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B Proton-proton and heavy-ion collisions at the highest 2 %
energies (so far: 13 TeV center-of-mass energy in pp) . -
B Four large experiments: ATLAS, CMS, LHCb, ALICE
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The Standard Model

@ Description of fundamental particles
and forces in Nature in the
standard model of particle physics:

@ Matter is made of twelve fundamental
building blocks (spin-1/2): and
(and their antiparticles)

® Four fundamental forces,
mediated by (spin-1)

o (spin-0): responsible for
masses of quarks, leptons, and force carriers

@ Very successful theory, based on relativistic
quantum field theory and symmetry principles
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https://www.symmetrymagazine.org/standard-model/
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Higgs Boson: Discovery & Properties

35.9-137 fb' (13 TeV)
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Image credit: CERN-PHOTO-201902-024-4.
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The discovery of the Higgs particle
— especially with nothing else
accompanying it so far — is unlike
anything we have seen in any state
of nature, and is profoundly “new
physics” in this sense. [...] While
we continue to scratch our heads
as theorists, the most important
path forward for experimentalists is

completely clear: measure the hell
out of these crazy phenomena!

N. Arkani-Hamed,
CERN Courier, March 2019
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The CMS Stairway to Heaven

June 2021 CMS Preliminar
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All results at: http://cern.ch/go/pN;j7
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

Achieved by CMS on June 18, 2020
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..and more than 1000 doctoral researchers
finished their theses on LHC topics in Germany
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LARGE HADRON COLLIDER T

LHC HL-LHC

What’s Next?

LS1 EYETS LS2 LS3

13 TeV 13-14 TeV 14 TeV
splice consolidation cryolimit LIU Installation HL-LH _ _
7 TeV 8 TeV button collimators interaction C 5 to 7.5 x nominal Lumi
R2E project reglons 11 T dipole coll. installation

Civil Eng. P1-P5

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 qﬁllw

ATLAS - CMS radlatlon
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes : . : : HL upgrade
nominal Lumi 2 x nominal Lum|4I ALICE - LHCb | 2 x nominal Lumi

75"}0minal Lumi | I/_ upgrade
LHC long-term schedule in short:
B Next year LHC Run 3 _ dataset doubled STALLATION & comm.||||  pHYsics

B From 2027 HL_LHC — h|gh_|um|n03|ty phase ect-hl-lhc-industry.web.cern.ch/content/project-schedule
— at least 10x the data of LHC Runs 1-3
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https://project-hl-lhc-industry.web.cern.ch/content/project-schedule

What About the Detectors?

B Very high readout rates:
40 MHz collision rate,
1000s of particles per event

B Harsh radiation environment:
ilonizing dose above 1 MGy, non-
lonizing fluence above 10715 neg/cm?

B Prime challenge: keep the LHC
detectors alive and up to date
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Outline of this Colloquium SKIT

LABORATOIRE EUROPEEN POUR LA PHYSIQUE DES PARTICULES CERN/LHCC 94-38
LHCC/P1
CERN EUROPEAN LABORATORY FOR PARTICLE PHYSICS 15 December 1994
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The Compact Muon Solenoid

ramaron US OUSY:
Upgrades
for HL-LHC BRI How we
prepare for

THE 2021 ECFA DETECTOR
RESEARCH AND DEVELOPMENT ROADMAP

The European Committee for Future Accelerators
Detector R&D Roadmap Process Group

the future

European Strategy,
Update for Future Accelerators
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Outline of this Colloquium SKIT

LABORATOIRE EUROPEEN POUR LA PHYSIQUE DES PARTICULES ~CERN/LHCC 94-38
LHCC/P1
CERN EUROPEAN LABORATORY FOR PARTICLE PHYSICS 15 December 1994
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CMS

The Compact Muon Solenoid

Technical Proposal
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LHC (Pre-)History
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50 years ZEN A
of Hadron Colliders
at CERN

14" October 2021
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%72 HL-LHC and beyond: Fabiola Gianotti

\ \\\ Basem Khanj

Entry to the main auditorium requires a valid COVID
# certificate.

https://indico.cern.ch/event/1068633/
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B 1976: first ideas for the Large Electron-
Positron (LEP) collider at CERN
— use tunnel for hadron collider later

® 1984: LHC discussed at workshops of
European and International Committees
for Future Accelerators (ECFA, ICFA)

| 1990-1992: LHC workshops in Aachen
and Evian — formation of experimental
collaborations

@ 1994: LHC approved by CERN Council
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https://indico.cern.ch/event/1068633/

CMS History

CMS DETECTOR
: 14,000 tonnes

STEEL RETURN YOKE
Total weight
Overall diameter :

SILICON TRACKERS
Pixel (100x150 ym?) ~1.9 m?* ~124M channels
Overall length Microstrips (80-180 ym) ~200 m* ~9.6M channels

Magnetic field
SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

2€0220 (¥10Z) €16 78S U0 7SAUd T #7102 uo psesegd
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October 1992:
Letter of Intent

December 1994
Technical Proposal

Intense research and
development phase
— Technical Design
Reports for all
subsystems

2008: first beam
— Run 1: 2010-2012
— Run 2: 2015-2018

Ulrich Husemann


http://iopscience.iop.org/article/10.1088/1742-6596/513/2/022032/meta

2017: Pixel Detector Upgrade A\KIT

@ New silicon pixel detector to keep up with LHC performance in Run 2:

— more layers, smaller inner radius, improved mechanics/cooling/powering
— new digital readout

BPIX FPIX
L4 n=0 n=0.5 n=1.0

r=160mm // // Pseudorapidity:
Phase-1 r=109mm L3 , : n=—In tan(9/2)
upgrade L2 / / / with 8 polar angle

r=29mm L1 ‘ //

7 50.0 cm #

r=44mm
Original ~ =/3mm

r=102mm

JINST 16 (2021) P02027
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https://iopscience.iop.org/article/10.1088/1748-0221/16/02/P02027

Pixel Module on Handle

»

oy v sy e e e s et v v v

- T - - T " - -

Ul
: ! S 1
voil | = e lhu,o,&H 1 g
:

AT

Karlsruhe Institute of Technology

15 Physikalisches Kolloguium Universitat Siegen

Ulrich Husemann



Pixel Module Assembly at KIT

femto

Signal/Power Cable

o
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Token Bit
Manager (TBM)
High-Density
Interconnect
(HDI)

B\ [

Silicon Sensor

= N

16 Readout Chips | L | . |
RS g Vacuum

Base Strips
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Bare module probing @

J

Microscope with
Camera

Digital Test
Board

vV

4-Axes Motor ===
Stage ) Anti-vibrational
Table

Module assembly clean room Microscope/
- ’i«" ol |

Camera
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Outline of this Colloquium

LABORATOIRE EUROPEEN POUR LA PHYSIQUE DES PARTICULES CERN/LHCC 94-38
LHCC/P1
CERN EUROPEAN LABORATORY FOR PARTICLE PHYSICS 15 December 1994
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The Compact Muon Solenoid

Technical Proposal u S b u Sy :
Upgrades Eu =8
for HL-LHC ™55

Technical Design Report
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CMS at HL-LHC ST

@ HL-LHC challenge for tracking detectors: 5x higher rates, 10x more data

@ Goal: comparable performance in much more difficult environment
@ Fast and (even more) radiation-hard detectors
@ Tracking up to pseudorapidities of n = ¥4 (was n = £2.5 before)
@ Level-1 (hardware) triggering based on tracking information
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EIZOO‘ / / / / / _ _— 1.6
= Outer Tracker O
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800 | | —20 'E
600 I | | . —22 3
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https://cds.cern.ch/record/2272264
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HL-LHC Radiation Environment

Point Defects in a Silicon Lattice

_ . O—0O—C0O—C0O——0
@ Proton-proton collisions: primary hadrons S S O O
(mainly pions), secondary particles from non S aom g% interstitial &
Interactions Iin detector and backscattering v PRPTTOQ 2
S O—O0—0 O vacancy 2
@ Effects on silicon sensors and electronics: § ¢ O 909 :
_ £ 0 000 5
@ |onization: fully reversible in sensor bulk, 7 J NNE) N N -
but surface damage O~ © di-vacancy ¥
® Non-ionizing energy loss (NIEL): crystal lattice U117 :
damage in detector bulk (point and cluster defects) €. [ . [ [ [ E
— time and temperature dependent ("annealing”) §§ SRSt ‘;j
B Consequence: changes in electronic properties S T 7T 2
— increased noise and heat, reduced signal -0 L L ol L .
O—0O—C0O—C0—-—0
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The Case for L1 Track Triggering

arbitrary units

20

. CMS Simulation, \s = 8 TeV PU = 140, 14 TeV
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v

Muon trigger P threshold [GeV]

Relatively low transverse momenta remain relevant (e.g. Higgs physics)
More sensitive level-1 trigger required to control trigger rate — track trigger
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https://cds.cern.ch/record/2020886
https://link.springer.com/article/10.1007%2FJHEP06%282013%29081
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B Step 2: FPGA-

Track Triggering A“(IT

Upper Sensor

@ Step 1: transverse R
momentum (pr) 100 pm
' : 2—4 mm Pass Fail
filtering on detector |
module level
— PT modules Lower Sensor

based fast
electronics to

_ Outer Level-1
prOV|de tracks for Tracker _ Trigger
Level-1 trigger f* ”m .

-sf g

Physikalisches Kolloguium Universitat Siegen Ulrich Husemann



22

AT

Karlsruhe Institute of Technology

pt Modules

@ Outer part of Outer Tracker: 2S modules — two silicon strip sensors

Frontend Hybrid
(CBC and CIC chips)

Service Hybrid
(power and data
transmission)

Updated from CERN-LHCC-2017-009

Physikalisches Kolloquium Universitat Siegen Ulrich Husemann


https://cds.cern.ch/record/2272264

2S5 Module Assembly at KIT A“(IT

1. Glue polyimide HV isolation and 2. Wire-bond and 3. Glue sensors
attach HV tails on sensor backside encapsulate HV tails on Al-CF brides )
<
< '
A\
& &
O_ Check dicing /" . <7
precision (metrology) |
O_ Optical inspection O HV test backside isolation O_Module metrology

O_ Sensor I(V)

6. Encapsulate wire-bonds 5. Place ~4000 wire-bonds

4. Glue readout and
service hybrids on
bare module

| O_ Optical inspection
O_Module test O_Module test O (HVILV test) S. Maier
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Probe Station & Clean Room AIT

Karlsruhe Institute of Technology
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Example: Module Metrology Station A\KIT

o pt selection functionalities relies on perfectly
A parallel sensors (at most 40 pym tilt on 10 cm strips)
— measure relative coordinates of sensors in

custom metrology station
!Microscope

i 1. Distance Sensor
I mask — Dicing Edge

Bridge ge&\ed‘oﬂ

Laser

Top strip to bottom
strip alignment S. Maier
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Karlsruhe Institute of Technology

2S Prototype Module on Carrier AT
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Beam Tests

@ Test of prototype detectors in particle beams,

e.g. at DESY (5-6 GeV e*, beam hodoscope)
— spatial resolution, detailed efficiency,

TESTBEAM

:.'____' ¥ \ WY 1T L ,,
! N d . e ey /2
S SPY g = ‘.,‘f'""
"‘E } ) &
) ) A ‘ %
B\ g, 3

Colllmator ;
"""" iy WS |-
} ”"l'hlvf f‘g ‘,:I '};ﬁ . Y . (¥R n R L !
1 SR iy o
\;4 Ry AN N\ A Ty

https://particle-physics.desy.de/test beams_at_desy/beam_generation/index_ger.html
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https://particle-physics.desy.de/test_beams_at_desy/beam_generation/index_ger.html
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Beam Tests: Results

noise occupancy

L.
-
—

Karlsruhe Institute of Technology

threshold (e™) threshold (e™)
0 5,000 10,000 20,000 30,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
% | _________________________—————————"1(_):?: | | | | | | |
10~y 11
3 |
10—2 K T 10.8 % > -4 _AA 11 2>
g ) % % 10 A , N ——a— . | - qg)
04| 4 06 € = N [
il O 51 448 A -1 0.98
» % - § g 10 N A §
107 N \?\4 E é " 1007 T
LA 10-6| " Modules can still be operated
10 p 10.2 . . .
" : with >99% efficiency at a noise
050 10 150 200 " 53 occupancy of 10-6 at the end of
threshold (Vorn) HL-LHC data taklng

Cluster efficiency:

—#— O = Oneq/cm?, U =300V —0—P=46x10"n,/cm? U =600V ——& =4.6x10""ne,/cm? U =800V
Noise occupancy:

A P =0ne/cm? U=300V 4 &=46x10"n,/cm? U =600V R. Koppenhéfer
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CMS Tracker @ HL-LHC: Outlook

® Where do we stand at the end of 20217

@ Silicon sensors: excellent quality
INn pre-series production
(5% of all sensors)
— moving to sensor production

@ Detector modules: very advanced
prototypes, all tooling and test stands in
place, final optimizations upcoming
— ready for pre-series in 2022

@ Module production at KIT: -
about 2000 25 modules in 2023/2024
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Outline of this Colloquium SKIT
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Upgrades
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THE 2021 ECFA DETECTOR
RESEARCH AND DEVELOPMENT ROADMAP

The European Committee for Future Accelerators
Detector R&D Roadmap Process Group

the future

European Strategy,
Update for Future Accelerators
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L.

R&D for Future Projects (IT

20

Technology innovation - incremental continuous process §

Q
Demonstrate g M
® Qo 8

Q : : : : : :

8 Englneer devices for appllcatlons/productlon - continuous process & =
7 S Q
fg’ Technical Design Review = Choice of technologies for experiment -8— %
8 Demonstrators Prototypes ci 93
Engineer Systems Engineering 5
Design Review 8_
Q
Production Upgrades %’
e,
&
Physics S
N
=
5 + S years 5 years 15 + 15 years ©

1990 LHC DRDC LHCC first beams - HL-LHC R&D white paper 2008 2026 HL-LHC first beams

@ LHC and HL-LHC: typical R&D time scales of 10 years

@ How should the particle physics community organize targeted R&D programs in
many universities and research centers in the future?
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https://indico.cern.ch/event/808335/timetable/
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How to Organize Targeted R&D? (IT

70 - 20 — 1 O @ Strike good balance:

B Current colliders
;%- AND ALSO THE CLIENTS, 5

@ Future colliders
@ Blue-sky R&D

MAKE SURE YOU - g] ALLI
cooRpNaTe Wity Ff TREACCONTRCCS (o) wemo iers
THE BRAND MANAGER |¢& » 5] WAS MEET C d - t I I .
AND THE CATEGORY |2] STRATEGIC PLANNING, 8| “GIVE AGAIN . oordinate weill.

MANAGER.

8| FACILITIES MANAGE- [£] yp~ IN A
5 MENT, PRODUCT :
£| MANAGERS, MARKETING, |2
: AND LT. g

pool resources, stay
focused, avoid duplication

@ Detector builders are
humans: think of
recruitment, training,
recognition, careers
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How to Organize Targeted R&D?

® Several successful R&D models in
particle physics community:

@ CERN RD programs, e.g. RD30
(radiation hard semiconductor devices)

@ Collaborations to develop technologies
for future colliders, e.g. CALICE
(highly granular calorimetry for energy-
frontier electron-positron colliders)

@ European programs, e.g. EUDET
— AIDA — AIDA2020 — AIDAInnova

@ Partnerships with industry

InNNnova
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European Strategy for Particle Physics A“(IT

@ European particle physics community
updated its strategy in 2020

@ Highest priorities:
® Full exploitation of LHC and HL-LHC
@ Next collider: electron-positron "Higgs factory”

® Document stresses importance of innovations
In accelerators and instrumentation:

“The community should define a global detector
R&D roadmap that should be used to support
proposals at the European and national levels.”

usadAbajeljsueadoinag//-sdny
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Karlsruhe Institute of Technology

ECFA Detector Roadmap

DETECTOR RESEARCH AND DEVELOPMENT THEMES (DRDTs) &
DETECTOR COMMUNITY THEMES (DCTs) 2030 20 2020
30- 2035-  2040-

2030- 2035- 2040- <2030 > 2045

<2030 2035 2080 2045 2045 2035 2040 2045

DRDT 5.1 Promote the development of advanced quantum sensing technologies

DRDT 1.1 Improve time a.n.d spatial resolution for gaseous detectors with e@e———ee——) DRDT5.2 Investigate and adapt state-of-the-art developments in quantum
long-term stability technologies to particle physics
DRDT 1.2 Achieve tracking in gaseous detectors with dE/dx and dN/dx capability =~ see@e———e—— DRDTS5.3 Establish the necessary frameworks and mechanisms to allow
in large volumes with very low material budget and different read-out exploration of emerging technologies
schemes _ DRDT 5.4 Develop and provide advanced enabling capabilities and infrastructure
DRDT 1.3 Develop environmentally friendly gaseous detectors for very large e e O ——)
areas with high-rate capability DRDT 6.1 Develop radiation-hard calorimeters with enhanced electromagnetic

_——a - - anarvr anA timinA racnlitinn

DRDT 3.1 Achieve full integration of sensing and microelectronics in monolithic = =————@—————g—————g———0)
CMOS pixel sensors

DRDT 3.2 Develop solid state sensors with 4D-capabilities for tracking and = )

calorimetry

DRDT 3.3 Extend capabilities of solid state sensors to operate at extreme —_—{—)

fluences

DRDT 3.4 Develop full 3D-interconnection technologies for solid state devices — =———@e——————————————r)

In particle phvysics

DRDT4.1 Enhance the timing resolution and spectral range of photon ———— e — Interfaces.
PID and detectors DRDT 8.4 Adapt and advance state-of-the-art systems in monitoring
DRDT 4.3 Develop RICH and imaging detectors with low mass and high ——— - DCT1  Establish and maintain a European coordinated programme for training in —
resolution timing Training instrumentation
DRDT 4.4 Develop compact high performance time-of-flight detectors ————— DCT 2 Develop a master’s degree programme in instrumentation —

https://indico.cern.ch/event/957057/page/23281-the-roadmap-document
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https://indico.cern.ch/event/957057/page/23281-the-roadmap-document

Summary AT

Karlsruhe Institute of Technology

B Collider-based particle physics
experiments: truly long-term projects

B Experiments require focused
10-year R&D programs

B Pushing the boundaries in
instrumentation for future projects
remains a strong focus of particle physics

https://pearljam.com/music/album/alive
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