Detectors for
Particle Physics

Future Projects, Requirements, R&D
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Open Questions in Particle Physics
In 2025
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What is the structure of the vacuum?
The Higgs potential.

@ .Regular Matter
. , Dark Matter *
What is the energy content of the universe? Dark Energy

Dark matter and dark energy.

Why Is there so much more matter than
antimatter in the universe?

Violation of the charge-parity (CP) symmetry.

VSDO/VSI/VSVYN :Hpato sbew|



https://science.nasa.gov/missions/webb/nasas-webb-reveals-distorted-galaxy-forming-cosmic-question-mark/

Particle Physics - a Tool-Driven Scientific Field

(See e.g. Galison: Image and Logic)

Unraveling the physics of elementary particles and their
iInteractions: sophisticated tools required
— particle detectors, electronics and software/Al

Basic detection task (seemingly) simple:

collect full information of all final state particles

A more detailed look reveals:

= \Wide variety of technology requirements

= Very different time scales and technological maturity
= Widely varying cost and technology dependencies

= Very different availability of skilled people and funding
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Outline of the Presentation
Task and Guiding Questions

Task at hand: make sure we have the right tools at the
right time to answer open physics questions
(and possibly questions we have not yet thought about)

Guiding questions:
= \Which future projects drive instrumentation development?
= \WWhich technologies are required on which timescale?

= Who will work on instrumentation?

Detector physics is also physics!

Technology Readiness
Levels (TRLSs)
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Calorimetry: Charged Particle

' Muon Detection:
Collider Detectors Today [udsneet
Example: CMS Experiment

Energy Tracking:

Momentum
CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SEICON TRACKERS
Overall diameter : 15.0 m Pjiel (100x150 pm?) ~1.9 m?* ~124M channels
Overall length :28.7 m crostrips (80-180 pm) ~200 m?* ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOA>

Niobium titanium coil carrying ~18,000

R 0

.
o

MUON CHAMBER®¥
Barrel: 250 Drift TubeM80 Resistive Plate Chambers
4 Endcaps: 540 Cathod@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)

b Brass + Plastic scintillator ~7,000 channels

Image credit: CERN

Based on 2014 J. Phys.: Conf. Ser. 513 (2014) 022032
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http://iopscience.iop.org/article/10.1088/1742-6596/513/2/022032/meta

Fro m R & D to L ar ge D ete Cto rs Bl i (501 010/ o PLYSICAL JOURNAL C
Ty p | ca I Deve I 0 p ment CyCI es: 2 O — 3 O Yea IS Physics potential and experimental challenges

of the LHC luminosity upgrade

Conveners: F. Gianotti', M.L. Mangano?, T. Virdee!3
Contributors: S. Abdullin*, G. Azuelos®, A. Ball', D. Barberis®, A. Belyaev”, P. Bloch!, M. Bosman®, L. Casagrande’,
D. Cavalli, P. Chumney'?, S. Cittolin', S.Dasu'®, A. De Roeck!, N. Ellis!, P. Farthouat®, D. Fournier'!, J.-B. Hansen!,

. I. Hinchliffe'?, M. Hohlfeld'®, M. Huhtinen®', K. Jakobs'3, C. Joram', F. Mazzucato'*, G.Mikenberg!'®, A. Miagkov'6,
E Xxam I e P h ase-2 U ra d es O th e A | L A an d M d ete Cto rs M. Morettil”. 5. Moret 215, 1. Niinikoskil. 4. Nikitonko!, & Nisatil?. F. Paige. §. Palostinil. .G, Papadopoaloc?!
. F. Piccinini®*, R. Pittau®?, G. Polesello®®, E. Richter-Was?*, P. Sharp', S.R. Slabospitsky'®, W.H. Smith'?,

S. Stapnes?®, G. Tonelli?6, E. Tsesmelis', Z. Usubov?":28, L. Vacavant'?, J. van der Bij??, A. Watson®?, M. Wielers®!

for the high-luminosity phase of the LHC (HL-LHC) - —

| e ," ’
| A >

YATLAS

EXP(R.IiE_NI

Letters of Intent/

Technical Production &
Proposals Commissioning

.
~
b P Y -
— o £ = o = B
. e b o DR R FET = —3 2
L =,
’ al A e . L = 3
¢ ’ 1 EEEST——
y - - ] 3 o - -
. 2

| CMS Upgrade Week 2074

First ideas and Technical
workshops Design Reports

Early 2000s 2012-2015 201/-2021 2022-2030

Smaller-scale experiments: shorter development cycles, more agile

The world is changing fast around us new, e.g. materials science, quantum technologies, Al
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A Simplified Timeline
Proposed Key Collider Projects

= Era 1: ALICE 3, LHCDb Upgrade Il, Belle I, ePIC

ALICE 3 Outer Tracker = ALICE 3 Be"e " |
(HL'LHC) Inner Tracker (SuperKEKB) ‘

TOF

FD

RICH
ECal
Magnet

Absorber

Belle I

Muon identification
FCT

. . Imaging Barrel Electron Direction 1.7T Superconducting Solenoid
Side View EM Calorimeter Tracking |

M
LHCb U2 .
TORCH PicoCal

Magnet Stations

Forward Calorimetry
\\ = (EM and Hadronic)

Backward

HL-LHC Tracker (B
- Tracker Calorimetry _
RICHI 1T <
UP _ Dual-radiator RICH
—1
% High-performance
DIRC
© Endcap
Electromagnetic
é """ Calorimeter
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https://www.bnl.gov/eic/epic.php

A Simplified Timeline
Proposed Key Collider Projects

= Era 1: ALICE 3, LHCb Upgrade Il, Belle Il, ePIC
= Era 2: Higgs/Electroweak/Top (HET) factory

First ECFA WORKSHOP SECOND* EC FA* WORKSHOP 3" ECFA workshop on e'e:

on e*e- Higgs / Electroweak / Top Factories on e'e Higgs / Electroweak /Top Factories Higgs, Top & ElectroWeak Factories
5-7 October 2022, DESY / Hamburg

11-13 October 2023
Paestum / Salerno / Italy

N

: HET Factory

Topics:

® Physics potential of future Higgs and electroweak/top factories
® Required precision (experimental and theoretical)

® EFT (global) interpretation of Higgs factory measurements

e Reconstruction and simulation

e Software

® Detector R&D

The European Committee for Future Accelerators (ECFA)
organises a series of workshops on physics studies,

experiment design and detector technologies towards a
future electron-positron Higgs/electroweak/Top factory.

/

Topics: ~
- Physics potential of future Higgs The aim is to bring together the efforts of various e’e’ I
and electroweak/top factories - . : —
PR el § ‘. projects, to share challenges and expertise, to explore
Required precision (experimental “The European Committee for Future Accelerators (ECFA) organisesa synergies, and to respond coherently to this high=priority /
and theoretical) series of workshops on physics studies, experiment design and . : . b
EFT (global) interpretation of detector technologies towards a future electron-positron item of the European Strategy for Particle Physics
v g P Higgs/Electroweak/Top factory.
Higgs factory measurements _
 Reconstruction and simulation ‘The aim is to bring together the efforts of various e’e- projects, to
V& o share challenges and expertise, to explore synergies, and to respond e o
Sqﬂmm . coherently to this high-priority item of the European Strategy for — " -
- DetectorR&D Particle Physics : '
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Detector Concepts for a Higgs/EW/Top Factory
Example: IDEA - Dual Readout Calorimetry for the FCC-ee

Muon System Solenoid Dual-readout Fiber HCAL Dual-readout Crystal ECAL Drift Chamber Silicon Wrapper

https://arxiv.org/pdf/2502.21223

Beampipe LumiCal Endplate Absorber Vertex Detector

SKIT


https://arxiv.org/pdf/2502.21223

A Simplified Timeline
Proposed Key Collider Projects

= Era 1: ALICE 3, LHCb Upgrade Il, Belle Il, ePIC
» Era 2: Higgs/Electroweak/Top (HET) factory

= Era 3: Beyond — 10 TeV partonic center-of-mass energy
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Strategic R&D: Detector R&D Collaborations (DRDs)

+ close collaboration and efforts in the US, Japan, and China

DRD1: Gaseous Detectors

Large - Fast - eco-friendly
gases - MPGD, e.g. GEMs
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DRD3: Semiconductor Det.
Monolithic CMOS - LGAD:s -
radiation hardness - interconns.

DRDG6: Calorimetry

Energy resolution - High
granularity - dual readout -
particle flow - sandwich - optical

Homogeneous EM Sampling EM RADICAL Sampling EM/HM
HGCCAL o = . DRCAL
-~ =
LT g
___TicaL

CRILIN

_Cryogenic calo

| L demecior wery =-ud | -

o0

DRD7: Electronics

ADC/TDC IP Blocks - Opto-
electronics - packaging - power -
extreme environments - COTS -
intelligence on detector - foundry

a Cces S @ Si-Fiber couplers
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DRD2: Liquid Detectors
for Neutrinos - Dark Matter
- Ovbb

Noble Elements Liquid Scintillators || Water Cherenkov

» Argon & Xenon « Visible Scintillation, e Cherenkov light,

e lonisation charge light propagation light propagation

& transport « Scintillator properties « Doping for n-capture

» VUV Scintillation, light e Isotope loading

propagation & detection

' ‘

DRD4: Photon detectors
vacuum, solid-state (SiPM), hybrid

single-photon and SciFi detectors -

applications in PID, RICH, tracking

DRD5: Quantum Sensors
Quantum dots - superconduct.

nanowires - bolometers - TES -
MMC - nuclear clocks

Applications in LEPP, first
projects in HEPP happening

| Intensity
I
pa “Shower ‘ 5‘;’; )
profile z /
=

(shower profile via spectrometry)

DRDS8: Mechanics

Ultra-thin beam pipes - CF foam and
new materials - curved, retractable

sensors - air & micro-channel cooling
- eco-friendly cooling fluids - robots -

augmented reality

Jonebioeg |



Charged Particle Tracking & Vertexing
Semiconductor Detectors

Workhorse for Tracking, Vertexing, Calorimetry \ \\ Trajectory
Hit -2
AN

Physics: pn junction in doped semiconductors \
— space-charge region sensitive to ionization \

_ _ o \"- Vertex
= Pro: Large signal, fast, thin, radiation-hard, Collisio) Position-sensitive
~Industrial process, scalable

Selected semiconductor properties:

® Magnetic Field

= Con: rather expensive CMS High-Granularity Calorimeter (HGCAL)

Tracking and vertexing of charged particles:

PCB @
layers of position-sensitive detectors

Silicon Sensor

Energy measurement in calorimeters:

Polyimide foil
sensitive elements in sampling calorimeters

Baseplate

KIT



MAPS: Monolithic Active Pixel Sensors

Prime Choice for Future Vertex Detectors

Guiding idea: integrate particle detection and first signal amplification stage in a
single device — monolithic active pixel sensors (MAPS)

Most commonly used: CMOS sensors

NWELL NMOS PMOS
DIODE TRANSISTOR TRANSISTOR

= Microelectronics standard:
widely available (digital cameras, ...), L e
more affordable and more power
efficient than hybrid detectors
(sensor + separate readoutchip)

PWELL NWELL A

DEEP PWELL -

= No/small bias voltage: particle
detection in epitaxial layer (20 pm)
— diffusion to shallow depletion zone

Epitaxial Layer P- e

Example: Towerdazz 180-nm process, from J. Phys. G41 (2014) 087002

= Small signals but also small noise

SKIT


https://iopscience.iop.org/article/10.1088/0954-3899/41/8/087002

MAPS: Monolithic Active Pixel Sensors

Examples

Example: ALPIDE

= Developed for ALICE experiment at the LHC:
low power, low material, fast

= Transfer to medical applications: proton radiography,
secondary ion tracking in ion beam therapy

Example: HV-CMOS pixel detectors

= Faster (drift instead of diffusion) and more radiation hard
(high depletion voltage) than standard MAPS

= Application: new beam monitor for Heidelberg lon Beam -~
Therapy Center (HIT) < QS

https://www.mdpi.com/2410-390X/7/1
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https://ep-ese.web.cern.ch/project/alice-its
https://www.mdpi.com/2410-390X/7/1

Silicon Photomultipliers Avalanche
Workhorse for Photon Detection in Basic Science  "nhotediode

signal

Y

multiplication 1 n* doped layer

Avalanche photodiode (APD):

= Photon absorption in intrinsic layer ntrinsic layer
— electron drift into multiplication zone drift (very weakly p doped)

p doped layer

= Amplification by impact ionization,
typical gains: G = 100-1000 <

p doped layer

[E| * bias voltage -V

Silicon photomultiplier (SIPM):

= 2D array of APDs operated with voltage above breakdown voltage (“Geiger mode”)
— discharge independent of light input (single-photon avalanche diode, SPAD)

= Single SPAD: binary device, intensity = sum of photons detected in all SPAD

= Performance similar to PMT, but: very compact design, insensitive to magnetic fields,
low afterpulsing — replacement for traditional PMTs

SKIT



Instrumentation for Future Experiments
Major Challenges Ahead Quantum Sensor (MMC)

Pushing detector performance: higher
particle rates, higher resolution, lower noise,
lower power, ultra-fast timing, ...

Incorporating the latest technologies:
microelectronics, heterogeneous computing,
Al, qguantum sensing, materials science,

1092€0 (¥20¢) 21l moT1SAUd ddy

"yt . 150 I s5Fe source ) [+ == it C)
additive manufacturing, ... ‘ | i s
. . S ooy " Energy resolution:
Keeping both experienced experts and M ’m 1“ o5 ol
early-career researchers in the field: | oy,
challenging projects, attractive career paths, porsstanctuettin s’ | by
reco g N |t| on ... g e [l T L

5880 5885 5890 5895 5900 6475 6480 6485 6490 6495
energy E (eV)
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https://doi.org/10.1063/5.0180903

Instead of a Summary
Attempting to Answer Cigdem’s Charge

What is the relevance of your research within your research field?

— detector instrumentation: enabler and driver of new scientific projects

What is the relevance of your research for other fields?

— same/similar detectors in neighboring fields (astroparticle physics, nuclear
physics, ...), but often with different requirements/challenges

What theoretical/experimental input would benefit your work?

— broad range of improved (microelectronics) and novel technologies (quantum, Al)

What methods are you using or developing that could be useful for others?

— hardware & software for precision imaging & fast low-latency data processing



