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Introduction

Detectors for particle physics are very complex 
A lot of physics is behind the detection of particles: 

Particle physics 
Material science 
Electronics 
Thermodynamics 
Mechanics  
….
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This presentation can only give a glimpse at 
detector physics and the ATLAS Detector. 
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ATLAS detector
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Weight: 7 000 T 
Length: 42 m 
Diameter: 25 m 
Solenoid-Field: 2 T
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ATLAS Muon Spectrometer
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Muon-Detectors: Identification 
and precise momentum 
measurement of muons outside 
of the magnet
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Detecting Muons

Muons are important signatures in ATLAS. 

Example: candidate event for Higgs decay 
to four muons. 
Combine tracking information with fact that 
muons penetrate material. 
Calorimeter is “natural” filter for muons. 
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Benchmark design for muon detectors:                   
momentum measurement better than 10% up to 1 TeV.

∆pT/pT ≈ 1/BL2 => two solutions possible:

31

ATLAS, large L, low B:
inner tracker solenoid: BL2 ≈ 2x1 = 2 Tm2

in air-core toroids:  BL2 ≈ 1x6 = 36 Tm2

CMS, short L, large B:
inner tracker solenoid: BL2 ≈ 4x3 = 36 Tm2 
return flux outside solenoid:  BL2 ≈ 2x1.5 ≈ 5 Tm2

Higher resolution
Muon tracks point back to vertex

Standalone p measurement
Safer for high multiplicities

ATLAS: another tracker outside of the magnet
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Muon Detectors
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4. The ATLAS Muon Spectrometer 

ATLAS 
independent muon system -> 
excellent stand capabilities

Identification and precise momentum measurement 
of muons outside of the magnet 
Benchmark design for muon detectors: 
momentum measurement better than 10% up to 1 
TeV. 

∆pT/pT ≈ 1/BL2 

Typical track in Muon System has ≈ 20 hits 
A muon tracks can be:  

“standalone” purely based on MS  
“combined” btw MS and ID  

The standalone capability can be crucial at high 
luminosity when ID is “very crowded”  
The momentum measurement is dominated by  

ID @ low pT  
MS @ high pT 
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Precision Chambers
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1) Monitored Drift Tubes (MDT)

4

Muon Detectors

Drift Tubes

 Cheap, Robust, ~10K m2

 400-750ns drift time

 MDT = ATLAS

 DT = CMS

Resistive Plate Chambers

 Fast enough for L1 Trigger

 Determine Beam Crossing

 Reduce random backgrounds
 Single gap or Multi-Gap, ~4K m2

 RPC = ATLAS, CMS

Multi-wire Proportional Chambers

 Cheap, Robust,  ~6K m2

 <10 mm gaps, 2D position
 CSC = ATLAS, CMS

 TGC = ATLAS, very thin for timing

Drift Tube

High-pressure drift tubes  
σ(R)≈100µm, Tdrift≈700ns  

Gas-filled drift tubes with central wire 
Signal read out on both ends  

Spatial resolution increased by recording 
drift time.  

Three concentric barrel layers plus end-
cap (eta=2.7). 
Total of 355000 tubes.

2) Cathode Strip Chambers
Operation in high rate environment  
σ(R)≈60µmTdrift≈20ns  

Array of anode wires crossed with copper 
cathode strips within gas volume. 

Short drift distances. 
Suited for high eta
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Trigger Chambers
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1) Resistive Plate Chambers (RPCs)
Robust detector with up to 5ns time resolution 
Charge carriers drift towards anode and get multiplied 
by electric field (avalanche).  
Applied  high voltage at  parallel plate electrodes leads 
to uniform electric field in the gas gap.  
The propagation of the growing number of charges 
induces a signal on a read out electrode.  
In ATLAS the Barrel is equipped with RPCs.

2) Thin Gap Chambers (TGCs)
Derivative of MWPCs 

Operation in saturated mode. Signal amplitude 
limited by by the resistivity of the graphite layer 
In ATLAS the End-cap is equipped with TGCs.
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Magnet, Trigger, Data Processing
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A magnet for a LHC experiment

Wish list 
Big: long lever arm for tracking 
High magnetic field 
Low material budget or outside detector (radiation length, absorption) 
Serve as mechanical support 
Reliable operation 
Cheap 
…. 
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Eierlegende Wollmilchsau 
ATLAS decision 

achieve a high-precision stand-alone momentum measurement of muons 
need magnetic field in muon region -> large radius magnet  

CMS decision 
single magnet with the highest possible field in inner tracker (momentum resolution) 
muon detector outside of magnet 

momentum resolution: 
∆pT/pT ≈ 1/BL2}

http://www.positoon
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Magnet-Concepts:  ATLAS -> Toroid 

Central Toroid field within Muon-System: 4 T 
Closed field, no yoke 
Complex field 

2 T Solenoid-field for trackers
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The largest magnet in the world

1/11C. D’Ambrosio, T. Gys, C. Joram, M. Moll and L. Ropelewski CERN – PH/DT2 
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Particle Detectors – Principles and Techniques           

Imagnet

B

coil

solenoid

+ Large homogenous field inside coil

- weak opposite field in return yoke 

- Size limited (cost)

- rel. high material budget 

Examples: 

• DELPHI: SC, 1.2T, Ø5.2m, L   7.4m 

• L3:          NC, 0.5T, Ø11.9m, L 11.9m 

• CMS:      SC, 4.0T, Ø5.9m, L 12.5m

toroid

Imagnet

B

+ Field always perpendicular to p

+ Rel. large fields over large volume

+ Rel. low material budget

- non-uniform field

- complex structure

Example:

• ATLAS: Barrel air toroid, SC, 

~1T, Ø9.4, L 24.3m

Magnet concepts for 4! detectors

+ field always perpendicular to p 
+ relative large field over large volume 
- non uniform field 
- complex structure (detector hard to access)

!
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What is a Trigger ?

Collisions every 25 ns with many simultaneous interactions 
A lot of information stored in the detectors - we need all information 
Electronics  (currently) too slow to read out all information for every 
collision  
But: a lot of the interactions are very well known - we only want rare 
events 
“Trigger” is a system that uses simple criteria to rapidly decide which 
events to keep when only a small fraction of the total can be recorded.
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Want to know the information of green cars  
number of passengers 

speed  
weight 
….. 

Trigger = system detecting the color and initiating the 
information transfer all information

Fast detector systems detect possible 
interesting signature and trigger the 
inner detector systems to be read out.  
Other events are discarded. 

http://en.wikipedia.org/wiki/Event_%28particle_physics%29
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ATLAS Trigger

Level-1: 
Implemented in hardware 
Muon + calorimeter based 
Coarse granularity 
e/γ, µ, π, τ, jet candidate selection 
Define regions of interest (ROIs) 

Level-2:  
Implemented in software 
Seeded by level-1 ROIs, full granularity  
Inner Detector – Calo track matching 

Event Filter: 
Implemented in software 
Offline-like algorithms for physics signatures 
Refine LV2 decision  
Full event building
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Collision rate 40MHz 
Level 1 accepts up to 75kHz 
Recorded ~300 Hz } factor ~130000
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Horizontal View

L1 Trigger:  
Fast Resistive Plate and Thin Gap Chambers 
Hardware pattern recognition 
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Elliot Lipeles                                                                                                                       CERN Detector Seminar Oct, 2013

Calorimeter trigger vertical view

7

L1 Trigger: 
• Fast Resistive Plate and Thin 
Gap Chambers
• Hardware pattern 
recognition

HLT: L2 & EF Trigger: 
• Use slower more precise MDT 
chambers
• Combine with inner detector 
track
• L2 uses simplified B-field model
• EF uses full offline software

High Level Trigger: L2 & EF Trigger:  
Use slower more precise MDT chambers 
Combine with inner detector track 
L2 uses simplified B-field model  
Event Filter uses full offline software 
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L1 Trigger: analog sums over...  
0.1x0.1 for e/gamma and taus 
~0.2x~0.2 for jets, MET, sumET 
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Elliot Lipeles                                                                                                                       CERN Detector Seminar Oct, 2013

Calorimeter trigger vertical view
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L1 Trigger: analog sums over...
• 0.1x0.1 for 

•Isolation is possible
• ~0.2x~0.2 for jets, MET, 
sumET

HLT: L2 & EF Trigger: 
• Full detector granularity 
same digitization as offline
• Track-shower matching
• Detailed shower shape cuts
• Reclustering jets
• Sharper turn-on curves

e/� and ⌧

Elliot Lipeles                                                                                                                       CERN Detector Seminar Oct, 2013

Calorimeter trigger vertical view
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L1 Trigger: analog sums over...
• 0.1x0.1 for 

•Isolation is possible
• ~0.2x~0.2 for jets, MET, 
sumET

HLT: L2 & EF Trigger: 
• Full detector granularity 
same digitization as offline
• Track-shower matching
• Detailed shower shape cuts
• Reclustering jets
• Sharper turn-on curves

e/� and ⌧

Calo Trigger

L2 & Event Filter Trigger:  
Full detector granularity same 
digitisation as offline 
Track-shower matching 
Detailed shower shape cuts 
Reclustering jets

Overall trigger performance 
Achieve very high 
efficiencies even with high 
pile-up conditions 
Reaching the limits …. 
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ATLAS Detector Performance
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Data Taking with ATLAS

Instantaneous peak luminosities around 2 1034 cm-2 s-1 i.e. exceeding the LHC design luminosity by 
a factor of two. 
LHC is able to run with a full machine in 2018, 2556 bunches.
Pile-up is high, however, ATLAS is capable to take this high luminosity (µ ~ 58, just at the limit) 
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                         7D-ATLAS Meeting, Freiburg, 6th September 2018                                     

 2018 LHC performance (cont.)  
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Inner Detector Performance 

Pixel detector 
Hardware/firmware/software upgrades to cope with high pile-up 
Reduction of deadtime (1.2%->0.2%)  

SCT 
Very stable operation 
Dynamic chip masking to cope with high <µ>  

TRT  
Hardware and firmware upgrades to cope sustain high occupancy 
Increase of bandwidth and compression ratio 
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Inner Detector	
•  Pixel/IBL 

o  Hardware/Firmware/Software upgrades to cope 
with high <µ> (FIFO flush at ECR) 

o  Reduction of dead time (1.2%->0.2%) 

•  SCT 
o  Very stable operation. Dynamic chip masking to 

cope with high <µ> 

•  TRT 
o  Hardware and firmware upgrades to cope sustain 

high occupancy 
o  Increase of bandwidth and compression ratio 

09/01/2018 Oleg Solovyanov - HEP2018 20 
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Inner Detector Performance

Observed all most classic resonances 
Ks, K*, φ, Λ, Ω, Ξ, D, D* and J/Ψ 
The mass values agree with the PDG values, the resolutions with the MC expectations. 

Momentum scale known to permil level in this range 
Is precisely determined via known resonances 
Resolution as expected (dominated by multiple scattering)  
Good performance of ATLAS tracker and tracking/vertexing algorithm

20

K 0
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Inner Detector Performance

Particles with higher masses (e.g. J/Psi, Z) are used to assess momentum scale and resolution in 
higher energy regimes 

Example: J/Psi mass resolution 
Momentum scale known to 1% level up to ~100GeV 

Offline reconstruction efficiencies determined e.g. via ‘tag and probe’ techniques 
Inner Detector reconstruction efficiency for muons above 20GeV confirmed to be better than 99%

21
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Muon System

22

Good performance of combined Inner Detector and Muon Spectrometer reconstruction 
At low pt, Inner detector is dominating overall muon momentum resolution (~2% resolution >10GeV, dominated 
by multiple scattering) 
Nice agreement between reconstruction efficiency from  
J/psi data and Z -> mu mu data 

Muon Spectrometer performance can be assessed via 
(Cosmic muons) 
Di-muon decays of known particles (Z->mu mu)
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Electrons and Photons

Electrons and photons are interesting probes in proton-proton 
collisions 
Crucial for all analyses: 

high reconstruction efficiencies, good background reduction and 
energy calibration  

Electrons: Energy cluster in EM calo and matching track in ID 
Photons: Energy cluster without track or matched track from 
conversion. 

23
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ATLAS detector

24

Weight: 7 000 T 
Length: 42 m 
Diameter: 25 m 
Solenoid-Field: 2 T
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A new ATLAS Detector
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High-Luminosity LHC

Exploit full potential of LHC and to collect up to 4000fb-1  
Goals for HL-LHC: √s = 14 TeV, ultimate luminosity: 7.5 x 1034 cm-2 s-1, 200 interactions/crossing, 
Upgrades of accelerator and detectors are necessary to reach this ambitious goal.

26

Frédérick Bordry, Chamonix Workshop 2017
https://indico.cern.ch/event/580313/

LHC Schedule

Phase 1 Phase 2
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goal of  the LHC program  is  to deliver an  integrated  luminosity of 3000  fb−1 by 2030,  to be 
compared to 300 fb­1 expected to be accumulated at the end of this decade. 

To achieve this goal,  it  is necessary to perform an upgrade to the high­luminosity phase of 
the LHC, which will proceed in two phases. In Phase I, which will start around 2016, the LHC 
pre­accelerator chain will be improved. In Phase II, the interaction regions will be upgraded 
such that the peak instantaneous luminosity will increase from the current design luminosity 
of L = 1×1034 cm−2 s−1 to about a maximally possible peak luminosity of 1×1035 cm−2 s−1. The 
exact mode of operation after the upgrade is still under study, and a number of options are 
being investigated. One promising alternative is the so­called “luminosity leveling” approach, 
in  which  the  peak  luminosity  is  not  fully  exploited,  but  the  collider  is  rather  operated  at  a 
slightly  lower  peak  luminosity,  which,  however,  will  result  into  longer  fills  and  the  same 
integrated  luminosity  a  less  demanding  environment  for  the  experiments.  In  Table  1  two 
possible  scenarios  for  the  phase  II  of  the  LHC  are  shown,  together  with  the  current 
performance  and  the  design  performance  of  the  collider.  It  illustrates  the  impact  on  the 
detector requirements. 

This  vast  increase  in  luminosity  will  require  upgrades  of  the  ATLAS,  CMS  and  ALICE 
experiments to handle the large rates, primarily of the inner parts of the detectors.  

For ATLAS and CMS the radiation exposure  in particular of  the  inner detector components 
will  increase  requiring  their  replacement  using  new  technologies  capable  of  handling  the 
large  radiation  doses.  Even  without  increasing  the  performance  of  the  collider  the  current 
detector will have reached the end of its useful life by the end of the decade, and in part will 
simply  cease  to  function  due  to  radiation  damage.  The  requirement  to  cope  with  the 
expected  increase  in  collision  rate  makes  the  need  for  detector  improvements  and 
replacements even more obvious.  In Figure 4  two views of  the ATLAS  tracker are shown, 
comparing the current conditions at the LHC with the anticipated increase of the collision rate 
in Phase II. The vastly  larger number of  tracks and the much higher activity  in the detector 
are clearly visible.  

       

Figure 4: Simulated event in the ATLAS detector at the “low luminosity” (1∙10
33
/cm

­2
s
­1
  of the 

LHC, and at the high luminosity phase (5∙10
34
/cm

­2
s
­1
). For the high luminosity phase 200 pile­

up events are simulated (see Table 1). 

The  planned  upgrades  of  the  ALICE  experiment  are  not  driven  by  lifetime  or  radiation 
considerations, but  instead focus on a substantial  improvement of  the central  region of  the 
experiment. Improved detector, readout and trigger systems will allow the collection of high 
statistics samples of charm and bottom hadrons via exclusive decays as well as inside jets, 
with high precision. These measurements will allow a better understanding of parton energy 
loss in the de­confined medium. Improvements to the experiment are mandatory to cope with 
the increased LHC luminosity and to properly exploit it.  
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Why Upgrade?

Primary motivation of all upgrades is to maximise physics reach  
Precision measurements of Higgs couplings and other SM processes  
Make first measurement of Higgs self-coupling (very challenging)  
Search for/investigate signals of phenomena beyond the Standard 
Model 

The Means 
LHC demonstrated the ability to deliver beyond expectations 
Future LHC upgrades offer the opportunity for an order of magnitude 
greater data samples 
Improved detector technologies and strong R&D investments 
available 

The Challenge 
Preserving or even enhancing the current performances in a 
challenging environment of high instantaneous luminosity and high 
pile-up 
Design choices for detector upgrades driven by physics goals, but 
also existing constraints.

27

LHC in 2011: 1x1033 1/cm2s 

HL-LHC: 5x1034 1/cm2s 
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ATLAS for the HL-LHC

28 7

ATLAS Phase-II upgrades

New all-silicon 
Inner Tracker

Liquid Argon Calorimeter 
(EM + EndCap Hadronic) 

New electronics

Tile Hadronic Calorimeter 
New electronics

New Muon  
Barrel-Inner 

layer

Muons: 
new electronics

Large eta 
Muon tagger ?

High Granularity 
Timing Detector ?

New Trigger 
and DAQ 
System

New 
luminosity 
monitor ?
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ATLAS Upgrade Matrix

Will not be replaced: 
Active and passive material in 
calorimeters 
Magnets 
Most of cables 

Limits: 
Inner Detector area radiation 
controlled area 
Scheduled time 
Money … 

29

Subsystem Phase 1 Phase 2

Silicon Pixel – New Tracker

Silicon Strips – New Tracker

Electromagnetic 
Calorimeter

Finer Granularity in 
Trigger

New Electronics, 
Forward Cal

Hadronic Calorimeter – New Electronics, 
Forward Cal

Muon System Small Wheels 
(Forward) –

Trigger Topological Triggers, 
Fast Track Trigger

Complete 
Replacement
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New Inner Tracker 
ATLAS ITk
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A New Inner Tracker is Needed … Why ? 

Current ATLAS Inner Detector (ID) works excellently to provide precision charged particle  
tracking with high efficiency.  

31

Radiation damage - detector designed for 10 years 
Pixels designed for ~400fb-1 
Strips ~700 fb-1 
HL-LHC should deliver 4000fb-1 

Fluences up to 2x1016MeV neq /cm2    (> factor 10) 
New sensor & readout require more radiation hardness
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Bandwidth saturation 
Inner Detector designed for pile up of 50 at 2x1034cm-2s-1 
HL-LHC goes to pile up of ∼200 at 7.5x1034cm-2s-1  

Readout need to be able to cope with this  

Detector Occupancy 
Finer granularity is required to keep ITk performance at the same level as current ATLAS ID (Max hit 
density ~0.64/mm2 (0.16%) Pix; ~0.005/cm2 (1.2%) Strips)



Ingrid-Maria Gregor -  Detectors for HEP

Improving the Tracking System 

Complex task to design a new tracking system for a running experiment 
Size, cables and many other parameters are not changeable 
Measures to improve one tracking parameter might have negative impact on other parameter 
Prize tag important parameter
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Increase granularity at 
large radii

Increase granularity 
close to IP (pixels)

Increase number of 
pixellated layers

Reduce material

Fast and efficient pattern 
recognition in high pileup X X X

Improve momentum 
resolution at low pT X
Improve momentum 
resolution at high pT X

Improve tracking 
efficiency X X

Improve impact 
parameter resolution X

Improve two-track 
separation X

Reduce photon 
conversions X
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New ATLAS Inner Tracker

All-silicon design 
Pixel: 

5 barrel layers (short barrel + inclined modules) + ring disks 
Strips: 

4 barrel layers + 6 end-cap disks

33

Layout 2018

Design goal: ITk should have the same or 
better performance as the current detector  

Even at harsh HL-LHC conditions. ra
di

us

Strips

Pixel

beam-axis

Pixel Strips 
Active area ~13m2 165m2

Segmentation 50x50µm2  
(25x100µm2)

75.5µm (Barrel)  
69 to 85µm (Disk)

# modules 10276 17888 

# channels  ~5x109 ~6x107

Biggest changes compared to current tracker: 
Pixels system extends out to larger radii 
More pixel hits in forward direction to improve tracking 
Smaller pixels and short inner strips to increase granularity 
Outer active radius slightly larger to improve momentum 
resolution 

η = 0
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Itk Performance - Simulation

Very high efficiency (>99% for muons) and negligible fake rates 
(10-5 in tt events) at the highest pileup levels (200).  
Improved momentum resolution at high and medium pt .  
Large improvement in b-tagging and pileup rejection due to better 
resolution on track impact parameter. 

34
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Tracking Performance
Very high efficiency (>99% for muons)

and negligible fake rates (10-5 in tt events)

at the highest pileup levels (200)


Improved momentum resolution at high 

and medium pT.


Large improvement in b-tagging and pileup

rejection thanks to better resolution on 

track impact parameter.


Very small selection of studies - 
worked on the layout for years!
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Tracking Performance
Very high efficiency (>99% for muons)

and negligible fake rates (10-5 in tt events)

at the highest pileup levels (200)


Improved momentum resolution at high 

and medium pT.


Large improvement in b-tagging and pileup

rejection thanks to better resolution on 

track impact parameter.
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A Huge Strip Detector
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The Strips Detector

36

Developed concept applicable for barrel and end-cap.  
Silicon modules glued directly onto a cooled carbon fibre plank. 
Kapton service tapes co-cured onto carbon fibre skins 
providing the electrical connections. 
Designed to reduce radiation length.

R&D

Sensor

ElectronicsModule

Support

Mechanics

Layout

Last 7 years - R&D from 
early prototypes to TDR 4 barrel layers  

+ 6 end-cap disks
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Hybrid = kapton board with FE chips (ABC130, connection 
via wire bonds) 
Module = silicon sensor with readout hybrid (connection via 
wire bonds) 

Stave/petal = core structure + cooling + electrical services 
(power, data, TTC) + modules

ATLAS Strips: Stave/Petal Concept
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Electrical layout similar for barrel and end-cap
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bus tapeFE-chip (ABC130*)

hybrid

strip sensors

EndOfStructure card 
(EoS)

Fancy Drawing 
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End-caps

End-caps are more challenging due to their geometrical constraints  
pointing strips: same phi coordinate measurement along the strip length 
same  concept as in barrel -> build disks out of wedge shaped petals covered by six different sensor shapes 
more complicated layout for the electronics as we have two modules besides each other 

Advantages:  
side-insertion - petals accessible for a very long time  
technical solutions for barrel and end-caps mostly the same 
especially module production is exactly the same across barrel and end-cap

39

2 m

0.65 m
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Silicon Strips Sensors

Sensor parameters defined: n-in-p with p-stop isolation 
Collects electrons  
-> faster signal, reduced charge trapping 
Always depletes from the segmented side:  
good signal even under-depleted 

Single-sided process  
Cheaper than n-in-n 
More foundries and available capacity world-wide 

Radiation damage most important issue
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ATLASATLASATLASATLAS
Radiation Hard Sensors

• n+­strip in p­type substrate (n­in­p)

– Collects electrons like current n­in­n pixels

• Faster signal, reduced charge trapping

– Always depletes from the segmented side

• Good signal even under­depleted

– Single­sided process 

• ~50% cheaper than n­in­n

• More foundries and available capacity   

world­wide

– Easier handling/testing due to lack of 

patterned back­side implant

• Collaboration of ATLAS with     

Hamamatsu Photonics (HPK) to develop         

9.75x9.75 cm2 devices (6 inch wafers)
– 4 segments (2 axial, 2 stereo), 1280 strip each,        

74.5 m pitch, ~320 m thick

– FZ1 <100> and FZ2 <100>material studied

– Miniature sensors (1x1 cm2) for irradiation studies

A. Affolder – TIPP 2011, 9th­14th June 2011, Chicago, IL 4

Axial

Stereo

Miniatures

n+

p­ bulk 

Al

SiO2

Guard Ring
Bias Ring

p­spray/stop 

p+

e­

Un­depleted

See N. Unno, et. al., Nucl. Inst. Meth. A, Vol. 636 (2011) S24­S30 for details

Cross-section through sensor 

Collected charge versus irradiation

Sensor 
specifications

 
Substrate material p type FZ
Thickness 300-320 µm
Resistance > 3k   cm
Collected charge 
after 1x1015 neq /
cm2

> 7500 e- per MIP

⌦
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The Module

41

Short Strip module 
Barrel

Module = silicon sensor with readout hybrid (connection via wire bonds)

Even so we have multiple different module “types” they are all based on exactly the 
same concept and production steps. 
Frame for module production is identical (barrel and end-cap), “just” the tooling has to 
be switched. 



Ingrid-Maria Gregor -  Detectors for HEP

Modules - The Real Thing

About to build another ~100 prototype modules for the barrel and ~100 for the end-cap 
To be used for full stave assemblies and ramping up end-cap sites 
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Barrel short strip module End-cap R0 module

By now we built more than 150 modules of various types at 15 different sites 
Good start - need to build ~20.000  
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Towards a Full Detector

Prototyping full staves and petals 
Complete quality assurance and control procedures 
FEA calculations and IR measurements 
Readout developments (End of substructure cards) 
Integration tools  
Start pre-production in 2019. 
Installation 2024. 
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Jan-Hendrik Arling |  BTTB6  |  ATLAS ITk radiation length measurements  |  17/01/2018  |  Page 13

ITk prototype petal: complex structure.

IR picture of thermo-mechanical prototype x/X0 measurement of petal segment

Thermo-mechanical prototype @DESY
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The Pixel Detector
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Benefits of forward tracker extension: 
Reject pile-up jets  
Extend lepton coverage 
Extend b-tagging 

Better E
T

miss resolution 

Improves multiple physics channels  
Vector-boson scattering, Vector boson fusion 
High lepton-multiplicity channels 
... 
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Innermost central layer structure needs to cover full pseudo-rapidity range 
closest possible measurement to IP minimise extrapolation distances 
for best impact parameter resolution between measurements (hits)   
minimises passive material before the first two measurements in 
forward region 

Optimisation of layout for high eta coverage

Pixel Detector Layout

Hybrid pixel detector

Sensor

Front-end chip 
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Sensors for Hybrid Pixels

Planar Sensor 
Current design is an n-in-n 
planar sensor 
Silicon diode  
Different designs under study 
(n-in-n; n-in-p ....) 
Radiation hardness proven 
up to 2.4 . 1016 p/cm2 

Problem: HV might need to 
exceed 1000V  
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3D Silicon 
Both electrode types are 
processed inside the 
detector bulk instead of 
being implanted on the 
wafer's surface. 
Max. drift and depletion 
distance set by electrode 
spacing 
Reduced collection time and 
depletion voltage 
Low charge sharing

CVD (Diamond) 
Poly crystalline and single 
crystal 
Low leakage current, low 
noise, low capacitance 
Radiation hard material 
Operation at room 
temperature possible 
Drawback: 50% signal 
compared to silicon for 
same X0 ,but better S/N 
ratio (no dark current)

FE chip

sensor

Very strong R&D efforts to 
develop sensors for HL-LHC 

applications!
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Pixel FE chip

Radiation tolerance, low power consumption  
per channel, low noise 
Format & power similar to FE-I4 (current pixel chip)  
“New” CMOS node and vendor 

65 nm with TSMC 
Joint development ATLAS & CMS 

RD53 collaboration – share resources 
Several prototypes fabricated and tested 

Radiation tolerance challenge 
Damage mechanism empirically characterised 
Produce design specs for 1 Grad (500 MRad) target 

Pixel layout 
50x50 µm2  with 4-pixel analogue section in three flavours 
50 µm minimum pitch to allow “standard” flip-chip

47

FE

Digital logic

35 15
Pixel Analog Island

Pixel Core

FE chip

sensor
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Pixel Module

Basic building block is the pixel module: 
Bare module assembly consisting of sensor and FE-chip(s) 
Flex hybrid for interconnection of data power line to the local 
support services 
Connection between FE, sensors and flex is done via wire-
bonds 

For ITk about 10,000 modules are needed (quad-, double and 
single chip modules) 
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Project fully approved 
Preproduction starting 2020. 
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New Alternative: CMOS

“Classical” CMOS sensors:  
Signal charge collection mainly by diffusion -> moderate radiation tolerance (Diffusion is 
suppressed by trapping < 1015 neq/cm2) 
Typically no backside processes  

Main challenge for HL-LHC: need combination of 
Tolerance to displacement damage (depletion)  
Integration of complex circuitry without efficiency loss  
Keep using commercial technology 
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“Classic” CMOS sensor based on 
diffusion (Mimosa)

h < 20µm
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9 CMOS pixel ATLAS DRAFT

p - substrate

deep nwell

p+ p+pw nw

charge
signal CMOS

electronics

-

(a) Large fill-factor

p - substrate

n+ n+pw nw

charge
signal CMOS

electronics

-

deep pwell

(b) Small fill-factor

Figure 9.1: The two principal variants of considered CMOS cell geometries: (a) Large fill-factor:
the charge collecting deep nwell encloses the complete CMOS electronics. (b) Small fill-factor: the
charge collection node is placed outside the CMOS electronics area (from [76]).

30 000 wafers per month with an average processing time of three months. This allows for a
quick supply of sensors with a quick reaction time in case of problems with the production.4895

For large area production, the cost per wafer also goes down as the main initial cost is the
price for mask production. As CMOS pixel modules contain sensor and read-out logic,
hybridization, which is a very labor-, time-, cost-, and yield-loss-intensive production step,
is not needed.

After the first proof of principle in 2007 [117], depleted active CMOS pixel sensors for the4900

ITk Pixel Detector have been investigated in a systematic way. A series of demonstrator
detectors investigating various pixel configurations in different CMOS technologies and
comparing different front-end and diode designs were submitted and evaluated by meas-
uring charge collection, radiation tolerance and rate capability. These early demonstrators
were no yet full DMAPS realisations as no matrix read-out architecture was implemented4905

yet. From a large number of CMOS technology prototype designs,1 the technology of three
vendors was found to be most suitable for ITk pixels: ams (180 nm), LFoundry (150 nm)
and TowerJazz (180 nm). In order to characterise these prototypes the FE-I4 pixel chip was
exploited to decouple read-out electronics effects from sensor while providing fast matrix
read-out functionality. The CMOS sensors were bonded to the FE-I4 chip, either via bump4910

bonds or by capacitively coupling (gluing) the sensor to the FE-chip (so-called CCPD de-
tectors [118]).

As a next step large pixel matrices (⇠ 1 cm2) were addressed following two development
lines2:

- large fill-factor designs (large-FF)4915

- small fill-factor designs (small-FF)

1 ams aH35, ams H18, ESPROS-130, GF-130, IBM-130, LFoundry-150, STM-160, Toshiba-150, TowerJazz-180,
XFAB-180, where the attached numbers indicate the feature size.

2 The word fill-factor is used here despite the fact that large or small electrode design would be more correct.

206 21st December 2017 – 17:03

One option for ATLAS DMAPS 

Availability of high resistivity sensors (HR-CMOS) and 
backside connections for HV (HV-CMOS) opens window 
for use at HL-LHC.  
Foundries offer both        Depleted MAPS (DMAPS) 
developed for ATLAS ITk Pixels.  

Next steps:  
Completion of radiation-damage studies 
Verification in test beams 
Scaling from single modules to full system 
Final decision on usage of CMOS in ATLAS Pixels (end of 
2019)
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Muon System
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Phase-1: New Small Wheel

Consequences of luminosity rising beyond design 
values for forward muon wheels  

Degradation of the tracking performance (efficiency / 
resolution)  
L1 muon trigger available bandwidth exceeded 
unless thresholds are raised    

Replace Muon Small Wheels with New Muon Small 
Wheels (NSW) 

Improved tracking and trigger capabilities meets 
Phase-2 requirements  

compatible with <µ>=200, up to L~7x1034 cm-2s-1 
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Muons: New Small Wheel
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11"

•  In'forward'direc5on'the'efficiency'of'muon'chambers'
deteriorates'as'the'luminosity'goes'beyond'the'design'value'

•  LevelI1'muon'trigger'rate'exceeds'the'available'bandwidth'
unless'thresholds'raised'

'Replace'small'wheels'
•  To'reject'fake'muon'triggers'by'requiring'high'quality''    
      poin5ng'to'interac5on'region'
•  To'combinine'sTGC'and'micromegas'technologies'for'

robustness'to'PhaseIII'luminosi5es�

The'innermost'sta5on'
of'the''muon'endcap'

Located'between'
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and'endcap'toroid'

Consequences of luminosity rising beyond design values for forward muon wheels 
Degradation of the tracking performance (efficiency / resolution) 
L1 muon trigger available bandwidth exceeded unless thresholds are raised
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Replace Muon Small Wheels with New Muon Small Wheels 
Improved tracking and trigger capabilities
Meets Phase-2 requirements

compatible with <µ>=200, up to L~7x1034 cm-2s-1

MicroMegas (area of 1200 m2)
Space resolution < 100 µm independent of  incidence angle 
High granularity -> good track separation
High rate capability due to small gas amplification region and 
small space charge effect 

Small strip Thin Gap Chambers (sTGC) (area of 1200 m2)
Space resolution < 100 µm independent of  incidence angle 
Bunch ID with good timing resolution to suppress fakes 
Track vectors with < 1 mrad angular resolution 
Based on proven TGC technology 

6

Coverage: 
Tracking up to η = 2.7
Triggering up to η = 2.4
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Phase-1: New Small Wheel

52Ingrid-Maria Gregor -  ATLAS Overview

Muons: New Small Wheel
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Replace Muon Small Wheels with New Muon Small Wheels 
Improved tracking and trigger capabilities
Meets Phase-2 requirements

compatible with <µ>=200, up to L~7x1034 cm-2s-1

MicroMegas (area of 1200 m2)
Space resolution < 100 µm independent of  incidence angle 
High granularity -> good track separation
High rate capability due to small gas amplification region and 
small space charge effect 

Small strip Thin Gap Chambers (sTGC) (area of 1200 m2)
Space resolution < 100 µm independent of  incidence angle 
Bunch ID with good timing resolution to suppress fakes 
Track vectors with < 1 mrad angular resolution 
Based on proven TGC technology 

6

Precision: MicroMegas 
Space resolution < 100 µm independent of incidence angle  
High granularity -> good track separation  
High rate capability due to small gas amplification region and 
small space charge effect  

Timing: Small strip Thin Gap Chambers (sTGC) 
Space resolution < 100 µm independent of incidence angle 
Space resolution < 100 µm independent of incidence angle  
Bunch ID with good timing resolution to suppress fakes 
Track vectors with < 1 mrad angular resolution

Total area of 1200 m 2  

Detector in production. 
Installation scheduled for end of next year. 
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Phase-2: Improve Trigger Capabilities

Barrel Inner layer upgrade 
Add inner layer of resistive plate chambers 
(RPCs) to improve barrel trigger 
Partial replacement of monitored drift tubes 
(MDT) with small tubes (sMDT) 

New Front-End electronics for precision 
chambers (MDT)  
New trigger and readout electronics for 
trigger chambers (RPC and TGC) 
New TGC inner chambers (EIL4) for 1<|eta|
<1.3 
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Barrel-Inner upgrade
- Current barrel trigger based on coincidence    
  of three layers of RPC chambers in the  
  middle (BM) and outer (BO) stations. 

- Acceptance holes (~20%) mostly caused by 
 supports of magnet coils. 

- Limited redundancy: trigger system not very   
  robust against inefficiency of RPC detectors 

- Possible sources of inefficiency at HL-LHC: 
  - lower HV working point to reduce aging; 
  - possible use of low-greenhouse impact gas 
    mixtures. 

- Solution: a new layer of triplet RPC 
chambers in the inner barrel layer (BI). 

- Trigger Efficiency >92%, even in the worst 
case  scenario in which the hit efficiency of 
old chambers is strongly reduced. 

Worst case scenario

Old Trigger

New Trigger

Project fully approved. 
Production starting 2020. 
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Calorimeter
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Tile Calorimeters 
No change to detector needed 
Full replacement of front-end and back-end 
electronics 

New read-out architecture: Full digitisation 
of data at 40MHz and transmission to off-
detector system, digital information to level 
L1/L0 trigger. 

The LAr calorimeters (active and passive layers) are expected  
to operate reliably during the HL-LHC data taking period  

But the current electronics is not compatible with operations at HL-LHC  
Radiation resistance: replace components with versions more rad-tolerant  
Ageing: some components would have ~20 yrs operation: Difficult to maintain and repair  
Trigger: the ATLAS trigger system will be upgraded to cope with the expected pile-up, making the present LAr 
readout electronics incompatible. 

Calorimeter Upgrade 
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New read-out architecture

F. Tartarelli NEC'2017 - September 28, 2017 10

FEB2:  
Located on crates 
attached to the 
calorimeter cryostats  
1524 boards, each 
board handles 128 
calorimeter channels  
Provide input line 
termination, 
amplification, shaping, 
digitization and data 
shipping off detector for 
further processing  
Main ASICs needed in 
new front-end board 

FEB2:  
Located on crates 
attached to the 
calorimeter cryostats  
1524 boards, each 
board handles 128 
calorimeter channels  
Provide input line 
termination, 
amplification, shaping, 
digitization and data 
shipping off detector for 
further processing  
Main ASICs needed in 
new front-end board 
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HL-LHC Trigger
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HL-LHC Trigger

With ultimate luminosity of 7.5 x 1034 cm-2 s-1 and 200 
interactions/crossing the current trigger system can not 
cope.  

Keeping pt thresholds low with trigger rates at  
manageable level is crucial to exploit the high luminosity 
potential. 

Three TDAQ Systems:  
Level-0 Trigger 
Data Acquisition 
Event Filter 

Exploit progress in network and FPGA* technologies to: 
Add tracking information in trigger 
Increase trigger rate 
Improve the quality of object reconstruction at trigger level  
Introduce more sophisticated multi-object topological 
selections 
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PHASE-II TDAQ 
ARCHITECTURE

Three TDAQ Systems: 
• Level-0 Trigger  
• Data Acquisition 
• Event Filter
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ATLAS Phase-II Upgrade
Trigger and Data Acquisition

Technical Design Report
Draft 1.0, 15th December 2017 16:52

Figure 1.3: Design of the TDAQ Phase-II upgrade architecture, highlighting the organisation of the
Upgrade Project in three main systems: Level-0 Trigger, DAQ (Readout and Dataflow subsystems), and
Event Filter. Direct connections between each Level-0 trigger component and the Readout system are
suppressed for simplicity.

14 1 An Introduction to the TDAQ Phase-II Programme

S. Majewski, ATLAS Week
*Field Programmable Gate Array 
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…. we know what 
to do the next 10 
years ….

The ATLAS Detector is a fascinating “machine” built over 10 
years by people from more than 30 countries. 

It was designed to entangle complex physics signals in the  
difficult LHC environment. 

The current LHC schedule foresees running well into the next 
decade to accumulate up to 4000 fb-1  
ATLAS will use the different shutdowns for detector 
consolidation and new detectors. 
The next generation ATLAS detector will be even more 
fascinating than the current detector. 
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                       38D-ATLAS Meeting, Freiburg, 6th September 2018                                     

All six TDRs of the ATLAS Phase-II Upgrade programme have been presented 
by ATLAS, reviewed and approved by the LHCC and UCG, and finally approved 
by the CERN Research Board  

ATLAS
Inner Tracker Strip Detector
ATLAS
Inner Tracker Strip Detector

Technical Design ReportTechnical Design Report

ATL-TDR-025 · LHCC-2017-005

Summary and Status of Phase-II TDRs  

ATLAS
Muon Spectrometer Phase-II Upgrade

Technical Design ReportTechnical Design Report

 
 

 
 

 
 

 
 

 
 

 

ATL-TDR-026 · LHCC-2017-017

 
 

 
 

 
 

 
 

 
 

 

ATLAS
Muon Spectrometer Phase-II Upgrade

ATLAS
LAr Calorimeter Phase-II Upgrade

Technical Design ReportTechnical Design Report

 
 

 
 

 
 

 
 

 
 

 

ATL-TDR-026 · LHCC-2017-018

 
 

 
 

 
 

 
 

 
 

 

ATLAS
LAr Calorimeter Phase-II Upgrade

ATLAS
Tile Calorimeter Phase-II Upgrade

Technical Design ReportTechnical Design Report

ATL-TDR-028 · LHCC-2017-019

ATLAS
Tile Calorimeter Phase-II Upgrade

This is a great achievement of the Collaboration  
and deserves to be celebrated 
 
planned during next Upgrade Week: 12 – 16 November at CERN  

… but also a huge amount of work ahead of us..   

Summary
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