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Beam crossings: LEP, Tevatron & LHC 

•  LHC: ~3600 bunches (3564 bunches or 2808 filled bunches) 
•  And same length as LEP (27 km) 
•  Distance between bunches: 27km/3600=7.5m 

•  Distance between bunches in Yme: 7.5m/c=25ns 

Tevatron Run I 

Tevatron Run II 
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pp cross secYon and min. bias 
•  # of interacYons/crossing: 

•  InteracYons/s: 
•  Lum = 1034 cm–2s–1=107mb–1Hz 
•  σ(pp) = ~80 mb 

•  InteracYon Rate, R = 8x108 Hz! 
•  Events/beam crossing: 

•  Δt = 25 ns = 2.5x10–8 s 
•  InteracYons/crossing=20.0 

•  Not all p bunches are full 
•  2808 out of 3564 only 
•  InteracYons/”acYve” crossing = 20.0 x 3564/2835 = 25 

Summary of operaYng condiYons: 

     A “good” event (say containing a Higgs decay) + ~25 extra “bad” 
minimum bias interacYons 

σ(pp)≈80 mb




pp collisions at 14 TeV at 1034 cm‐2s‐1 

25 min bias  

events overlap 
•  H→ZZ 

     ( Z →µµ )


•  H→ 4 muons: 

    the cleanest 

     (“golden”) 
signature 

And this (not the H though…) repeats every 25 ns… 



Interactions every 25 ns … 
◆  In 25 ns particles travel 7.5 m 

The challenge 



Pile‐up 

•  Long detector response/pulse shapes: 

•  “Out‐of‐Yme” pile‐up: lej‐over 
signals from interacYons in previous 
crossings 

•  Need “bunch‐crossing idenYficaYon” 

CMS ECAL 

In-time 
pulse


In+Out-of-time  
pulses 

super–   

impose 

•  “In‐Yme” pile‐up: parYcles from the same crossing but from a different pp 
interacYon 



Cross secYons for various processes vary over 
many orders of magnitude 

Bunch crossing frequency: 40MHz 
Storage rate ~ 200‐300 Hz 

 online rejecYon: > 99.99% 
  crucial impact on physics reach  

Keep in mind that what is discarded is lost 
forever 

Physics SelecYon @ LHC 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The Challenge 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The SoluYon 

The Challenge @ LHC 



The Trigger 

The Challenge 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Trigger/DAQ challenges @ LHC 
•  # of channel ~ O(107). ~25 interacYons every 25ns 

–  Need large number of connecYons 
–  Need informaYon super‐highway 

•  Calorimeter informaYon should correspond to tracker informaYon 
–  Need to synchronize detectors to beter than 25ns 

•  SomeYmes detector signal/Yme of flight > 25ns 

–  Integrate informaYon from more than one bunch crossing 
–  Need to correctly idenYfy bunch crossing 

•  Can store data at O(100 Hz) 
–  Need to reject most events 

•  SelecYon is done Online in real‐Yme 
–  Cannot go back and recover events 
–  Need to monitor selecYon  11 



Trigger/DAQ Challenges 

Computing Services 

16 Million channels  

Charge  Time Pattern 

40 MHz 
COLLISION RATE 

100 - 50 kHz 1 MB EVENT DATA  

1 Terabit/s 
READOUT 

50,000 data 
channels 

200 GB buffers  
~ 400 Readout  
        memories 

3 Gigacell buffers  

500 Gigabit/s 

5 TeraIPS  

~ 400 CPU farms 

Gigabit/s 
SERVICE LAN Petabyte ARCHIVE  

Energy Tracks 

300 Hz 
FILTERED 

EVENT 

EVENT BUILDER. 
A large switching network (400+400 
ports) with total throughput ~ 400Gbit/s 
forms the interconnection between the 
sources (deep buffers) and the 
destinations (buffers before farm 
CPUs). 
EVENT FILTER. 
A set of high performance commercial 
processors organized into many farms 
convenient for on-line and off-line 
applications. 

SWITCH NETWORK 

LEVEL-1 
TRIGGER 

DETECTOR CHANNELS 
Challenges: 

1 GHz of Input 
InteracYons 

Beam‐crossing 
every 25 ns with ~ 
25 interacYons 
produces over 1 
MB of data 

Archival Storage 
at about 300 Hz of 
1 MB events 



Triggering 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General trigger strategy 
Needed: An efficient selecYon mechanism capable of selecYng interesYng events 
‐ this is the TRIGGER 

General strategy: 
•  System should be as inclusive as possible 
•  Robust 
•  Redundant 
•  Need high efficiency for selecYng interesYng processes for physics: 

•  selecYon should not have biases that affect physics results 
•  (understand biases in order to isolate and correct them) 

•  Need large reducYon of rate from unwanted high‐rate processes 
•  instrumental background  
•  high‐rate physics processes that are not relevant (min. bias) 

This complicated process involves a mulY‐level trigger system… 

“Needle in a haystack” 
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MulY‐level trigger systems 

•  L1 trigger: 
–  Selects 1 out of 10000 (max. output rate ~100kHz) 

•  This is NOT enough 
–  Typical ATLAS and CMS event size is 1MB 
–  1MB x 100 kHz = 100 GB/s! 

•  What is the amount of data we can reasonably store these days ? 
–  100 MB/s  

⇒ AddiYonal trigger levels are needed to reduce the fracYon of “less 
interesYng” events before wriYng to permanent storage 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MulY‐Yered trigger systems 

Front  end pipelines


Readout buffers


Processor farms


Switching network


Detectors


Lvl-1


HLT


Lvl-1


Lvl-2


Lvl-3


Front end pipelines


Readout buffers


Processor farms


Switching network


Detectors


ATLAS: 3 physical levels CMS: 2 physical levels 

Level‐1 trigger: Integral part of all trigger systems – always exists 
                         reduces rate to ~50‐100kHz. 
Upstream: further reducYon needed – typically done in 1 or 2 steps         



A mulY‐Yered Trigger System 
Tradi+onal 3‐+ered system 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  In: 1/x GHz 
Out: O(10) kHz 

      Level 2 
  In: L1 out 
Out: O(1) kHz 

      Level 3 
  In: L2 out 
Out: O(100) Hz 

Hardware/Sojware mix, 
L1 inputs, ~100 µs latency 

CPU farm, access to full event 
informaYon, O(1)s/event 

Pipelined, 
Hardware only, coarse readout, 
~few µs latency 



LHC Trigger Levels 

100- 300 Hz 



Three‐Yered system 
AddiYonal processing at Level‐2: reduce bandwidth requirements 



Two‐Yered system 
Two‐level processing: 
•  Reduce number of building blocks 
•  Rely on commercial components for processing and communicaYon 



Comparison 

•  Three physical enYYes 

–  Invest in 
•  Control logic 
•  Specialized processors 

•  Two physical enYYes 

–  Invest in 
•  Bandwidth 
•  Commercial processors 



LHC Trigger/DAQ Summary 
No.Levels First Level  Event  Readout  Filter Out 
Trigger   Rate (Hz)  Size (Byte)  Bandw.(GB/s)  MB/s (Event/s) 

3   105  106  10  100 (102) 

  LV-2103   

2   105  106  100  100 (102) 

3  LV-0 106  2x105  4  40 (2x102) 

 LV-1   4 104   

4  Pp-Pp  500  5x107  5  1250 (102) 

 p-p      103      2x106         200 (102) 

ATLAS 

CMS 

LHCb 

ALICE 



Trigger/DAQ systems 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Trigger & DAQ at LHC 
ATLAS 

CMS 

ALICE 

LHCb 

Levels  3 
LV-1 rate  100  kHz 
Readout  10  GB/s 
Storage  100  MB/s 

Levels  4 
LV-1 rate  500  Hz 
Readout  5  GB/s 
Storage  1250  MB/s 

Levels  3 
LV-1 rate  1  MHz 
Readout  4  GB/s 
Storage  40  MB/s 

Levels  2 
LV-1 rate  100  kHz 
Readout  100  GB/s 
Storage  100  MB/s 



Processing LHC Data 



Level‐1 algorithms 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•  Physics concerns: 
–  pp collisions produce mainly low pT hadrons with pT ~ 1 GeV  
–  InteresYng physics has parYcles with large transverse momentum 

–  W‐>eν : M(W) = 80 GeVl pT (e) ~ 30‐40 GeV 
–  H(120 GeV)  γγ ; pT(γγ) ~ 50‐60 GeV 

•  Requirements 
–  Impose high thresholds 

–  Implies disYnguishing parYcles  
–  possible for electrons, muons and jets; beyond that need complex 

algorithms 
–  Some typical thresholds: 

–  Single muon with pt > 20 GeV 
–  Single e/γ with pT > 30 GeV 
–  Single jet with pT > 30 GeV 



Level 1 Trigger OperaYon 



Level 1 Trigger OrganizaYon 



Trigger Timing & Control 



Detector Timing Adjustments 
•  Need to Align: 
–  Detector pulse w/
collision at IP 

–  Trigger data w/ 
readout data 

–  Different detector  
trigger data 
w/each other 

–  Bunch Crossing 
Number 

–  Level 1 Accept 
Number 



SynchronizaYon Techniques 

2835 out of 3564 p bunches are full, use this pattern: 



ParYcle signatures 



ATLAS & CMS Level 1: 
 Only Calorimeter & Muon 

Simple Algorithms 

Small amounts of data 

Complex 
Algorithms 

Huge 
amounts of 
data 

High Occupancy in high granularity tracking detectors 



ATLAS Trigger/DAQ Architecture 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40 MHz 

75 kHz 

~2 kHz 

~ 200 Hz 

Event Building N/work 
Dataflow Manager 

Sub-Farm Input 
Event Builder       EB 

SFI 

EBN DFM 
Lvl2 acc = ~2 kHz 

Event Filter N/work 

Sub-Farm Output 

Event Filter 
Processors EFN 

SFO 

Event Filter 
EFP 

EFP 
EFP 
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~4
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EFacc = ~0.2 kHz 

Trigger DAQ 

RoI Builder 
L2 Supervisor 

L2 N/work 
L2 Proc Unit 

Read-Out Drivers 

FE Pipelines 

Read-Out Sub-systems 

Read-Out Buffers 

Read-Out Links 

    ROS 

120     GB/s 

ROB ROB ROB 

LV 
L1 

D 
E 
T  

R/O 

2.5 m
s 

Calo  
MuTrCh Other detectors 

Lvl1 acc = 75 kHz 

40 MHz 

ROD ROD ROD 

LVL2 ~ 10 ms 

ROIB 

L2P 

L2SV 

L2N 

R
oI

   
   

RoI data = 1-2% 

RoI  
requests 

specialized h/w 
ASICs 
FPGA 

120 GB/s 

~ 300 MB/s 

~2+4 GB/s 

1 PB/s 



ATLAS Trigger Architecture 

•  LVL1 decision made with 
calorimeter data with coarse 
granularity and muon trigger 
chambers data.  

• Buffering on detector 
•  LVL2 uses Region of Interest 
data (~2%) with full granularity 
and combines informaYon from 
all detectors; performs fast 
rejecYon.  

• Buffering in ROBs 
•  EventFilter refines the selecYon, 
can perform event 
reconstrucYon at full granularity 
using latest alignment and 
calibraYon data. 

• Buffering in EB & EF 

2.5 
µs 

~10 ms 

~ sec. 



Level1 ‐ Muons & Calorimetry 

Muon Trigger looking for coincidences 
in muon trigger chambers  
2 out of 3 (low‐pT; >6 GeV) and  

3 out of 3 (high‐pT; > 20 GeV) 

Trigger efficiency 99% (low‐pT) and 98% 
(high‐pT) 

Calorimeter Trigger looking for e/γ/t 
+ jets 

• Various combinaYons of cluster 
sums and isolaYon criteria 

•   ΣETem,had , ETmiss 

Toroid 



ATLAS L1 Cal. Trigger data‐flow 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•  On‐detector: 
•  Analog sums to form trigger 
towers (trigger primiYves) 

•   Off‐detector: 
•   Receive data, digiYze, idenYfy 
bunch crossing, compute ET 

•   Send data to cluster processer 
and jet energy processor 

•  Local processor crates 
•  form sums, comparisons as per 
algorithm, decide on objects 
found 

•  Global Trigger: decision 



ATLAS L1 Trigger 

Calorimeter trigger Muon 
trigger 

Central Trigger 
Processor 

(CTP) 
Timing, Trigger, 
Control (TTC) 

Cluster Processor 
(e/γ, τ/h) 

Pre-Processor 
(analogue → ET) 

Jet / Energy-
sum Processor 

Muon Barrel 
Trigger  

Muon End-cap 
Trigger 

Muon-CTP Interface 
(MUCTPI) 

Multiplicities of µ for 
6 pT thresholds Multiplicities of e/γ, τ/h, jet 

for 8 pT thresholds each; 
flags for ΣET, ΣET j, ET

miss 
over thresholds; multiplicity 
of fwd jets 

LVL1 Accept, clock, trigger-
type to Front End systems, 
RODs, etc 

~7000 calorimeter trigger towers O(1M) RPC/TGC channels 

ET values (0.2×0.2) 
EM & HAD 

ET values (0.1×0.1) 
EM & HAD 

pT, η, φ information on 
up to 2 µ candidates/sector 
(208 sectors in total) 



RoI Mechanism 
•     Level‐1 triggers on high pT objects 

–    Calorimeter cells and muon 
chambers to find e/γ/τ‐jet/µ 
candidates above thresholds 

•  Level‐2 uses Regions of Interest as 
idenYfied by  Level‐1 
–  Local data reconstrucYon, 

analysis, 
and sub‐detector matching of 
RoI data 

•  The total amount of RoI data is 
minimal  
–  ~2% of the Level‐1 throughput 

but it has to be extracted from 
the rest at 75 kHz  H →2e + 2µ 

2µ 

2e 



CMS Trigger Levels 



CMS Level‐1 Trigger & DAQ 
•  Overall Trigger & DAQ Architecture: 2 Levels: 

•  Level‐1 Trigger: 

–  25 ns input 
–  3.2 µs latency 

InteracYon rate: 1 GHz 

Bunch Crossing rate: 40 MHz 

Output to Storage: ~100 Hz 

Average Event Size: 1 MB 

Data producYon 1 TB/day 

U
XC

→
 

←
U

SC
 



CMS Calorimeter Geometry 

EB, EE, HB, HE map 
to 18 RCT crates 

Provide e/γ and jet, 
τ, ET triggers 

1 trigger tower (.087η x .087φ) = 5 x 5 ECAL xtals = 1 HCAL tower 

2 HF calorimeters map on to 18 RCT crates 

Trigger towers: 
Δη = Δφ = 0.087 



•  Map non‐projecYve x‐y trigger crystal geometry onto projecYve trigger 
towers: 

ECAL Endcap Geometry 

Individual 
crystal 

5 x 5 ECAL 
xtals ≠ 1 HCAL 
tower in detail 

+Z 
Endcap 

-Z 
Endcap 



Calorimeter Trigger Processing 

TCC 
(LLR) 

CCS 
(CERN) 

SRP 
(CEA 
DAPNIA) 

DCC 
(LIP) 

TCS TTC OD 

DAQ 

@100 
kHz 

L1  

Global TRIGGER 

Regional 
CaloTRIGGER 

Trigger Tower Flags 
(TTF) 

Selective Readout 
Flags (SRF) 

SLB 
(LIP) 

Trigger Concentrator Card 

SynchronisaYon & Link Board 

Clock & Control System 

SelecYve Readout Processor 

Data Concentrator Card 

Timing, Trigger & Control 

Trigger Control System 

Level 1 Trigger 
(L1A) 

From : R. Alemany LIP 



ECAL Trigger PrimiYves 

Test beam results (45 MeV per xtal): 



CMS Electron/γ Algorithm 



CMS τ / Jet Algorithm 



HT Trigger 

•  Total scalar ET integrates too 
much noise and is not easily 
calibrated 

–  At L1 tower‐by‐tower ET 
calibraYon is not available 

•  However, jet calibraYon is 
available as funcYon of 
 (ET, η, φ) 

•  Therefore, HT which is the sum of 
scalar ET of all high ET objects in 
the event is more useful for 
heavy parYcle discovery/study 

–  SUSY sparYcles 
–  Top 



Level-1 Trigger Rates: 
Trigger cuts determine the physics reach 

30-40 GeV for µ or e 
20 GeV each for γγ 

250 GeV jets 
80 GeV ττ 

•  Efficiency for H→γγ and H→4 leptons = >90% (in fiducial volume of detector) 
•  Efficiency for WH and ttH production with W→lν = ~85% 
•  Efficiency for qqH with H→ττ (τ→1/3 prong hadronic) = ~75% 
•  Efficiency for qqH with H→invisible or H→bb = ~40-50% 



CMS Level‐1 Muon Trigger 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•  Level‐1 muon trigger info is 
obtained from: 

•  Dedicated trigger detector 
    (ResisYve paralle plate 
chambers: RPC) 

•  Excellent Yme resoluYon 
•  Muon chambers with accurate 
posiYon resoluYon 

•  Drij Tubes (DT) in barrel 
•  Cathode Strip Chambers 
(CSC) in endcaps 

•    Bending in magneYc field => 

•    Determine pT 
•    And cut on it 



Muon Trigger Overview 
|η| < 1.2 |η| < 2.4 0.8 < |η|  |η| < 2.1 

|η| < 1.6 in 2007 
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CMS Muon Trigger PrimiYves 

Memory to store patterns 

Fast logic for matching 

 FPGAs are ideal 



CMS Muon Trigger 

Memory to store patterns 

Fast logic for matching 

 FPGAs are ideal Sort based on PT, 
Quality ‐ keep loc. 

Combine at next level ‐ 
match 

Sort again – Isolate… 

Top 4 highest PT and 
quality muons with 
locaYon coord. 

Match with RPC 
 Improve efficiency and quality 



η (*)efficiency to find muon of any pT in flat pT =3-100 GeV sample 

ORCA_6_2_0 

eff = 96.9 % 

|η| < 2.1 

Single muon trigger efficiency vs. η 



L1 single & di-muon trigger rates 

|η| < 2.1 

L = 1034cm-2s-1 L = 2x1033cm-2s-1 
ORCA_6_2_2 

trigger rates in kHz 

working points selected as examples 

20, 6;6 
εW  =82.3 % 
εZ  =99.6 % 
εBs→µµ 
=  9.9 % 

25, 5;5 
εW  =74.1 % 
εZ  =99.5 % 
εBs→µµ 
=14.3 % 

12, 8;8 
εW  =91.4 % 
εZ  =99.7 % 
εBs→µµ 
=14.5 % 

14, -;- 
εW  =89.6 % 
εZ  =99.8 % 
εBs→µµ 
=27.1 % 

100 kHz DAQ 8 kHz 
for µ, µµ
50 kHz DAQ 

4 kHz for µ, µµ 



Global Trigger 

•  A very large OR‐AND network which allows specificaYon of complex 
condiYons: 

–  1 electron with pT > 20 GeV OR 2 electrons with pT > 14 GeV OR 1 
electron with pT > 12 GeV AND 1 jet with pT > 40 GeV 

–  The top‐level logic requirements (1 electron + 1 jet for eg.) consYtute 
a “Trigger table” 

•  AllocaYng rates to different trigger condiYons is a complex process 
that requires opYmizaYon of physics efficiencies versus 
backgrounds, rates and machine condiYons 

•  More on this in the next lecture 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CMS Global Trigger 



Global L1 Trigger Algorithms 



Example Level-1 Trigger Table (DAQ TDR: L=2 
x 1033) 

× 3 safety factor ⇒ 50 kHz (expected start-up DAQ bandwidth) 
Only muon trigger has low enough threshold for B-physics (aka Bs→µµ) 



 LHCb Trigger   



LHCb Trigger Levels 
•  First level trigger : here called Level‐0 

–  Selects high pT parYcles (muons, egamma…) 

–  Reduces input rate of 10MHz to 1.1 MHz 

–  Custom boards  
•  Followed by two sojware‐based trigger levels 

•  Level‐1 

–  uses reduced data set: only part of the sub‐detectors (mostly Vertex‐
detector and some tracking) with limited‐precision data 

–  has a limited latency, because data need to be buffered in the front‐end 
electronics 

–  reduces event rate from 1.1 MHz to 40 kHz, by selecYng events with 
displaced secondary verYces 

•  High Level Trigger (HLT) 

–  uses all detector informaYon 

–  reduces event rate from 40 kHz to 200 Hz for permanent storage 



ALICE ImplementaYon 
•  Heavy ions runs 

•  L=1027 cm‐2s‐1 

•  InteracYon rate < 10 kHz 
•  Very high mulYplicity and huge 
events size (~50MB) 

•  Modest requirements on lower 
level triggers 

•  pp (or pA) runs 
•  InteracYon rate up to 200kHz 
•  Small event size (~2MB) 

•  Strong requirements on lower 
level triggers 

•  To accommodate all the different 
running condiYons, the first level 
trigger is split in 3 disYnct levels 

•  L0, L1 and L2 



Summary 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•  LHC : a very challenging environment 

•  InteracYon rate and selecYvity 

•  Number of channels and synchronizaYon 

•  Pile‐up and bunch‐crossing idenYficaYon 
•  Making a decision to accept/reject an event given ~3ms 

•  Trigger level: set of successive approximaYons 

•  Number of physical levels varies with experiment/architecture 

•  Level‐1 is always present and is responsible for reducing the rate to 
acceptable values (< 100kHz) for processing by the (more precise) High Level 
Trigger 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