M S
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L H C  @  C E R N

• 27km tunnel, 100m 
underground 

• proton-proton 
collisions  @7,8,13 
TeV 

• Four major 
experiments: CMS, 
ATLAS, LHCb, ALICE 

• collisions every 25ns, 
40 Mhz collision rate
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• 27km tunnel, 100m 
underground 

• proton-proton 
collisions  @7,8,13 
TeV 

• Four major 
experiments: CMS, 
ATLAS, LHCb, ALICE
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C M S  @  L H C
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C M S  @  L H C



C M S  T R I G G E R  -  R U N  1  
( 2 0 1 0 - 2 0 1 2 )
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B A S I C S :  T W O  L E V E L  T R I G G E R  S Y S T E M

L E V E L  1   T R I G G E R  ( L 1 ) H I G H  L E V E L  T R I G G E R  
( H LT )

1 kHz - 300ms (average)100 kHz output  - 3us time to decide



UCL Seminar - S.Paramesvaran !27

B A S I C S :  T W O  L E V E L  T R I G G E R  S Y S T E M

L E V E L  1   T R I G G E R  ( L 1 ) H I G H  L E V E L  T R I G G E R  
( H LT )
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C M S  @  L H C

Not all detectors 
enter into the 

L1trigger
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B A S I C S :  L E V E L  1  C A L O R I M E T E R  T R I G G E R

E C A L

H C A L
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B A S I C S :  L E V E L  1  C A L O R I M E T E R  T R I G G E R

E C A L

H C A L

R E G I O N A L  
C A L O R I M E T E R  

T R I G G E R

Trigger primitives 
(energies, location)

Trigger primitives 
(energies, location)

Finds electrons, sums up 
ECAL and HCAL 
energies, calibration
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B A S I C S :  L E V E L  1  C A L O R I M E T E R  T R I G G E R

E C A L

H C A L

R E G I O N A L  
C A L O R I M E T E R  

T R I G G E R

Trigger primitives 
(energies, location)

Trigger primitives 
(energies, location)

Finds electrons, sums up 
ECAL and HCAL 
energies, calibration

G L O B A L  
C A L O R I M E T E R  

T R I G G E R
Sorts objects, finds jets, 
calculates global 
quantities such as MET
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B A S I C S :  L E V E L  1  C A L O R I M E T E R  T R I G G E R

G L O B A L  
T R I G G E R

Sorts objects, finds jets, 
calculates global 
quantities such as MET

G L O B A L  
C A L O R I M E T E R  

T R I G G E R
Implements final decision 
(accept/reject). Based on 
objects received from 
upstream. Implements 
thresholds on objects



UCL Seminar - S.Paramesvaran !33

B A S I C S :  L E V E L  1  T R I G G E R

3us

includes 
sending the 

data!
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B A S I C S :  L E V E L  1  C A L O R I M E T E R  T R I G G E R

• Driven by technology…  

• ASICs - fixed algorithms ( application-specific integrated circuits, fixed 
algorithms) 

• early FPGA’s - space limitations (field programmable field arrays - flexible) 

• Parallel copper links  

• Hard to move data around…
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P E R F O R M E D  E X T R E M E LY  W E L L !

Standard Model Higgs Supersymmetry 
searches



B U T  R U N  2  P R E S E N T E D  
N E W  C H A L L E N G E S …
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N E W  C O N D I T I O N S
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N E W  C O N D I T I O N S

8 TeV 13 TeV
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N E W  C O N D I T I O N S
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N E W  C O N D I T I O N S

8 TeV 13 TeV
1 0 0  K H Z  L I M I T  S TAY S  T H E  S A M E !  

3 U S  S TAY S  T H E  S A M E !  
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N E W  I D E A S  N E C E S S A R Y
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N E W  I D E A S  N E C E S S A R Y

But need to maintain robustness, flexibility, and of course 
physics reach! (and don’t forget cost!) 
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N E W  I D E A S  N E C E S S A R Y

But need to maintain robustness, flexibility, and of course 
physics reach! (and don’t forget cost!) 

Only possible by making use of new technologies 
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N E W  I D E A S  N E C E S S A R Y

•uTCA - modular open 
standard

•Uses Advanced Mezzanine 
Cards (AMCs)

•Commercially available 
•Small form factor

•Up to 2m logical cells
•Up to 2.8 Tb/s total serial 
bandwidth

•low power consumption

•High speed optical links 
•10 Gb/s



A N D  P E R H A P S  U S I N G  T H I S  N E W  
T E C H N O L O G Y  T O  D E V E L O P  N E W  
A R C H I T E C T U R E S ?
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T R I G G E R  A R C H I T E C T U R E  C H O I C E

• Regional segmentation 
• Necessitates sharing of 

boundary information with 
adjoining board 

• Specific firmware for specific 
boards

Run 1 trigger
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T R I G G E R  A R C H I T E C T U R E  C H O I C E

• Using the new technology (optical links, larger FPGAs…) 
leads to other ideas
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T R I G G E R  A R C H I T E C T U R E  C H O I C E

• Using the new technology (optical links, larger FPGAs…) 
leads to other ideas

• What if we try to optimise the data for processing? 
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T R I G G E R  A R C H I T E C T U R E  C H O I C E

• Using the new technology (optical links, larger FPGAs…) 
leads to other ideas

• What if we try to optimise the data for processing? 

• Can spread out over time and reuse FPGA resources? 
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T R I G G E R  A R C H I T E C T U R E  C H O I C E

• Using the new technology (optical links, larger FPGAs…) 
leads to other ideas

• What if we try to optimise the data for processing? 

• Can spread out over time and reuse FPGA resources? 

• Eliminate boundaries? 
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T I M E - M U LT I P L E X E D  T R I G G E R
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T I M E - M U LT I P L E X E D  T R I G G E R

Chosen as the CMS 
Calorimeter Trigger 
for Run II and Run III
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T I M E - M U LT I P L E X E D  T R I G G E R

All calorimeter algorithms, 
e/g, jets, taus, 

sums,contained in 
processing layer!!
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D E V E L O P E D  N E W  C A R D S  W I T H  C U T T I N G  E D G E  
T E C H N O L O G Y  -  G E N E R I C  U S E

•CTP7
•uTCA form factor
•Single Vertex 7 FPGA
•67 optical inputs, 48 outputs
•ZYNQ processor running 
XiLinx PetaLinux for service 
tasks

•MP7
•uTCA form factor
•Single Vertex 7 FPGA
•72 optical inputs, 72 
outputs

•Dual 72 or 144MB QDR 
RAM clocked at 500 MHz
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H O W  D I D  W E  B U I L D  I T ?

Starts with the Calorimeters
Replaced copper links by optical 

1152 links!!
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H O W  D I D  W E  B U I L D  I T ?
Then move to pre-processing layer 

collecting, processing calorimeter data
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H O W  D I D  W E  B U I L D  I T ?
Then move to pre-processing layer 
collecting, processing calorimeter 

data Multiplexing
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H O W  D I D  W E  B U I L D  I T ?
Then move to pre-processing layer 
collecting, processing calorimeter 

data

Multiplexing

Algorithm layer  
9 nodes 

Each node identical
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H O W  D O E S  T H E  M U LT I P L E X E R  W O R K ?

What goes on in this box?
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H O W  D O E S  T H E  M U LT I P L E X E R  W O R K ?

MPO12	ribbon • Each MPO12 ribbon 
brings one part of the 
calorimeter., e.g. Phi 
0,1, Eta positive.  

• But on each individual 
link, a consecutive BX

12 3BX

INPUT
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H O W  D O E S  T H E  M U LT I P L E X E R  W O R K ?

MPO12	ribbon • Each MPO12 ribbon 
groups data from the 
same BX, but different 
regions of the detector

1BX

OUTPUT

11
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H O W  D O E S  T H E  M U LT I P L E X E R  W O R K ?

• To get information from the whole 
calorimeter - need 72 links 
(calorimeter split into 72 regions). 

R X

R X

T X

T XM P O
1 2

M P O
1 2

M P O
1 2

M P O
3 6
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H O W  D O E S  T H E  M U LT I P L E X E R  W O R K ?

• Manually connecting the 864 
fibres in and out - and using 
conventional patch panels would 
have taken an entire rack 

• Decided to use MOLEX flexplane 
mesh - specified the link routing. 
(and double and triple checked!) 

Once this is defined and produced, 
no room for errors…
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A L G O R I T H M  P R O C E S S I N G  
Algorithm layer

9 cards  - full suite of 
calo algorithms on 
each one, identical 

firwmare, round-robin 
style through the BXs

hot spare also!
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W H AT  G O E S  I N  T H E  C H I P S ?

Key advantage of the upgraded 
Trigger is that we now have tower 

level granularity - leads to improved 
energy and position resolution. 

Ben KreisCMS Calorimeter Trigger Upgrades

Stage 2 Upgrade Overview
• Goes online in 2016 

• Improved performance from processing 
full trigger tower granularity in one layer 

• Made possible by time multiplexing 
events in a first layer 
- Flexibility from increased latency

16

1 HCAL tower
5x5 ECAL crystal

Trigger 
Tower

RCT  
Region

Region Granularity Trigger Tower Granularity

HCAL Optical!
Splitters!

Regional!
Calo Trigger!

Global!
Calo Trigger!
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Calo Trigger!
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Calo Trigger!
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EM!
Candidates! Region!

Energies!
Entire Summary!

oSLB!
oRM!
oRSC!

CTP!

MP7!

x18

x9

Electron/Photon finder:
• Clusters are seeded by local maxima 

of energy above fixed threshold
• Position of the candidate is an 

energy-weighted average centred on 
the seed tower.

• A candidate is considered isolated if 
the total energy in the blue region is 
less than a given value
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 = 8 TeVsCMS Preliminary, 
ECAL Barrel

Figure 1. Left: The L1 e/g clustering and isolation. A candidate is formed by clustering neighbour towers
(orange and yellow) if they are linked to the seed tower (red). A candidate is considered as isolated if the
ET in the isolation region (blue) is smaller than a given value. The position resolution of the e/g L1 trigger
candidates in the ECAL barrel (right).
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Figure 2. Electron trigger efficiency for a 20 GeV threshold at L1 as a function of the offline reconstructed
ET in the EB and EE (left). The efficiencies obtained with the current and the upgraded algorithms are shown
with and without isolation criteria. Relative rate (right) of triggered events from 8 TeV zero bias data for an
average pile-up of 45, obtained with the current (Run I) and the upgraded algorithms, both with and without
their respective isolation requirements.

compared to a threshold depending on h . An additional shape veto LUT is also produced in order1

to discard background-like clusters from the list of possible t candidates.2

The performance of the t lepton finder algorithm has been assessed on Monte Carlo simulation3

samples produced with
p

s =13 TeV, a bunch spacing of 25 ns and 40 average pile-up interactions.4

– 4 –



S O M E  L E S S O N S  
L E A R N E D …
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W H AT  G O E S  I N  T H E  C H I P S ?

Key advantage of the upgraded 
Trigger is that we now have tower 

level granularity - leads to improved 
energy and position resolution. 

Ben KreisCMS Calorimeter Trigger Upgrades

Stage 2 Upgrade Overview
• Goes online in 2016 

• Improved performance from processing 
full trigger tower granularity in one layer 

• Made possible by time multiplexing 
events in a first layer 
- Flexibility from increased latency
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of energy above fixed threshold
• Position of the candidate is an 

energy-weighted average centred on 
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less than a given value
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ET in the isolation region (blue) is smaller than a given value. The position resolution of the e/g L1 trigger
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Figure 2. Electron trigger efficiency for a 20 GeV threshold at L1 as a function of the offline reconstructed
ET in the EB and EE (left). The efficiencies obtained with the current and the upgraded algorithms are shown
with and without isolation criteria. Relative rate (right) of triggered events from 8 TeV zero bias data for an
average pile-up of 45, obtained with the current (Run I) and the upgraded algorithms, both with and without
their respective isolation requirements.

compared to a threshold depending on h . An additional shape veto LUT is also produced in order1

to discard background-like clusters from the list of possible t candidates.2

The performance of the t lepton finder algorithm has been assessed on Monte Carlo simulation3

samples produced with
p

s =13 TeV, a bunch spacing of 25 ns and 40 average pile-up interactions.4

– 4 –

MP7: Firmware OverviewMP7: Firmware Overview

● Regions are clearly visible for one of the %rmware implementations in an 

MP7-R1 690 used in the integration test

● Central section of %rmware @oorplan is dedicated to user's algorithms

● Regions are clearly visible for one of the %rmware implementations in an 

MP7-R1 690 used in the integration test

● Central section of %rmware @oorplan is dedicated to user's algorithms

Aaron BundockAaron Bundock   Hardware & Core Firmware  Hardware & Core Firmware CMS UK - 4 July 2014        15CMS UK - 4 July 2014        15Aaron BundockAaron Bundock   Hardware & Core Firmware  Hardware & Core Firmware CMS UK - 4 July 2014        15CMS UK - 4 July 2014        15
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C O M M O N A L I T Y

Another important lesson for us in this upgrade was the need to make 
as much hardware, firmware, software as COMMON as possible. 

MP7	card	used	in	the	muon	system	and	in	the	Global	
Trigger.	
Infrastructure	firmware	the	same,	just	need	to	plug	in	a	
different	algorithm.	
Ensures	commissioning	is	more	straightforward	-	reduces	
duplication	of	effort!
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PA R A L L E L  R U N N I N G
ECAL 
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HF 
energy 
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energy 
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Calo Trigger 
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Calo Trigger 
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Jet candidates 
Energy sums 

HCAL 
energy 

Layer 1 
Calo Trigger 

Layer 2  
Calo Trigger 

Global  
Trigger 

Level-1 Accept 

• All Calorimeter Trigger boards installed and commissioned in 2015.  

• In order to validate algorithm performance, reliability etc, this trigger was included in a number of 
proton-proton Collision runs at the tail end of 2015. 

• Collected > 3 billion events with this new Trigger! 
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L H C  C A N  E X C E E D  E X P E C TAT I O N S !

•Make sure algorithms are as flexible and 
configurable as possible! 

•Change of filling schemes (e.g. 
what happened in 2017 with 8b4e) 

•Quickly rising instantaneous 
luminosity



H L - L H C  T R I G G E R I N G
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R E M I N D E R :  C U R R E N T  S C H E D U L E
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R E M I N D E R :  C U R R E N T  S C H E D U L E

P U  C A N  G O  T O  ~  2 0 0 ! ! !
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R E M I N D E R :  C U R R E N T  S C H E D U L E
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H O W  D O  W E  P R E PA R E  F O R  T H I S ?
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H O W  D O  W E  P R E PA R E  F O R  T H I S ?
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H O W  D O  W E  P R E PA R E  F O R  T H I S ?
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T R I G G E R I N G  H A S  T O  E V O LV E !

• Finer granularity information from the calorimeters 
• ECAL barrel = x25 finer granularity 
• HCAL barrel = x7 finer granularity 
• High Granularity EndCap calorimeter = x500 

finer granularity! 
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T R I G G E R I N G  H A S  T O  E V O LV E !

• New Pixel and Strip trackers being installed 
• Tracking information at Level 1! 

• Remove low momentum tracks by 
requiring hits in 2 close strip sensors
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T R I G G E R I N G  H A S  T O  E V O LV E !

• Latency up from 4us to 
12.5us 

• Output 750 kHz
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H O W  C A N  W E  B U I L D  T H I S ?

• Latency up from 4us to 
12.5us 

• Output 750 kHz
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N E W  T E C H N O L O G Y  R E Q U I R E D

• Moving to ATCA from uTCA 
• Larger form factor 

• Having FPGA’s on daughter 
cards provides flexibility to 
adapt boards to the purpose 

• Maintain Phase 1 idea of 
generic stream processing 
boards.
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B U T  A L S O  T E S T  W I T H  W H AT  W E  H AV E !

Used MP7’s to build a slice of a track-trigger and demonstrate the 
feasibility! Excellent way to educate us on how to build our track trigger, 

and where potential issues could lie.
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S U M M A R Y  -  I

• Triggering is a fundamental concept of extracting useful physics from 
hadron colliders 

• Really the first stage of a Physics analysis 
• Also an extremely interesting environment to work in- brings 

together hardware, firmware, software and cutting edge 
technology 
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S U M M A R Y  -  I I

• The CMS Level 1 trigger has evolved considerably from Run 1 
to Run 2, and now and even bolder system is being designed 
for HL-LHC 

• Important to stay on top of the technological curve, and to 
think of new ideas using this technology which can benefit 
the Physics! 

Lots of opportunities for innovation!! 
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It’s not always glamorous though….



T H A N K  Y O U  F O R  Y O U R  AT T E N T I O N !


