
Erika Garutti - The art of calorimetry 1

The art of calorimetry
part IV

Erika Garutti
DESY



Erika Garutti - The art of calorimetry 2

Answer to your question:

Can one detect the extremely high energetic neutrinos in from 
cosmic rays by their sound?

The Nobel answer: “no, too low energy”
The round of guys lecturing at this Grad-days: “maybe possible… ~mJ
energy can produce sound in laser experiments”
Google: “it is being tried in DESY Zeuthen for IceCube” !!!

Akustische Neutrinosuche: Horchposten für hochenergetische Neutrinos
http//www.weltderphysik.de/de/5128.php

a typical neutrino induced particle shower with an energy of 10^18 eV has in a distance of 400 m to the
shower a pressure amplitude of only 5 mPa. in the ice of IceCube you have already a pressure of 25 MPa
in 2500 m. therefore your background pressure is 10^9 larger than the signal.
a proton is of 10^-15 m & molecules at 10^-9 m... so six order of magnitudes... with the energy of 
10^18 eV, there is enough energy to make this step & still to "move" the molecules.
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If you work for: some relevant calorimeter topics are

LHC Calorimeter as trigger, missing ET and jets 

ILC Calorimeter for Particle Flow

ILC and beyond Dual readout calorimeter
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Calorimeters as trigger

Issue:
Define an accept/reject signal for relevant physics in short time (~μsec) 
with much info in the detector (~MB/event, ~GHz rate)

minimum processing time for huge data volume

Answer: 
- No tracking algorithm possible on such time scale

Use the calorimeter information compressed in suitable form

Different way to use a calorimeter:
-emphasis is on fast decision at the cost of precision
-not best E reconstruction, but precise enough for threshold selection
-not ultimate jet reconstruction, but topological information
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A short parenthesis: LHC CollisionsA short parenthesis: LHC Collisions
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Beam Beam XingsXings: LEP. TeV, LHC: LEP. TeV, LHC

LHC has ~3600 bunches
• And same length as LEP (27 km)
• Distance between bunches: 27km/3600=7.5m
• Distance between bunches in time: 7.5m/c=25ns 
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pp--pp Collisions at LHCCollisions at LHC

Event size: ~1 MByte
Processing Power: ~X TFlop
Event size: ~1 MByte
Processing Power: ~X TFlop

All charged tracks with pt > 2 GeV

Reconstructed tracks with pt > 25 GeV

Operating conditions:
one “good” event (e.g Higgs in 4 muons ) 

+ ~20 minimum bias events)Event rate
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LHC Physics & Event RatesLHC Physics & Event Rates

At design L = 1034cm-2s-1

• 23 pp events/25 ns xing
•~ 1 GHz input rate
•“Good” events contain

~ 20 bkg. events
• 1 kHz W events
• 10 Hz top events
• <  104 detectable Higgs 

decays/year
Can store ~ 300 Hz events
Select in stages

• Level-1 Triggers
•1 GHz to 100 kHz

• High Level Triggers
•100 kHz to 300 Hz
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TriggeringTriggering
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Processing LHC DataProcessing LHC Data
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LHC Trigger & DAQ ChallengesLHC Trigger & DAQ Challenges

Computing Services

16 Million channels 

Charge Time Pattern

40 MHz
COLLISION RATE

100 - 50 kHz

1 Terabit/s
READOUT

50,000 data
channels

500 Gigabit/s

Gigabit/s
SERVICE LAN

1 MB EVENT DATA

200 GB buffers 
~ 400 Readout 

memories

3 Gigacell buffers 

5 TeraIPS

~ 400 CPU farms

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 
Interactions

Beam-crossing 
every 25 ns 
with ~ 23 
interactions 
produces over 
1 MB of data

Archival 
Storage at 
about 300 Hz of 
1 MB events
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Challenges: PileChallenges: Pile--upup
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Challenges: Time of FlightChallenges: Time of Flight
c = 30 cm/ns → in 25 ns, s =  7.5 m
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LHC Trigger LevelsLHC Trigger Levels

100- 300 Hz
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ATLAS & CMSATLAS & CMS
Trigger & Readout StructureTrigger & Readout Structure

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
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ATLAS & CMSATLAS & CMS
Trigger DataTrigger Data
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ATLAS & CMS Level 1:ATLAS & CMS Level 1:
Only Calorimeter & Only Calorimeter & MuonMuon

Simple Algorithms

Small amounts of data

Complex
Algorithms

Huge
amounts of
data

mainly logical sums & comparators

~O(7000) towers in parallel

High Occupancy in high granularity tracking detectors
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CMS Trigger LevelsCMS Trigger Levels
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ATLAS Level-1 Trigger

Level-1:
Fast custom electronics (ASICs & FPGA)

synchronous
algorithms implemented in firmware
max. Latency: 2,5 μs
- including transmission delays

Calorimeter and Muon detectors
- reduced granularity (7000 towers + 280 sectors)

Input rate: 40 MHz
Max. L1 accept rate: <100 kHz

Trigger objects:
High pT electrons/photons, tau, muons, Jets, EtSum, Etmiss and EtJet
handling high multiplicities and high-ET objects (beyond SM)
Higgs measurements – triggering on W/Z decays

The idea behind the system:
“... cope with higher rates and adapt to new insights 

from the first years of LHC physics.”
Fast, integrated & configurable electronics
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CMS Electron/Photon AlgorithmCMS Electron/Photon Algorithm
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Missing ET

Missing ET clear signature of new physics
(MET) originated from many weakly interacting exotic

particles in the final state.

Example: SUSY undetectable LSP (lightest SUSY particle) in the final state

gluino pair-production            … in the detector

MET distribution for events selected 
requiring two same sign leptons

ATLAS

MET measured in the 
calo + muon system
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Missing ET reconstruction
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Detector hermeticity
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Missing ET at CMS
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Missing ET is tough 
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Summary 

Calorimeter: only detector component capable of providing fast 
topological event selection

- @ LHC hardware trigger decision in ~1 μs reduced event rate from 
40MHz to 1-0.1 MHz

- Fast topological algorithms provide list of trigger objects:
High pT electrons/photons, tau, muons, Jets 

- in addition to integral quantities:
ETSum, ETmiss and ETJet

- Extended use of missing ET to select new physics
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Calorimeter for Particle Flow

Back to calorimeters for calorimetry, 
i.e. to provide the best energy resolution for the detected particles

We saw that: 
jet energy resolution is worse than or at most as good as hadron resolution

for the precision physics planned for the next machines we need more

Next how to improve jet energy resolution to match the requirement of the 
new physics expected in the next 30-50 years

Need to “get rid of” fluctuations
Two approaches:
- minimize the influence of the calorimeter use combination of all
detectors
- measure the shower components in each event access the source of  
fluctuations



Erika Garutti - The art of calorimetry 28

The first idea: Energy flow 

Idea (early 90ies):
• Combine energy measurement from the calorimeter with the momentum

measurement from the tracking
• To not double count the energy: energy deposited in the calorimeter by 

the tracks has to be masked

• First algorithms developed by Aleph: clean e+/e- environment
• Algorithms also developed by H1 for inclusive measurements,
successfully adapted by CDF: 

- extrapolate track to the inner surface of the calorimeter and apply a 
cone or a cylindrical mask to the calorimeter cells behind the track

- maximize between the energy in the mask and the track 
momentum
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First application of Energy Flow Algorithm
ALEPH detector searching for Higgs 1990

Use tracker information to improve jet energy resolution

Particle Flow Algorithms

First observation of quark Jets
UA1, UA2 @ SppS, CERN
JADE @ PETRA collider, DESY

~1980
jet

e+ e-

q

q

jet

Traditional Jet measurement:
use the calorimeter alone 

example of CDF life event

Discovery of new physics requires higher resolution

Energy flow history
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Does the method work ?

Test on existing detectors
ALEPH, CDF, ZEUS, …

Significantly improved resolution

Goal of the Linear Collider

YES ! But that is not enough …

Design a detector optimized for 
Particle Flow application

back to a 
“GARGAMELLE”-type 

detector
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Physics motivation



Erika Garutti - The art of calorimetry 32

Physics motivation II
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ILC physics & calorimetry
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Compare with LEP
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Calorimetry at ILC
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Calorimetry goal
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Particle Flow paradigm 

reconstruct every particle in the event

How?

Over energy range up to ~100 GeV
Tracker is superior to calorimeter 
Use tracker to reconstruct charge objects, 
e±,μ±,h± (<65%> of E jet )

Use ECAL for γ reconstruction (<25%>)

(ECAL+) HCAL for h0 reconstruction 
(<10%>)

* HCAL E resolution dominates jet 
resolution

The “sum” gives the Jet energy

HCAL
ECAL
tracker
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Particle flow paradigm II
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Particle flow calorimetry
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Particle flow reconstruction (PFA)
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Reconstruction overview

PFA: several steps + iterative process

Includes analysis of all detector components… we discuss only some 
aspects relevant to calorimeters
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ECAL/HCAL clustering
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Topological cluster association
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Cluster topological association II
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Iterative re-clustering
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Iterative re-clustering II
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The outcome of PFA

100 GeV jet
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PFlow at work
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Performance 
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Performance / detector study
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Effect of granularity on PFlow

Degrading the HCAL granularity kills PFlow !!!
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Particle Flow @ LHC

CMS 
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PFlow improvements at CMS
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Conclusions on PFlow

Particle flow is a concept to improve the jet energy resolution of a HEP detector
It is based on:

proper detector design (high granular calorimeter!!!)
+ sophisticated reconstruction software

PFlow techniques have been shown to improve jet E resolution in existing 
detectors, but the full benefit can only be seen on the future generation of PFlow
designed detectors

Issues:
- At which energy does Pflow break down?
- Is there anything better?



Erika Garutti - The art of calorimetry 56

Dual readout calorimetry

Alternative approach to the problem of improving hadronic / jet energy 
resolution:

- measure the shower components in each event access the source 
of  fluctuations:
- measuring fem in each event removes the EM fluctuations 
- ideally one wants to measure also fn which is proportional to the 

binding energy to remove fluctuations in the invisible energy

- Example: The DREAM calorimeter as a test of this approach
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Measure the EM shower content

Measure fem event-by-event

Pioneered by WA1 around 1980 
- Used characteristics of energy deposit 
profile to disentangle em/non-em shower 
components

Works better as energy increases

Does not work for jets (collection of γ and π
showering simultaneously in the same 
area)
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The Dual REAdout Method principle

Use Cerenkov light !!!
Quartz fibers are only sensitive to em shower component !
• Production of Cerenkov light ⇒ Signal dominated by em component
• ~80% of non-em energy deposited by non-relativistic particles                 

⇒ e/h=5 (CMS-HF) 
⇒ lateral profile of hadronic showers

• Hadronic component mainly spallation protons Ek ~ few hundred MeV
⇒ non-relativistic ⇒ no Cerenkov light

• Electron and positrons emit Cerenkov light up to a portion of MeV

Use dual-readout system:
- Regular readout (scintillator, LAr, ...) measures visible energy
- Quartz fibers measure em shower component Eem
Combining both results makes it possible to determine fem and the 
energy E of the showering hadron
Eliminates dominant source of fluctuations
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Quartz fiber calorimetry

Radial shower profile in SPACAL (scintillatior fibers) and QCAL (quartz fiber)
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The DREAM prototype
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The DREAM prototype
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Making “jets” at test beams
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Calibration with 40 GeV electrons

• Tilt 2° respect to the beam 
direction to avoid channelling 
effects

• Modest energy resolution for 
electrons (scintillator signal):

σ/E = 20.5%/√E + 1.5%
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100 GeV single pions (raw signal)

Signal distribution:

• Asymmetric, broad, smaller 
signal than for e-

• Typical tails feature of a 
non-compensating 
calorimeter
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Hadronic response non-linearity

Hadron response is < 1 and ~20% non-linear 
Similar non-linearity for jets



Erika Garutti - The art of calorimetry 66

How to determine fem and E

Q/S<1 ~25% of the scintillator signal 
from pion showers is caused by non-
relativistic particles, typically protons from 
spallation or elastic neutron scattering
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Relation between Q/S ratio and fem

1/(e/h) for quartz and scintillator

fem strongly correlated to Q/S

~60% of a 100 GeV pion shower is 
carried by em components

use fem extracted from the Q/S 
method to correct non-compensation 
effects in the scintillator response

fem
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Non-compensation correction

Calorimeter response: R = S/Ebeam

e/h = 1.3  from fit to scintillator

( in the same way one gets 
e/h = 4.7 for quartz)
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Reconstructed hadron energy

Scintillator signal before correction asymmetry due to non-compensation

After Q/S method correction 
good Gaussian signal

200 GeV
“jet”

Recovered linearity of response to 
pions and “jets”
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Energy resolution
Energy (GeV)

single pions jets

Significant improvement in energy resolution especially for jets
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Alternative calibration method

Determine fem from the relation:

emf
E

SQ 09.191.0)(
+=

+

apply 
correction

E
SQ

E
S

E
S

meascorr

)(453.0 +
+⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛

where E is the beam energy
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Obtained resolution with (Q+S)/E method

Significant improvements w.r.t. Q/S 
method for both “jets” (64% 19%) 
and pions (41% 20%)

so where is the “trick”?



Erika Garutti - The art of calorimetry 73

Obtained resolution with (Q+S)/E method

Significant improvements w.r.t. Q/S 
method for both “jets” (64% 19%) 
and pions (41% 19%)

so where is the “trick”?

emf
E

SQ 09.191.0)(
+=

+

where E is the beam energy

makes use of the beam energy
not known in real experiment
always careful at what assumptions 
you make during analysis!!!

In the DREAM case this investigation was motivated by the large lateral leakage 
in the DREAM module. The (Q+S)/E only indicates where the limit would be on E 
resolution. Message: there is still room for improvements w.r.t. the Q/S method 
results at present if one uses a larger detector
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Intermezzo: Cerenkov fiber calorimetry
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Muon signal in DREAM calorimeter
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DREAM conclusions

DREAM offers a powerful technique to improve hadronic calorimeter 
performance:

• Correct hadronic energy reconstruction, in an instrument calibrated 
with electrons !

• Linearity for hadrons and jets
• Gaussian response functions
• Energy resolution scales with sqrt(E)
• σ/E < 5% for high-energy “jets”, in a detector with a mass of only 1 ton

! (dominated by fluctuations in shower leakage)
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How to improve on DREAM?

• Build a larger detector reduce effects side leakage
• Increase Cerenkov light yield

• DREAM: 8 p.e./GeV fluctuations contribute 35%/◊E

• No reason why DREAM principle is limited to fiber calorimeters
• Homogeneous detector ?! 
⇒ Need to separate the light into its Č, S components
• Sampling structure with alternating tiles of Č, S materials

Good solution for an ILC/CLIC calorimeter:
• Homogeneous em calorimeter + DREAM
• Highly granular PFlow calorimeter with quartz and scintillator tiles
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Cerenkov light in PbWo4 crystals

• Light yield typically 10 p.e./MeV (dependent on T, readout)
• Lead glass 0.5 - 1 p.e./MeV from Cerenkov effect (3 - 5%/◊E)

Expect substantial Č component in PbWO4 signals

• How to detect/isolate Cerenkov component ?
• Directionality of Cerenkov component
• Time structure of signals
• Spectral differences
• Test doped Pb-glass with red / green scintillator
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Dual Readout with homogeneous material

Separation of Scintillation & Cherenkov light can be based on:

Time structure of the signal
Spectral difference
Directionality of Cherenkov 
component

Tests performed at the SPS (CERN) by the DREAM collaboration with 2 kinds of  
crystals: PbW04, BGO

Disadvantages: Much brighter C/S factor 100 smaller
Advantages: Scintillation spectrum peak at 480 nm use filters Yellow for S, UV for C

Scint Decay time 300 ns (very different from prompt Cherenkov signal)

New crystals PbWO4 doped with different concentrations of
Praesodymium (peak 630 nm, τ~μs)
Molybdenum (500 nm, τ~30 ns) seems to me more promising
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Cherenkov light measurements

Average Time structure for 50 GeV electrons

The variable C/S on BGO is able to measure the 
em component of the shower on the Calorimeter 

SCINT

Č

C/S ratio event by event:  integrate charge Q1       
collected in the Gate1, and Q2 collected in Gate2
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Quartz plates
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Detecting UV light
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Behond DREAM

For ultimate hadron calorimetry (15%/◊E) 
Measure Ekin (neutrons)

• correlated to nuclear binding energy loss (invisible energy)
• can be measured with third type of active material TREAM
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Measure Neutron Fraction

Neutron signal (fn)=  integral of scint 
signal over 20-40 ns

The total C distribution can be decomposed 
into its constituent parts as a function of fn

fn anticorrelated with C as aspected

The neutron fraction is correlated to nuclear binding energy    
(invisible energy) next large source of fluctuations to attack 

from the time structure of the signal 
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backup
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Level 1 Trigger OperationLevel 1 Trigger Operation

~90m

~90m

ASIC / FPGA
(not PC)



Erika Garutti - The art of calorimetry 88

L1 Trigger LocationsL1 Trigger Locations

Underground Counting Room
•Central rows of racks for
trigger

•Connections via high-speed 
copper links to adjacent 
rows of ECAL & HCAL 
readout racks with trigger 
primitive circuitry

•Connections via optical
fiber to muon trigger 
primitive generators
on the detector

•Optical fibers
connected via
“tunnels” to detector
(~90m fiber lengths)

Rows of Racks containing 
trigger & readout 

electronics

7m thick
shielding

wall

USC55
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Trigger & DAQ at LHCTrigger & 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
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ATLAS Trigger & DAQ ArchitectureATLAS Trigger & DAQ Architecture

H

L

T

D
A
T
A
F
L
O
W

40 MHz

75 kHz

~2 kHz

~ 200 Hz

Event Building N/work
Dataflow Manager

Sub-Farm Input
Event BuilderEB

SFI

EBNDFM
Lvl2 acc = ~2 kHz

Event Filter N/work

Sub-Farm Output

Event Filter
Processors EFN

SFO

Event Filter
EFP

EFP
EFP

EFP

~ sec

~4
 G

B/
s

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

RODRODROD

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
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ATLAS LVL1 TriggerATLAS LVL1 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 e/γ, τ/h, 
jet for 8 pT thresholds 
each; flags for ΣET, ΣET
j, ET

miss over thresholds; 
multiplicity of fwd jets

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

Multiplicities of μ
for 6 pT thresholds

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

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)
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