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ALEPH, 1989-2000

Multistory

UA2, 1981-1993
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The cloud chamber Cloud chambers, 1910-1950s 

📷  Cartoons: H. Herde 2018-2022; cloud chamber, spark chamber: http://www.desy.de/~garutti/LECTURES/ParticleDetectorSS12/L1_Introduction_HEPdetectors.pdf; UA2: https://cds.cern.ch/record/615821;  ALEPH 
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Important particle discoveries 

Pions from AGS (Brookhaven) decay in flight into muon and neutrino. 
5,000-ton steel wall stops muons.  Neutrinos detected as spark trails 
due to the impact on aluminum plates in a neon-filled detector. 

Spark chamber, 1960s

Table top

Room-sized
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http://www.desy.de/~garutti/LECTURES/ParticleDetectorSS12/L1_Introduction_HEPdetectors.pdf
https://cds.cern.ch/record/615821
https://upload.wikimedia.org/wikipedia/commons/0/03/ALEPH.png


ATLAS

3📷  https://cds.cern.ch/record/1095924; Geneva region & LHC map (top right inset):  https://cds.cern.ch/record/842399 

https://cds.cern.ch/record/1095924
https://cds.cern.ch/record/842399
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Inner Detector: Charged particle tracking
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📷  Labeled Inner Detector: https://cds.cern.ch/record/1095926

Round inset adapted from T Herrmann, O Jařábek, K Jende, M Kobel 

Schematic view of ATLAS Inner Detector, including IBL (right): https://cds.cern.ch/record/2773132/plots         

Transition 

Radiation


Tracker

https://cds.cern.ch/record/1095926
https://atlas.physicsmasterclasses.org/en/zpath_playwithatlas.htm
https://cds.cern.ch/record/2773132/plots
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Answering these questions requires constant innovation 

Tools for deepening our understanding of the Universe

2 main ways to increase search power

1. Increase collision energy 


• LHC Run 1 (2010-2012): 7-8 TeV 


• LHC Run 2 (2015-2018): 13 TeV


• LHC Run 3 (2022-): 13.6 TeV 


2. Collide more particles faster to sample 

more of the Universe’s distribution

5ATLAS Inner Tracker Science Coffee



📷  https://cds.cern.ch/record/2156246 6

C
ER

N
 M

ay
 2

01
6

2

6

3

1

4
5

FOCUSING MAGNETS
12 more powerful quadrupole magnets 

for each of the ATLAS and CMS 
experiments, designed to increase the 

concentration of the beams before 
collisions. 

CIVIL ENGINEERING
2 new 300-metre service tunnels and 
2 shafts near to ATLAS and CMS.

“CRAB” CAVITIES
16 superconducting “crab” 

cavities for each of the ATLAS 
and CMS experiments to tilt the 

beams before collisions.

ALICE

CMS

LHCb

ATLAS

COLLIMATORS
15 to 20 new collimators and 60 replacement 
collimators to reinforce machine protection.

BENDING MAGNETS
4 pairs of shorter and more 

powerful dipole bending magnets 
to free up space for the new 

collimators.

SUPERCONDUCTING LINKS
Electrical transmission lines based on a 

high-temperature superconductor to carry 
current to the magnets from the new service 

tunnels near ATLAS and CMS.

LHC TUNNEL
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concentration of the beams before 
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15 to 20 new collimators and 60 replacement 
collimators to reinforce machine protection.

BENDING MAGNETS
4 pairs of shorter and more 

powerful dipole bending magnets 
to free up space for the new 

collimators.

SUPERCONDUCTING LINKS
Electrical transmission lines based on a 

high-temperature superconductor to carry 
current to the magnets from the new service 

tunnels near ATLAS and CMS.

LHC TUNNEL

Mission: 

Collide more protons 
per bunch crossing 

than ever before 

https://cds.cern.ch/record/2156246


📷  HL-LHC schedule, baselined January 2022 and reconfirmed March 2022; https://hilumilhc.web.cern.ch/sites/default/files/HL-LHC_Janvier2022.pdf
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5 to 7.5 x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

inner triplet 
radiation limit

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
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button collimators
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ATLAS - CMS
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HL-LHC 
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LS2
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BUILDINGS

20402027 20292028

pilot beam

https://hilumilhc.web.cern.ch/sites/default/files/HL-LHC_Janvier2022.pdf
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We need a new detector.

8

LHC
Designed for ~200 collisions each time we cross 

proton beams

High Luminosity LHC, HL-LHC
Designed for ~20-30 collisions each time we cross 

proton beams 

📷  First stable beams at 13 TeV, https://cds.cern.ch/record/2022598;  HL-LHC pileup simulation in ATLAS ITk, https://twiki.cern.ch/twiki/pub/AtlasPublic/UpgradeEventDisplays/HL-LHC-tt.png 

https://cds.cern.ch/record/2022598
https://twiki.cern.ch/twiki/pub/AtlasPublic/UpgradeEventDisplays/HL-LHC-tt.png
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Detector occupancy
Low occupancy: Particles clearly distinguishable 

ATLAS Inner Tracker Science Coffee 9

High occupancy: Particle signals overlap
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Detector occupancy
Solution: Increase detector density in given area 

ATLAS Inner Tracker Science Coffee 10
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Regular lattice structure

Damaged lattice

VACANCY

INTERSTITIAL

Simulated distribution of vacancies created by a 50 keV 
silicon ion in silicon (typical recoil energy for 1 MeV 
neutrons)

Radiation damage

11

An everyday menace

ATLAS Inner Tracker Science Coffee

📷  Left: GJ Caulkins, https://www.mightywombat.com/2006 

Center: M. Huhtinen (CERN). Nucl. Instrum. Meth. A 491 (2002) 194-215

Right: Based on https://cerncourier.com/a/raising-the-dead-detectors/

https://www.mightywombat.com/2006
https://www.sciencedirect.com/science/article/pii/S0168900202012275
https://cerncourier.com/a/raising-the-dead-detectors/


12📷  https://cds.cern.ch/record/2257755 

ATLAS Inner Tracker for HL-LHC

All Si: 5 layers of pixels, 4 layers of microstrip detectors

Radiation hardness > 1 GRad at innermost layers

https://cds.cern.ch/record/2257755?ln=en
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How much of an “upgrade” really is ITk?
Comparing ATLAS’ current Inner Detector and future Inner Tracker 

ATLAS Inner Tracker Science Coffee 13

Inner Detector (ID) Inner Tracker (ITk)
Detector layers Si (pixels, strips) & gas trackers Si trackers (pixels, strips)
Coverage, |η| <2.5 (pixels & strips), <2.0 (TRT) <4.0 (pixels), <2.7 (strips) 
Trigger rate 100 kHz 1 MHz

Pixel detector ITk Pixels
№ of Pixels 92 million (80M Pixel + 12M IBL) 5 billion
Pixels silicon area 1.9 m2 12.98 m2 
Pixel size 50x250 µm (IBL), 50x400 µm,  50x600 µm 50x50 µm, 25x100 µm 

SCT ITk Strips
№ of Strips 6.2 M 59.9 M
Strips silicon area 61 m2 165 m2 
Pitch 80 µm 75.5 µm 
Strip length 12.8 cm 2.4-4.8 cm 

x55
x6.5

x10

x10

x10

Strips smaller and closer 
together

Smaller

Learn more:
ATLAS Detector: 
2008 JINST 3 S08003 
IBL Technical Design 
Report (TDR): CERN-
LHCC-2010-013  
ITk Pixels TDR: 
CERN-LHCC-2017-021 
ITk Strips TDR: 
CERN-LHCC-2017-005 

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08003
https://cds.cern.ch/record/1291633?ln=en
https://cds.cern.ch/record/1291633?ln=en
https://cds.cern.ch/record/1291633?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-005/
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Expected single muon resolution 
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📷  https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
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Statistical uncertainty projection

Example: Higgs mass with ATLAS & HL-LHC 

★ Projecting based on 2D 

template method 

measurement at 13 TeV 

with 36.1 fb-1 (Phys. Lett. 

B 784 (2018) 345) 


★ Systematically limited 

midway through HL-

LHC run 

15

https://arxiv.org/abs/1806.00242
https://arxiv.org/abs/1806.00242
https://arxiv.org/abs/1806.00242
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Example: Higgs mass with ATLAS at HL-LHC

★ Using muon resolution improvements estimated at 45 GeV 


★ Full Run 2 expected uncertainty ~180 MeV → 30-40 MeV at HL-LHC 


• First stage projected resolution improvements achievable with ITk 


‣ Additional improvement with analysis choices, improved detector understanding 

ATLAS Inner Tracker Science Coffee 16

�tot (MeV) �stat (MeV) �syst (MeV)

Current Detector 52 39 35

µ momentum resolution improvement by 30% or similar 47 30 37

µ momentum resolution/scale improvement of 30% / 50% 38 30 24

µ momentum resolution/scale improvement 30% / 80% 33 30 14

ATL-PHYS-PUB-2018-054 

http://ATL-PHYS-PUB-2018-054
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Tracking efficiency with pileup in tt ̄events  

ATLAS Inner Tracker Science Coffee 17

4− 3− 2− 1− 0 1 2 3 4
η

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Ef
fic

ie
nc

y

 Simulation PreliminaryATLAS
=14 TeV, HL-LHCs

ITk Layout: 23-00-03
 > 1 GeV

T
, ptt

 = 38〉µ〈Run-2, 
 = 200〉µ〈ITk, 

4− 3− 2− 1− 0 1 2 3 4
ηTruth 

0.95

1

IT
k 

/ R
un

-2
   

  0 5 10 15 20 25 30 35 40 45 50
Pt (GeV)

0.8

0.85

0.9

0.95

1

Ef
fic

ie
nc

y

 Simulation PreliminaryATLAS
=14 TeV, HL-LHCs

ITk Layout: 23-00-03
tt

 = 38〉µ〈| < 2.4, ηRun-2 |
 = 200〉µ〈| < 4.0, ηITk |

0 5 10 15 20 25 30 35 40 45 50
 [GeV]

T
Truth p

0.95

1

IT
k 

/ R
un

-2
   

  

Over 5 times more pileup in HL-LHC conditions • Tracking efficiency within 5% of current detector
📷  https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
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Another example

b-tagging efficiency

★ DiHiggs search, hh→bbb̅b ̅


• ~8% b-tagging efficiency gain at same 

light jet rejection level wrt current 

analysis 

18
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
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More active area for less material

ATLAS Inner Tracker Science Coffee 20
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https://cds.cern.ch/record/2257755?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/


Inner Tracker design & construction
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Inner Tracker layout

ATLAS Inner Tracker Science Coffee 22
📷  https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/ 

Pixels
Strips Today’s Talks

●Daniele: Module loading procedures and QC steps 
therein (some foreseen, some already in place)

●Hannah: Loaded local supports: Design verification and 
QA results already done and what is still required before 
FDR

○Thermal performance was discussed earlier, not 
going into detail there

●Myself/Bernd: Highlight “other items on our list”
○Intro on what we are trying to deliver
○Specifications overview
○Brief outline of machinery
○Towards FDR
○Shipping
○AoB3

stave

module
peta

l

module

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
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Strips local supports: Staves and petals

ATLAS Inner Tracker Science Coffee 23

Smallest fully independent structure: Mechanical support, data handling, powering, cooling 

392 staves (Barrel local support)

384 petals (Endcap local support)
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Mechanical stability, cooling, data handling, power

24

Me escorting a stave from Yale to 
BNL, 2017

ATLAS Inner Tracker Science Coffee

TI TUBES

CONNECTOR TO GLOBAL STRUCTURE

CO-CURED KAPTON/CARBON FIBER
DATA & POWER LINES

Loaded stave prototype, courtesy of BNL



Modules
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Modules: Sensor + electronics 

ATLAS Inner Tracker Science Coffee 26

Short strip barrel module, 2021 Exploded view

📷  Barrel photo: J. Steentoft ICHEP 2022; Exploded view, fig. 58: https://cds.cern.ch/record/2257755

http://www.apple.com/uk
https://cds.cern.ch/record/2257755?ln=en
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Silicon sensor: Heart of a module 
8 geometries in ITk Strips
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S. Diéz, ICHEP2022

https://agenda.infn.it/event/28874/contributions/169081/attachments/93862/128226/ATLAS-ITk-Strips.pdf
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Aside: pn-junction
Definition

ATLAS Inner Tracker Science Coffee 28

n-typep-type

Lots of free holes Lots of free electrons
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p-type

Too many holes on this side

pn-junction
Bring p-type & n-type into contact

★ Concentration( Holes ) and Concentration( Electrons ) must be constant throughout material 

→ Diffusion gradients across material! 

ATLAS Inner Tracker Science Coffee 29

Junction
n-type

Too many electrons on this 
side
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p-type

Holes migrate to n-type

pn-junction
Charge carriers drift

★ Holes & electrons move towards junction to balance material 


• But they are charged themselves! 

ATLAS Inner Tracker Science Coffee 30

n-type

Electrons migrate to p-type

Junction
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Leaving 
behind 
fixed - 

charges! 

p-type

Holes migrate to n-type

pn-junction
Establishing an electric field

★ Fixed charges “left on home node” → build an electric field across junction


• Eventually, E-field large enough → 🛑  stops further migration 

ATLAS Inner Tracker Science Coffee 31

Leaving 
behind 
fixed + 

charges! 

n-type

Electrons migrate to p-type

Junction

E-field
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Leaving 
behind 
fixed - 

charges! 

p-type

Holes migrate to n-type

pn-junction
Built-in electrical potential established across the depletion region, VD

★ Depletion region = zone covered by E-field, an insulator preventing hole/electron diffusion


• No more free carriers → depleted 

ATLAS Inner Tracker Science Coffee 32

Leaving 
behind 
fixed + 

charges! 

n-type

Electrons migrate to p-type

No more free 
carriers!

Depletion region

Few microns across

E-field

VD in silicon ~0.7 V 
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pn-junction
Diodes

ATLAS Inner Tracker Science Coffee 33

Anode Cathode

p-type n-type

Vbias > VD


EExt cancels EInt

Depletion zone shrinks


→ current flow

- +

Direction current flows through diode

Flip polarity of Vbias


EExt reinforces EInt

Depletion zone grows

→ current blocked

+ -

Direction current blocked through diode

❌

Depletion region
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Silicon sensor: Heart of a module
Each silicon strip or pixel ~ diode, albeit reverse-biased → fully depleted  

★ Operation 


• Charged particle transversing detector 

produces electron/hole pairs in bulk Si 


‣ Vbias = 300 V, rising to 550 V at end of 

life


• Holes drift towards applied E-field 


‣ Signal on strips! 


★ n+-in-p type float zone strip sensors manufactured 

by HPK 


• Faster, more radiation-hard wrt p-in-n


• Good signal, even when not fully depleted

ATLAS Inner Tracker Science Coffee 34
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S. Diéz, ICHEP2022

https://agenda.infn.it/event/28874/contributions/169081/attachments/93862/128226/ATLAS-ITk-Strips.pdf
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Readout electronics: Brain of a module

ATLAS Inner Tracker Science Coffee 35

S. Diéz, ICHEP2022

HYBRID HYBRID

POWERBOARD

https://agenda.infn.it/event/28874/contributions/169081/attachments/93862/128226/ATLAS-ITk-Strips.pdf
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Readout electronics: Brain of a module
Common chipset across all module flavours • 130-nm CMOS chipset

ATLAS Inner Tracker Science Coffee 36

FRONT-END 


WIREBONDS

FRONT-END: 


ATLAS BINARY CHIP (ABCSTAR)

HYBRID CONTROLLER 


CHIP (HCC)


DIGITAL INTERFACE

AUTONOMOUS MONITORING


& CONTROL CHIP (AMAC)

DC-DC CONVERTER

S. Diéz, ICHEP2022

https://agenda.infn.it/event/28874/contributions/169081/attachments/93862/128226/ATLAS-ITk-Strips.pdf
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Schematic: Module readout electronics 

ATLAS Inner Tracker Science Coffee 37

AMAC handles 
monitoring, interlock 

AMAC can also collect 
an IV → in-situ 
electronics 
characterisation 

AMPLIFIER → TRIGGER → DECISION SENT TO HCC
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~25 module assembly sites

Quality control 

★ Subdivided into 6 clusters


★ Partflow across 4 continents 

38

LUND STUDENTS DEVELOPING TESTS


XU XIANGU, MODULE METROLOGY 


ERIK WALLIN & STEN ÅSTRAND, MODULE THERMAL 

CYCLING & ELECTRICAL CHARACTERISATION 

S. Diéz, ICHEP2022

https://agenda.infn.it/event/28874/contributions/169081/attachments/93862/128226/ATLAS-ITk-Strips.pdf
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Importance of quality control 

Example: 10 976 barrel modules + 6 912 endcap modules → all need to work the same and work together!

Goal: Consistent, understood, stable behaviour across full detector in operations


Method: Ensure every single component built to specifications + process controls, 

including storage & shipping


In practice, design quality control tests across 4 major areas, considering that stress over 

time may change performance as well:

ATLAS Inner Tracker Science Coffee 39

Geometrical

Electrical

Mechanical

System
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Example: Module thermal cycling 
Modules experience changing temperatures when warming up or cooling down ATLAS
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ATLAS Inner Tracker
Key takeaways 

★ Tracking upgrade for High-Luminosity LHC 


• Entering operation by end of decade 


★ Si + gas tracking detectors → Si only 


• Significant gain in radiation hardness, coping with occupancy 


★ Lund thermal cycling new Si strip tracking detectors in basement of Astronomi Huset 


• Pre-production in progress 


• Production starts in ~year for modules! 
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📷  Modified from https://cds.cern.ch/record/2654110 

102 institutes across 21 countries
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AUSTRALIA   CANADA   CHINA


COLOMBIA   CZECH REPUBLIC


DENMARK   FRANCE   GERMANY


ITALY   JAPAN   NETHERLANDS 

NORWAY   POLAND   RUSSIA


SLOVENIA   SOUTH AFRICA


SPAIN   SWEDEN   SWITZERLAND


UNITED KINGDOM


UNITED STATES OF AMERICA


ITK PIXELS: 


61 INSTITUTES IN 12 COUNTRIES


ITK STRIPS: 


56 INSTITUTES IN 14 COUNTRIES 

hannah.herde@hep.lu.se • https://hherde.web.cern.ch/ 

https://cds.cern.ch/record/2654110?ln=en
mailto:hannah.herde@hep.lu.se
https://hherde.web.cern.ch/hherde/


Additional material
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Components of ITk Strips
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📷  https://cds.cern.ch/record/2257755

https://cds.cern.ch/record/2257755?ln=en
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ITk material budget

ATLAS Inner Tracker Science Coffee 45

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
η 

0

0.5

1

1.5

2

2.5

3

3.5] 0
 R

ad
ia

tio
n 

Le
ng

th
s 

[X Moderator
PP1 and enclosure
Dry Nitrogen
Strip services and cooling
Strip supports
Strip modules
Pixel services and cooling
Pixel supports
Pixel modules
Beam pipe and IPT

ATLAS
Simulation

Preliminary

ITk Layout : 23-00-03

Radiation lengths

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
η 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

10
Λ Moderator

PP1 and enclosure
Strip services and cooling
Strip supports
Strip modules
Pixel services and cooling
Pixel supports
Pixel modules
Beam pipe and IPT

ATLAS
Simulation

Preliminary

ITk Layout : 23-00-03

Nuclear interaction lengths

📷  Figures 4 & 5, https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/ 
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Muon tracking efficiency (without pileup)  
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📷  https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/ 
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Tracking efficiency for different particle species 
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ITk track reconstruction reliable over wide <µ> 

ITk keeps up the pace! 

★ Current detector → non-linear # of 

reconstructed tracks 


★ ITk behaviour remains linear with # of 

interactions 


• Additional tracks in blue due to 

increased forward acceptance 
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📷  https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
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Strips system ASICs
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 J. Keller     27.09.2018

ASICs: overview

7

• Prototype star chips and AMACv2a in fabrication, wafers expected 
at CERN end of October

• First un-probed chips for functional tests expected end of November

• Probed chips for modules available in March 2019

• Lot of progress with development of readout systems for Stachip

• Readout for AMAC exists. Testing of AMACv2 ongoing (next slide)

• Hardware

• ABCStar probe card and SCB ready for order

• HCCStar SCB almost ready, probe card design in progress

• FMC card ready for order

• Firmware exists for downlink and uplink not yet tested 
in HW

• Work to start on new hardware interfaces and test 
vectors

• Software

• In progress

Overview
• Autonomous Monitor and Control ASIC, version 2

x Low voltage and high voltage control for ITk strips modules

• Chip submission November 2017
x Long delay from MOSIS/foundry

• Bringup week at Penn (23 – 27 July 2018)
x Penn and LBNL

• Continuing verification
x Feeds into AMACv2(b) design
x Documentation being generated

2[photo: T. Heim]

ABCStar single chip PCB AMACv2HCCStar single chip PCB

256 channel readout Full hybrid readout Low & high voltage control
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Module layouts in Endcap
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