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Lecture Outline

A difficult lecture to give:  
▪ Lots of material, and a moving target 

▪ No textbook or blueprint 

▪ Isn’t lecturing about structures and processes super boring? 

Three parts: 
I. Where will particle physics be in 2040? 

II. What is strategic planning and why should I care? 

III. Update of the European Strategy for Particle Physics: 
what’s going on now?
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… and some preliminary remarks

U. Husemann: Preparing for the Future

Im
ag

e 
cr

ed
it:

 A
do

be
 S

to
ck

https://stock.adobe.com/de/images/famous-fraueninsel-at-the-chiemsee-lake-bavaria/388773181?prev_url=detail


U. Husemann: Preparing for the Future

A Word of Caution

Need broad physics knowledge to understand 
today’s particle physics landscape  

In just three lectures, I will often have no choice 
but to drop names with little explanation 
→ please ask questions at any time! 

Please feel encouraged to: 
▪ Stay informed about the full field  

(don’t focus on your thesis topic too narrowly) 

▪ Talk to your fellow doctoral researchers and 
educate yourselves (peer instruction is fun  
and extremely effective)
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This Lecture May Be Information Overload!
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Part I: Where will 
particle physics be 
in 2040?
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Open Questions in Particle Physics

What is the structure of the vacuum?  
   The Higgs potential. 

What is the energy content of the universe? 
   Dark matter and dark energy. 

Why is there so much more matter than 
antimatter in the universe?  
   Violation of the charge-parity (CP) symmetry.
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In 2025
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Standard Model and Beyond

Traditional split of topics: 
▪ Electroweak physics (incl. Higgs) 

▪ Strong interactions (QCD) 

▪ Heavy flavor physics (incl. CP) 

▪ Neutrino physics (incl. CP?) 

▪ Beyond the standard model (BSM) 

▪ Dark matter (DM) and dark sector 

Many connections between these 
topics, e.g., standard model (SM) 
measurements may imply search for 
BSM physics, DM is BSM physics
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The Physics Landscape
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https://www.scientificamerican.com/article/dark-matter-hunters-may-never-find-the-universes-missing-mass/
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Addressing the Open Questions

Experiments at particle accelerators:  
▪ Big particle colliders: the LHC (since 2009/2010) 

▪ Much more diverse landscape: flavor factories (beauty 
and charm); pion, kaon and muon beams; beam dumps 

Experimental program beyond accelerators even 
more diverse: dark sector, neutrinos, rare event 
searches 

Instrumentation and computing technologies: broad 
range of experimental requirements and challenges
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The Experimental Landscape

CMS Experiment
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hys.Lett. 124 (2024) 032601
 

Quantum Sensor (MMC)

Detector physics is also physics!

https://doi.org/10.1063/5.0180903
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Where are we right now in particle physics?
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Higgs-Boson: Coupling vs. Mass

1: HL-LHC & EIC

Today

2: HET Factory

3: Beyond
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Where are we right now in particle physics?
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ADD GKK + g/q 0 e, µ, τ, γ 1 → 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ → → 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH → 2 j → 139 n = 6 1910.084479.4 TeVMth

ADD BH multijet → ≥3 j → 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ → → 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ → → 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ → → 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb → 2 b → 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ → Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ → Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb → ≥1 b, ≥1 J → 139 ATLAS-CONF-2021-0434.4 TeVW′ mass

HVT W ′ →WZ model B 0-2 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → #ν #′#′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 2207.03925340 GeVW′ mass

HVT Z ′ →WW model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146363.9 TeVZ′ mass
LRSM WR → µNR 2 µ 1 J → 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq → 2 j → 37.0 η→LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ → → 139 η→LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b → 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b → 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) → 2 j → 139 gq=0.25, gχ=1, m(χ)=10 TeV ATL-PHYS-PUB-2022-0363.8 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 → 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.0 TeVmZ′

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036800 GeVma

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 2303.012941.49 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b → 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 → 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ mix gen multi-channel ≥1 j, ≥1 b Yes 139 B(Ũ1 → tµ) = 1, Y-M coupl. ATLAS-CONF-2022-0522.0 TeVLQV
3

mass

Vector LQ 3rd gen 2 e,µ, τ ≥1 b Yes 139 B(LQV
3 → bτ) = 1, Y-M coupl. 2303.012941.96 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j → 139 SU(2) doublet 2210.154131.46 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J → 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass

VLL τ′ → Zτ/Hτ multi-channel ≥1 j Yes 139 SU(2) doublet 2303.05441898 GeVτ′ mass

Excited quark q∗ → qg → 2 j → 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j → 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg → 1 b, 1 j → 139 1910.084473.2 TeVb∗ mass
Excited lepton τ∗ 2 τ ≥2 j → 139 Λ = 4.6 TeV 2303.094444.6 TeVτ∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j → 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) → → 139 DY production 2211.075051.08 TeVH±± mass
Multi-charged particles → → → 139 DY production, |q| = 5e ATLAS-CONF-2022-0341.59 TeVmulti-charged particle mass

Magnetic monopoles → → → 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10→1 1 10

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: March 2023

ATLAS Preliminary∫
L dt = (3.6 – 139) fb→1

√
s = 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

ATL-PHYS-PUB-2023-008 

1: HL-LHC & EIC

Today

2: HET Factory

3: Beyond

Reach in mass scale (higher is better)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/
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Where will particle physics be in the 2040s?

European flagship: HL-LHC @ CERN  
→ high-luminosity upgrade of the LHC 
▪ LHC accelerator upgrades  
→ 3.5× instantaneous luminosity, 7× integrated luminosity 

▪ LHC detector upgrades: keep up with accelerator 
upgrades, introduce innovative instrumentation
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Colliders

1: HL-LHC & EIC

Today

2: HET Factory

3: Beyond
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ATLAS Phase-2 Upgrade
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Add Title

The Phase II upgrade program

7/7/25 F. Cerutti LBNL - ATLAS Highlights 21

30ps time resolution per track
Improve PU rejection in forward region

Improve trigger performance/rate: 
more physics despite more PU à L0 trigger at 1 MHz, EF 10kHz

Improve tracking performance: increased coverage, 
reduced occupancy, better track pT resolution

1% luminosity accuracy

Improve muon trigger coverage, 
electronics and performance

Full granularity data accessible at L1 
trigger, increased rate capability

ATL-UPGRADE-PUB-2025-001/The Phase II upgrade program

7/7/25 F. Cerutti LBNL - ATLAS Highlights 21

30ps time resolution per track
Improve PU rejection in forward region

Improve trigger performance/rate: 
more physics despite more PU à L0 trigger at 1 MHz, EF 10kHz

Improve tracking performance: increased coverage, 
reduced occupancy, better track pT resolution

1% luminosity accuracy

Improve muon trigger coverage, 
electronics and performance

Full granularity data accessible at L1 
trigger, increased rate capability

ATL-UPGRADE-PUB-2025-001/

F. Cerutti, EPS HEP 2025 

https://indico.in2p3.fr/event/33627/contributions/153132/attachments/93993/144091/CeruttiEPS2025.pdf
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CMS Phase-2 Upgrade
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Add Title

EPS-HEP2025  Roberto Salerno 

CMS Upgrade Projects

5028LHCC Open Session: CMS Status Report

CMS Upgrade Projects

L1-Trigger
https://cds.cern.ch/record/2714892 
• Tracks in L1-Trigger at 40 MHz
• Particle Flow selection
• 750 kHz L1 output
• 40 MHz data scouting
 

DAQ & High-Level Trigger
https://cds.cern.ch/record/2759072
• Full optical readout
• Heterogenous architecture
• 60 TB/s event network
• 7.5 kHz HLT output

 

Tracker
https://cds.cern.ch/record/2272264 
• Si-Strip and Pixels increased granularity
• Design for tracking in L1T
• Extended coverage to 3 ≃ 3.8

MIP Timing Detector
https://cds.cern.ch/record/2667167
Precision timing with:
• Barrel layer: Crystals + SiPMs
• Endcap layer: Low Gain 
Avalanche Diodes

Muon systems
https://cds.cern.ch/record/2283189
• DT & CSC new FE/BE readout
• RPC back-end electronics
• New GEM/RPC 1.6 < 3 < 2.4
• Extended coverage  to 3 ≃ 3

Beam Radiation Instr. and Luminosity
http://cds.cern.ch/record/2759074
• Beam abort & timing
• Beam-induced background
• Bunch-by-bunch lumi: 1% offline, 2% online
• Neutron and mixed-field radiation monitors

Calorimeter Endcap (HGCal)
https://cds.cern.ch/record/2293646
• 3D showers and precise timing
• Si, Scint+SiPM in Pb/W-SS

Barrel Calorimeters
https://cds.cern.ch/record/2283187 
• ECAL crystal granularity readout at 40 
MHz with precise timing for e/5 at 30 GeV
• ECAL and HCAL new Back-End boards
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https://indico.in2p3.fr/event/33627/contributions/153133/attachments/94064/144214/Roberto_CMSHighlights.pdf
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Proposed for after 2035: LHCb Upgrade II

Physics objectives: 
▪ Reduce statistical and systematic 

uncertainties of many measurements, 
e.g. ultimate precision of CKM triangle 

▪ Exploit unique LHCb reach for ions, 
baryons, and exotic hadrons 

Upgrade for LHC Run 5/6 (from 2036): 
▪ Full four-dimensional tracking with 

larger acceptance, precision timing 

▪ Improved particle ID 

▪ Data processing in real time: 
reconstruction, calibration, alignment
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Flavor Physics and More at the HL-LHC

ASIC will be designed in 28 nm technology. New radiation-hard silicon sensors will be
also developed, with R&D results identifying 3D sensors as a promising candidate for this
purpose.

For the tracking stations, high-granularity pixel sensors provide a solution to cope
with the high particle density in the UP and in the central MT region, and to minimise
the incorrect matching of upstream and downstream track segments. The emerging

Side View
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Magnet Stations
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RICH1

LHCb Upgrade II

TORCH
Muon

Figure 5: Schematic side-view of the Upgrade II baseline detector. The x-direction is defined to
form a right-handed coordinate set, together with y (pointing vertically upwards) and z pointing
along the beamline in the direction from the VELO to the Muon detector.
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Figure 6: (Left) Tracks produced in a bunch crossing with 42 pp collisions, as seen from a
detector with no timing capability. (Right) Tracks selected in a 30 ps time window, showing a
drastic reduction of the vertex multiplicity to O(1). Tracks are coloured according to time of
production.
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Proposed for after 2035: ALICE 3

15

Heavy Ion Physics at the HL-LHC

EPPSU input - Sensor developments for ALICE 3 1

1 Introduction
The goal of the ALICE physics programme is to determine the properties of the quark–gluon
plasma (QGP), the deconfined state of strongly-interacting matter. While significant progress is
expected from the LHC programme of Run 3 and Run 4 (until 2033), a number of fundamental
questions on the QGP and other aspects of the strong interaction will remain open. In order to
address these questions and to fully exploit the potential of the high-luminosity LHC as a heavy-
ion collider during Runs 5 and 6, as recommended by the 2020 update of the European Strategy
for Particle Physics, a completely new setup ALICE 3 is proposed as part of the Phase IIb Up-
grades of the LHC experiments during the fourth long shutdown (LS4, 2034–2035) [1].

The ALICE 3 apparatus (Fig. 1) consists of a silicon-pixel tracking system with unique pointing
resolution over a large pseudorapidity range (→4 < ! <+4), complemented by systems for par-
ticle identification, from ultra-low to intermediate momentum, including silicon time-of-flight
layers (TOF), a ring-imaging Cherenkov detector (RICH), a muon identification system (MID),
an electromagnetic calorimeter (ECal), a forward photon conversion tracker (FCT), and two for-
ward counting detectors (FD). A new superconducting solenoid magnet with a field strength of
2 T provides a transverse momentum resolution similar to that of the present ALICE detector in
the central region, as well as good momentum resolution at forward rapidity.

The Scoping Document for ALICE 3 [2] has recently been reviewed by the LHC Committee
(LHCC). R&D for these detectors has started three years ago and is intensifying in preparation
of Technical Design Reports. The two main aspects of the R&D studies are the development
and selection of sensors and readout ASICs, and the design of full detector systems, including
sensors, readout, and all services (mechanical supports, cooling, powering, data links, etc.). The
target specifications for the trackers, TOF and RICH detectors, in terms of spatial and timing
resolution, material budget, and radiation tolerance for the full Run 5 integrated luminosities
of 18 fb→1 and 33.6 nb→1 in pp and Pb–Pb, respectively, demand frontier R&D beyond the
presently-available silicon sensors. The specifications and the R&D lines for these subsystems
are the main focus of this document and they are reported in Sections 2 and 3. For completeness,

Figure 1: ALICE 3 detector layout (corresponding to version 1 of the Scoping Document [2]).I. Altsybeev, EPS HEP 2025 

Physics objectives:  
▪ Dielectrons as temperature probes 

▪ Properties of the quark-gluon plasma 
(QGP) with heavy-flavor hadrons 

▪ QCD phase transition  

New detector for Run 5/6 (from 2036): 
▪ Low-mass all-silicon vertexing & tracking: 

excellent vertex reconstruction, wide 
acceptance 

▪ Particle ID in wide pT range 

▪ High readout rate & online reconstruction

https://indico.in2p3.fr/event/33627/contributions/153135/attachments/95349/146047/ALICE_Highlights_EPSHEP_2025_IA.pdf
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Remark: Future Data Processing

Particle physics: unique requirements for streaming 
data rates and processing latency  

Recent trend: “triggerless” operation  
→ pioneered by LHCb and ALICE for LHC Run 2/3 

Trigger, data acquisition, and computing challenges:  
▪ Avoiding rate bottlenecks along data processing chain 

▪ Heterogeneous computing on different CPU 
architectures, GPUs, programmable logic (FPGAs)  
→ risk of vendor lock-in  

▪ Long-term maintenance of particle physics code base 
(10s of millions lines of code) 

16

Dealing with the Data Deluge

a3d3.ai 
Rate/Latency Requirements

cm
s.cern 

CMS HLT Node: CPU + GPU

https://a3d3.ai/about/
https://cms.cern/news/first-collisions-reconstructed-gpus-cms
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Where will particle physics be in the 2040s?

European flagship: HL-LHC @ CERN 
→ high-luminosity upgrade of the LHC 
▪ LHC accelerator upgrades  
→ 3.5× instantaneous luminosity, 7× integrated luminosity 

▪ LHC detector upgrades: keep up with accelerator 
upgrades, introduce innovative instrumentation 

Further major colliders and experiments globally: 
▪ Belle II at the SuperKEKB B factory at KEK in Japan 

▪ ePIC at the Electron-ion Collider (EIC) at Brookhaven 
National Lab (BNL) in the US 

▪ DAΦNE in Italy, BEBC in China, VEPP in Russia, …

17

Colliders

1: HL-LHC & EIC

Today

2: HET Factory

3: Beyond
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Since 2019: Belle II

Physics objectives (examples): 

▪ CKM unitarity triangle: angle !2/α 
▪ CP violation in charm-meson decays 

▪ Rare tau lepton decays 

Detector upgrades planned for 
SuperKEKB Run 3 (from 2034): 
▪ Redesign of interaction region  

(reduction/mitigation of beam backgrounds) 

▪ New 5–6 layer silicon pixel vertex detector 

▪ Upgrades to drift chamber and particle ID

18

SuperKEKB Asymmetric e+e– Collider, KEK, Japan
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Beyond 2035: ePIC

Physics objectives: 
▪ 3D structure of 

protons and nuclei 

▪ Gluon saturation 

▪ Confinement 

Detector: 
▪ Modern 4π detector 

▪ Latest advances in 
tracking, timing, and 
particle ID

19

Electron-ion Collider (EIC), Brookhaven National Laboratory, US

https://www.bnl.gov/eic/epic.php 

https://www.bnl.gov/eic/epic.php
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What can we expect beyond the 2040s?

General consensus: e+e– collider covering  
Higgs-boson, electroweak, and top-quark physics 
→ Higgs/EW/Top Factory (“HET Factory”) 

How can a HET factory be implemented at CERN? 
▪ Future Circular e+e– Collider (FCC-ee) 

▪ Linear Collider Facility (LCF) 

Remarks:  
▪ There are also plans for a HET factory in China  

(Circular Electron-Positron Collider, CEPC) 

▪ Various other “intermediate” options, e.g., LEP3, LHeC

20

The Next Flagship Collider

1: HL-LHC & EIC

Today

2: HET Factory

3: Beyond
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FCC-ee

90.7 km ring,  
e+e– center-of-mass 
energies: 
▪ 91.2 GeV (Z) 
▪ 160 GeV (WW) 
▪ 240 GeV (ZH) 
▪ 365 GeV (tt) 

Integrated program: 
hadron collider in 
FCC tunnel after 
FCC-ee completion 
(like LEP → LHC)
21

The Circular Option

https://fcc.web.cern.ch/fcc-layout-aerial-view

https://fcc.web.cern.ch/fcc-layout-aerial-view
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LCF at CERN

ILC technology: 
▪ Acceleration: superconducting 

radiofrequency (RF) cavities  
(XFEL technology) 

▪ Center-of-mass energies:  
250 GeV, 550 GeV (up to 1 TeV) 

CLIC technology: 
▪ Acceleration: normal-conducting 

RF cavities and drive beam 

▪ Center-of-mass energies:  
380 GeV, 1.5 TeV

22

The Linear Option

https://www.nature.com/articles/s42254-019-0051-5 

linearcollider.org 

https://www.nature.com/articles/s42254-019-0051-5
https://newsline.linearcollider.org/2012/11/21/major-goal-achieved-for-high-gradient-ilc-scrf-cavities/
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Linear or Circular?

Key for physics potential: luminosity 
▪ Circular colliders: highest luminosity 

at lowest center of mass energies 
→ ideal for Z-pole operation 

▪ Linear colliders: highest luminosity at 
highest center of mass energies 
→ advantages at/above tt threshold 

Many other criteria: 
▪ Power consumption 

▪ Flexibility of infrastructure 

▪ …

23

Luminosity vs. Center of Mass Energy
2 OPERATING SCENARIOS, EXPERIMENTAL ENVIRONMENT AND ALGORITHMIC DEVELOPMENTS

1−10 1
Center-of-Mass Energy [TeV]

1−10

1

10

210

310

]
-2

 c
m

-1
 s

34
Lu

m
in

os
ity

 [1
0

 Colliders-e+Luminosity vs Energy of Future e
FCCee, 4 IPs [FCCee EPPSU submission] 
CEPC, 2 IPs [TDR, arXiv:2312.14363]
CEPC, 2 IPs, lumi up [dito]
ILC baseline
ILC lumi upgrade
LCF-SCRF 10Hz, low power
LCF-SCRF 10Hz, full power
LCF-SCRF Z pole optimized
CLIC baseline [arXiv:2203.09186]
CLIC luminosity upgrade [dito]
C3 60Hz [PRAB 27.6 (2024): 061001]
C3 120Hz [dito]

(a)

1−10 1
Center-of-Mass Energy [TeV]

0

200

400

600

800

To
ta

l A
C

 P
ow

er
 [M

W
]  Colliders-e+AC Power vs Energy of Future e

FCCee, 4 IPs [FCCee EPPSU submission] 
CEPC, 2 IPs [TDR, arXiv:2312.14363]
CEPC, 2 IPs, lumi up [dito]
ILC baseline
ILC lumi upgrade
LCF-SCRF 10Hz, low power
LCF-SCRF 10Hz, full power
CLIC baseline [arXiv:2203.09186]
CLIC luminosity upgrade [dito]
C3 60Hz [PRAB 27.6 (2024): 061001]
C3 120Hz [dito]

(b)

1−10 1
Center-of-Mass Energy [TeV]

3−10

2−10

1−10

1

] /
 P

ow
er

 [M
W

]
-2

 c
m

-1
 s

34
Lu

m
i [

10

 Colliders-e+Lumi / AC Power vs Energy of Future e
FCCee, 4 IPs [FCCee EPPSU submission] 
CEPC, 2 IPs [TDR, arXiv:2312.14363]
CEPC, 2 IPs, lumi up [dito]
ILC baseline
ILC lumi upgrade
LCF-SCRF 10Hz, low power
LCF-SCRF 10Hz, full power
LCF-SCRF Z pole optimized
CLIC baseline [arXiv:2203.09186]
CLIC luminosity upgrade [dito]
C3 60Hz [PRAB 27.6 (2024): 061001]
C3 120Hz [dito]

(c)

1−10 1
Center-of-Mass Energy [TeV]

1

10

210

]
-2

 c
m

-1
 s

34
Po

w
er

 [M
W

] /
 L

um
i [

10

 Colliders-e+AC Power / Lumi vs Energy of Future e
FCCee, 4 IPs [FCCee EPPSU submission] 
CEPC, 2 IPs [TDR, arXiv:2312.14363]
CEPC, 2 IPs, lumi up [dito]
ILC baseline
ILC lumi upgrade
LCF-SCRF 10Hz, low power
LCF-SCRF 10Hz, full power
LCF-SCRF Z pole optimized
CLIC baseline [arXiv:2203.09186]
CLIC luminosity upgrade [dito]
C3 60Hz [PRAB 27.6 (2024): 061001]
C3 120Hz [dito]

(d)

Figure 1: Instantaneous luminosity (a), total site power (b), and their ratios (c), (d) as a function of the centre-
of-mass energy for various e+e– colliders. The LCF is drawn only up to 550 GeV, since the luminosity
and power consumption of higher energies will depend on the yet-to-be-chosen technology for these
energies. However, they can be expected to be similar to the high-energy stages of CLIC and C3,
as indicated by the red arrow.

The detectors at a future LC will be optimized for precision measurements of the Higgs boson, electroweak
bosons, the top quark, and other particles, with requirements significantly exceeding those of hadron colliders
due to the cleaner e+e– collision environment and lower radiation levels. The LC detectors must achieve pre-
cise tracking, exceptional jet energy resolution, and trigger-less operation, leveraging the lower complexity and
rates of e+e– collisions. The considerations in the previous paragraphs lead to following set of requirements,
for more information see e.g. [14]:

• Impact parameter resolution: An impact parameter resolution of 5 µm → 10 µm/[p [GeV/c] sin3/2 ! ]
has been defined as a goal in order to enable efficient identification of charm-quark decays.

• Momentum resolution: An inverse momentum resolution of !(1/p) = 2 ↑ 10–5 [(GeV/c)–1] asymptot-
ically at high momenta should be reached in order not to limit the precision of the Higgs recoil meas-
urement in the Z ↓ µµ channel. Maintaining excellent tracking efficiency and very good momentum
resolution at lower momenta will be achieved by an aggressive design to minimise the detector’s mater-
ial budget.

• Jet energy resolution: A jet energy resolution !E /E = 3 – 4% is required for the statistical separation
of hadronically decaying W, Z, and Higgs bosons. Particle flow-based detectors and corresponding
reconstruction algorithms have been show to meet this requirement.

8

https://arxiv.org/abs/2503.19983 

Circular

Linear

https://arxiv.org/abs/2503.19983
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Comparison of Proposed Flagship Projects: Performance
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ESG Work in Progress
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FCC-ee LCF 
LP

LCF  
FP CLIC 380

Tunnel Length (km) 90.7 33.5 11.4

Number of Experiments 4 2 2

Synch. Rad. Power per Beam (MW) 50 – –

Center-of-mass Energy (GeV) 91.2 160 240 365 250 91.2 250 380

Longitudinal Polarization for e–/e+ (%) – 80/30 80/–

Years of Operation 4 2 3 5 5 1 3 10

Integrated Lumi Full Program (ab–1) 205 19.2 10.8 3.1 0.72 0.067 1.44 2.56

Peak Power (MW) 251 276 297 381 143 123 182 166

Consumption per Year (TWh) 1.2 1.3 1.4 1.9 0.8 0.7 1.0 0.82

LP = Low Power (1312 bunches/train), FP = Full Power (2625 bunches/train)

https://agenda.infn.it/event/44943/contributions/265707/
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Detector Concepts for a Higgs/EW/Top Factory

Key subdetectors: 
▪ Dual readout calorimeters: 

detect scintillation and 
Cherenkov light → constrain 
electromagnetic fraction in 
hadronic showers 

▪ Light weight drift chamber: 
tracking & particle 
identification using cluster 
counting (dN/dx) 

▪ Silicon wrapper: precision 
3D space point + sub 100-
picosecond timing

25

Example: IDEA – Dual Readout Calorimetry for the FCC-ee

Figure 1: 3D cutout view of the IDEA baseline detector design with subdetector
labels.

Figure 2: Event display of a sample ZZ event at an e+e→ center of mass energy
of 240GeV with the IDEA baseline design in DD4hep di!erentiable full simulation.
Subdetector hit markers are coded by color and shape. The first 100 simulated tracks
by generation time are shown.

These running conditions are particularly challenging for the detectors at the Z
energy, due to the fast beam-related backgrounds and the rather high rate of interest-
ing physics, which is expected to be in the order of 100 kHz. Limitations also exist in
the current final focus configuration due to the magnetic field of the detector solenoid,

2

https://arxiv.org/pdf/2502.21223 

https://arxiv.org/pdf/2502.21223
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Detector Concepts for a Higgs/EW/Top Factory

→ guide R&D, maintain freedom to combine technologies later
26

A Link between Requirements and Technology

Concept SiD ILD’* CLD* IDEA ALLEGRO

Vertexing Silicon 
MAPS

Silicon 
MAPS

Silicon 
MAPS

Silicon 
MAPS

Silicon 
MAPS

Tracking/
PID

Silicon  
Strips

Time 
Projection 
Ch.

Silicon,  
RICH 
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Gaseous
Gaseous, 
Silicon+ 
RICH

Calorimetry Silicon/
Scintillator

Silicon/
Scintillator, 
Gaseous

Silicon Dual 
Readout

Noble 
Liquids

Muon 
System Scintillator Scintillator Gaseous Gaseous Gaseous

Magnet 5 T 3.5 T 2 T 2 T 2 T

2 Overall Dimensions and Parameters

Yoke

HCAL

ECAL

Coil

6
 m

Figure 2: Vertical cross section showing the top right quadrant of CLD. Details of the MDI region are
not shown.

Figure 3: Transverse (XY) cross section of CLD.

7

CLD

*evolutions from detector concepts for CLIC and ILC

material. Noble-liquid calorimetry was successfully used in many high-energy experiments due to
its excellent energy resolution, linearity, stability and uniformity, properties that are clearly essential
for high precision measurements, e.g. at the Z-pole, but also for the planned Higgs measurement
program. For the ALLEGRO detector concept a highly granular version of such a noble-liquid
calorimeter is proposed, combining both, the excellent intrinsic performance and stability of this
technology and the granularity to allow for 4D imaging, machine learning and - in combination
with the tracker measurements - particle-flow (PFlow) reconstruction of jets.

Figure 1. Sketch of a cross-section of a quarter of the ALLEGRO detector concept (left) and 3D view of the
implementation into the FCC-SW (right).

The tracking system consists of a silicon vertex detector and a main tracker that could be either
a gaseous tracker, a silicon tracker or a scintillating fibre tracker. The vertex detector is expected to
use either the MAPS1 or DMAPS2 technology, with the possible inclusion of an LGAD3 layer for
precise timing measurements. For the gaseous tracker option, both, a drift chamber and a recently
proposed straw chamber concept are considered. Both solutions aim at minimizing the material
budget, thereby reducing multiple scattering and improving the momentum resolutiuon. In case
a gaseous tracker is chosen, a silicon wrapper is foreseen at the outer periphery of the tracking
volume, to provide precise track measurements at the entrance of the calorimeter, and possibly a
precise measurement of the time of flight by using silicon sensors with high timing resolution such
as LGADs or DMAPS (see 3.3).

A high granularity sampling noble liquid ECAL surrounds the tracker, consisting of lead
absorbers and liquid argon (LAr), with possible other options using tungsten and/or liquid krypton
(LKr). A depth of 22 𝐿0 is achieved in a thickness of 40 cm for the Pb–LAr option, but this thickness
could be somewhat reduced for denser solutions based on W and LKr. The sampling term of the
resolution ranges from 7–8%/

→
𝑀 for a solution based on LAr down to below 5%/

→
𝑀 for one based

on LKr. The use of multilayer PCBs as readout electrodes allows for great flexibility in the size of the
readout cells as function of their position. Innovative, low-power, cold frontend electronics placed

1Monolithic Active Pixel Sensor
2Depleted Monolithic Active Pixel Sensor
3Low Gain Avalanche Detector

– 2 –

ALLEGRO

acceptance, 100 mrad

Muon chambers
Return yokes

DR Fibre Calo

Coil
DR Crystal Calo
Silicon Wrapper

Drift Chamber

Vertex Detector

r (
m

)

z (m)
Figure 3: Overview of the IDEA detector layout.
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IDEA

2

FIG. 1. Left: Single quadrant view of the ILD detector. Right: Event display of a simulated hadronic decay of a tt̄ event in
ILD. The colouring of the tracks show the results of the reconstruction, each colour corresponding to a reconstructed particle.

A. Specifics for ILD at a Linear Collider

ILD was originally conceived for use at a linear collider, in particular, the ILC [1]. The ILC will operate in a
so-called bunch-train mode, in which bunches spaced by a few 100 ns are combined into trains of 1 or 2 k bunches,
which repeat at 5 or 10 Hz. The ILC anticipates a maximum center-of-mass energy of around 1 TeV. These boundary
conditions have a profound impact on the design of the detector:75

• The relatively long inter-bunch time make it easy to distinguish between bunches and to uniquely assign objects
in the detector to a bunch crossing.

• The long time between bunch trains allows a thermal management, which, in most cases, can operate with a
minimum of active cooling. Large parts of the detector can be operated in the so-called power-pulsing mode, in
which power-hungry components are only activated during bunch trains.80

• The long intervals between bunch trains also allow a local bu!ering of data during bunch trains, and a readout
during the inter-bunch intervals. This opens the way to a triggerless operation of the detector.

• The very high final energy of 1 TeV implies a relatively thick iron calorimeter and iron return yoke, to be able
to e”ciently reconstruct events up to highest energies.

• The very high focusing of the beams at a linear collider result in intense beam-strahlung at the IP, whose e!ect85

on inner detector systems must be considered in their design.
• The beam optics of linear colliders allow a relatively large distance between the IP and the first beam elements.
The central part of the detector thus can be designed without heavy objects, for example, magnets, intruding
into the central detector region.

Studies are ongoing into how the ILD design would change for use at an asymmetric collider, such as the HALHF90

proposal. First results indicate that this would not significantly change the performance of the detector.

B. Specifics for ILD at a Circular Collider

ILD proposes to use a derivative of the detector at the FCC-ee collider proposal. The FCC-ee does not operate in
a bunch train mode, but in a continuous mode. The time interval between collisions is as short as 20 ns, significantly
less than at the ILC.95

• The collision repetition rate at the FCC-ee forbids the use of power pulsing, signficantly increasing (by about a
factor of 100) the power dissipation in detectors, compared to linear colliders.

• The continuous operation of the collider makes a triggerless operation significantly more challenging.
• The lower top-energy of the colliders allows for a design of a more compact (and thus somewhat cheaper)
detector.100

• The final beamline elements are significantly closer to the IP, and will intrude into the active detector region. A
very careful design of the innermost part of the detector is needed to minimize the backgrounds in the detector,
and to maximise the detector acceptance.

• As the beams are less tightly focused, the beamstrahlung per collision is less intense. Due to the larger number

ILD

ment using the particle flow technique. The complete
tracking and calorimeter systems are contained within a
superconducting solenoid, which has a 5T field strength,
enabling the overall compact design. The coil is located
within a layered iron structure that returns the magnetic
flux and is instrumented to allow the identification of
muons. All aspects of SiD are the result of intensive
R&D aimed at achieving performance at unprecedented
levels.

At the same time, the design represents a balance be-
tween cost and physics performance. The key parame-
ters of the SiD design are listed in Table I.

SiD Barrel Technology In rad Out rad z extent

Vtx detector Silicon pixels 1.4 6.0 ± 6.25

Tracker Silicon strips 21.7 122.1 ± 152.2

ECAL Silicon pixels-W 126.5 140.9 ± 176.5

HCAL RPC-steel 141.7 249.3 ± 301.8

Solenoid 5 Tesla SC 259.1 339.2 ± 298.3

Flux return Scint-steel 340.2 604.2 ± 303.3

SiD Endcap Technology In z Out z Out rad

Vtx detector Silicon pixels 7.3 83.4 16.6
Tracker Silicon strips 77.0 164.3 125.5
ECAL Silicon pixel-W 165.7 180.0 125.0
HCAL RPC-steel 180.5 302.8 140.2
Flux return Scint/steel 303.3 567.3 604.2
LumiCal Silicon-W 155.7 170.0 20.0
BeamCal Semicond-W 277.5 300.7 13.5

TABLE I: Key parameters of the baseline SiD design.
(All dimension are given in cm).

III Changes to the Baseline post-DBD

With the completion of the DBD and the intention from
the Japanese HEP community to host the ILC in Japan,
two major design changes were made to the baseline
designs, that was presented in the DBD, the switch from
a purely digital hadron calorimeter (DHCAL) with RPCs
as active medium [13–16] to a scintillator-based solution
with analog read-out (AHCAL) and the change of the iron
yoke from a octagon to a dodecagon. The first choice
was driven by the huge progress in the SiPM technology
in terms of noise and stability, while at the same time
the limitations of a large-scale RPC system with several
million individual channels in terms of uniformity, calibra-
tion and long-term stability became more clear. As there
were neither clear cost or performance benefits of the
DHCAL at the time, this led to a switch to an AHCAL so-

4 m

2 m

1 m

FIG. 2: The SiD detector concept with the reconfigured
dodecagonal iron yoke.

lution. The mechanical structure of the HCAL was left
unchanged.

From a systems point of view, the elimination of both
a 7 kV HV system and an elaborated gas system had
of course significant implications, as no other other sub-
detector of SiD required such systems.

The second choice was mainly driven by site-specific
studies for the potential Kitakami site. The SiD iron yoke
is assembled by stacking of eleven individual iron plates
into wedges. By switching the iron-yoke geometry from
an octagon to a dodecagon, the weight of the individual
plates could be kept below 30 t, allowing easier trans-
port by truck on Japanese highways. At the same time
the overall yoke design changed from a vertical interface
between the barrel and endcap to a 30°interface.

IV Updating the SiD detector design

The last time the SiD detector design received a ma-
jor overhaul was in the preparation of the DBD. With al-
most a decade past, technology choices, in particular,
for the individual subsystems need to be reviewed. In
the follow section, potential updates are outlined show-
casing also the areas where dedicated R&D is needed
and new contribution would be extremely welcome. Also
with the advances in technology driven e.g. by the HL-
LHC in terms of silicon sensor and ASIC development,
novel timing detectors and improved services for power
distribution and data transmission, it is very interesting to
explore how these could be incorporated into an updated
SiD detector concept.

The use of Particle Flow Algorithms (PFA) for recon-
struction puts significant constraints on the detector de-
sign. PFA detectors meed to have both the tracker and
the calorimeter inside the solenoid for the best possible
performance. A key ingredient of any PFA detector is a
combination of large tracker radius and a strong field to
separate the clusters from charged and neutral particles.

2

SiD
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Which projects should we pursue?

Science-driven decision-making on prioritization of projects:  
▪ Which projects does the community find most interesting? 

▪ Which projects have the largest scientific impact? 

Additional factors to be considered: 
▪ When can the projects be implemented? 
→ Technology Readiness Levels (TRLs, à la NASA) 

▪ Are there political will, money, and people to implement the projects? 
→ political and financial feasibility, trained workforce 

▪ Does the project fulfill all standards and boundary conditions? 
→ environmental and societal impact 

More in Part II of this lecture…
27

And on which criteria should our decision be based?

“Blue Sky”

TR
L 1–3
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Concepts
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Comparison of Proposed Flagship Projects: Cost

28

ESG Work in Progress

Based on numbers presented at ESPP Open Symposium by M. Benedikt and S. Stapnes

Cost in MCHF FCC-ee LCF 250 (LP) Δ LCF 550 (FP) CLIC 380 Δ CLIC 1500

Civil Engineering 6,160 2,338 0 1,403 703

Technical 
Infrastructure 2,840 1,109 1,174 1,361 1,404

Injection, 
Transfer, Collider 4,730 5,045 4,290 4,577 5,009

Total 13,730 8,492 5,464 7,341 7,116

+ +

+ +

+ +

+ +

+ costs for experiments: approx. 400 MCHF per experiment

Stage 1 → Stage 2{ Stage 1 → Stage 2{

https://agenda.infn.it/event/44943/contributions/265314/
https://agenda.infn.it/event/44943/contributions/265317/
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What can we expect in the 2050s and beyond?

Broad consensus: collider providing at least 10 TeV 
partonic center-of-mass energy 
▪ FCC-hh: 80 TeV hadron collider as second part of 

integrated FCC program 

▪ Concepts for a 10 TeV muon collider

29

The Next-to-next Flagship Collider

1: HL-LHC & EIC

Today

2: HET Factory

3: Beyond

ESPPU Muon Collider Report – INTRODUCTION AND OVERVIEW – March 31, 2025

exists in some fusion reactor designs.

The test facility and the collider itself require a high power proton source. This allows sharing technol-
ogy and potentially even facilities. Neutron spallation sources such as SNS and ESS are major examples;
other examples are neutrino facilities, such as NuSTORM, lepton flavour violation experiments, such as
mu2e and COMET and low-energy muon beam facilities used for materials science.

1.7 Site development
IMCC is developing a site independent design, which could be realised at any location. It is also explor-
ing two main specific implementations at this moment, one at CERN and one at FNAL. The proposed
layouts are shown in Figure 1.7.1. At these sites the muon collider can potentially benefit from exist-
ing infrastructure, e.g. at CERN from the SPS and LHC tunnels. The muon collider can benefit from
existing infrastructure but does not depend on it.

Civil engineering studies at CERN indicate that the surface installations of the accelerator facility could
be constructed fully on CERN land and that the SPS and LHC tunnels could be reused to host the
accelerator rings, thus minimising the overall civil engineering. The proton complex would be located
on the Meyrin site. The beam would be transported through the SPS tunnel to the Prevessin site where
the cooling and initial linacs would be located in cut-and-cover tunnels. The beam is injected into the
SPS then the LHC and finally into a new 10 km long collider ring. It may be possible to maintain the
current SPS in parallel to the muon collider. This scenario would enable collision energy as high as
7.6 TeV with the baseline technologies. It could be envisaged to increase the energy by using higher
field HTS fast-ramping magnets in the last RCS in the LHC. Alternatively, a second hybrid RCS could
be installed in the SPS and the first RCS in the LHC could be be hybrid. A detailed study will enable
validation of these implementation concepts.

A similar siting study, including investigation of how the existing and planned infrastructure can be used,
is underway for Fermilab and the preliminary layout, constrained within the boundaries of the Fermilab
site, is shown in Fig. 1.7.1 (right). The exact parameters of the collider sited at Fermilab are to be refined
taking into account findings from the study.

Figure 1.7.1: Conceptual layout of the muon collider at CERN (left) and Fermilab (right).

18

CERN Fermilab https://arxiv.org/pdf/2504.21417 

https://arxiv.org/pdf/2504.21417
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Evaluating and Comparing Future Projects

Important: need apples-to-apples 
comparison of competing projects  
▪ Compare physics reach  

(e.g., sensitivity on parameters, energy/
mass scales to be probed)  

▪ Required: meaningful and well-defined 
benchmark physics processes 

▪ Evaluate impact of projects on global 
interpretation of data 

Evaluation is usually based on a few 
assumptions → read the fine print!

30

Finding the Right Metric

https://www.mihaileric.com/posts/model-evaluation/ 

https://www.mihaileric.com/posts/model-evaluation/
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Physics Benchmarks: Couplings

Couplings of the Higgs boson to other particles:  
▪ Couplings: theory parameters, not observables  

▪ Measure (differential) cross sections of processes 
and interpret them as couplings 

Typical assumptions  
(example: Higgs-boson couplings) 
▪ Higgs-boson production and decay processes 

factorize (“narrow width approximation”)  

▪ BSM physics affects production cross sections 
and decay branching fractions, but does not 
affect kinematic distributions

31

Example: Higgs Boson Couplings

0 0.5 1 1.5 2 2.5 3 3.5 4
Parameter value

γZκ

µκ

τκ

bκ

tκ

gκ

γκ

Zκ

Wκ

 (13 TeV)-1138 fb

Observed 1 SD (stat)±

 syst)⊕1 SD (stat ± 1 SD (syst)±

 syst)⊕2 SDs (stat ±

CMS

0.37−
0.34+1.65 0.35−

0.31+ 0.09−
0.14+ 

0.22−
0.21+1.12 0.20−

0.19+ 0.09±

0.08± 0.92 0.06± 0.06±

0.16−
0.17+0.99 0.12± 0.10−

0.12+ 

0.10−
0.11+1.01 0.07± 0.08±

0.08± 0.92 0.05± 0.06±

0.08± 1.10 0.06± 0.05±

0.07± 1.04 0.05± 0.05±

0.08± 1.02 0.05± 0.05±

Stat Syst

Nature 607 (2022) 60 

http://dx.doi.org/10.1038/s41586-022-04892-x
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Physics Benchmarks: Couplings

Slightly more advanced: scale 
factors 𝜅i (“coupling modifiers”) 
for couplings to all SM particles, 
with 𝜅i = 1 for SM coupling, e.g.

32

H

W/Z

W/Z

<latexit sha1_base64="4qo3gmFb6x2Q9JNnV2JgU9uhzR0="></latexit>

B(H → ZZ) ↑ ω2

Z

𝜅W/Z

<latexit sha1_base64="e33lPO+dfilshN4toc6b7r+w5yE="></latexit>

ω(gg → H) ↑ 1.06ε2

t + 0.01ε2

b ↓ 0.07εtεb

g

g
H

tt/b

𝜅t/b

Example: Higgs Boson Couplings

<latexit sha1_base64="OHP2C7VNprk4snMiLStlY5MhQT0="></latexit>

µ(pp → H(→ Y ) + X ) =
ω(pp → H + X )

ω(pp → H + X )SM
· B(H → Y )

B(H → Y )SM

Simplest observable:  
signal strength modifier µ –  
production cross section and/or 
branching fraction relative to SM 
 
 

 
→ µ = 1 for SM expectation

<latexit sha1_base64="OHP2C7VNprk4snMiLStlY5MhQT0="></latexit>

µ(pp → H(→ Y ) + X ) =
ω(pp → H + X )

ω(pp → H + X )SM
· B(H → Y )

B(H → Y )SM
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Physics Benchmarks: Couplings
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Fig. 3.1: PLACEHOLDER: 68% probability sensitivity to deviations from the SM on the !
parameters associated to the different Higgs couplings compared across different collider types
and energies. We also show the 95% probability upper limit on the branching ratios of the Higgs
into light BSM states. The lower panel highlights the precision on the indirect determination of
the Higgs width.

and above brings strong improvements to many parameters like !W and !t . Furthermore, all1

proposed colliders projects shown here can perform precise measurements of couplings that are2

difficult to measure at the HL-LHC, such as the charm quark coupling. In addition, constraints3

on strange quark coupling, not shown in this figure, would also be possible at the proposed4

e+e→colliders [9], giving full access to the interactions between the Higgs and the 2nd genera-5

tion of fermions. The Higgs width, which would remain unconstrained at the HL-LHC, could6

be measured with a precision that ranges from the 2% at LEP3 or the 250 GeV stage of the LCF,7

down to sub-percent precision at the FCC-ee after its full Higgs physics programme. We will8

add more comments on the comparison once we have the results of the higher energy options9

3.2 Top quark physics10

The top quark, as the heaviest known particle in the SM, plays a pivotal role in the study of11

electroweak symmetry breaking and the Higgs sector. Its large mass implies a strong coupling12

to the Higgs boson, and suggests a particular sensitivity of possible new physics effects.13

At the HL-LHC, significant progress is expected in top-quark physics. Top mass measure-14

ments will remain highly competitive for next few decades, with projected precision reaching15

around 200 MeV. The HL-LHC will also probe top interactions through channels like four-top16

(tttt) production and associated tt∀ and ttZ production, which are sensitive to top-gauge boson17

couplings and new physics via EFT operators. Furthermore, differential measurements provide18
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Fig. 3.1: PLACEHOLDER: 68% probability sensitivity to deviations from the SM on the !
parameters associated to the different Higgs couplings compared across different collider types
and energies. We also show the 95% probability upper limit on the branching ratios of the Higgs
into light BSM states. The lower panel highlights the precision on the indirect determination of
the Higgs width.
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U. Husemann: Preparing for the Future

Global Interpretation of Experimental Data

EFT: systematic way to calculate effects of BSM particles 
too heavy to detect on low-energy observables 

General approach: add all possible QM operators 𝒪i  

with mass/energy dimension d > 4 to SM Lagrangian 
 
 
 
→ Ci (“Wilson coefficients”) contain BSM effects 

Often considered: SMEFT = standard model EFT  
▪ Full SMEFT: 2499 operators at d = 6 

▪ Operators can be expressed in different bases
34

Effective Field Theory (EFT)
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U. Husemann: Preparing for the Future

Global SMEFT Fit 2025: Energy Scale Sensitivity

35

Exploring the EW sector at Future Colliders with EFTs
A global fit to the U(2)5 SMEFT
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SMEFT assuming 
U(2)5 flavor 
symmetry  

→ 124 operators

Exploring the EW sector at Future Colliders with EFTs
A global fit to the U(2)5 SMEFT
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Physics Benchmarks: CKM

36

Unitarity Triangle Today and Tomorrow 

CKM Matrix & Wolfenstein Parameterization
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Neutrino Physics

Sources: atmospheric and solar neutrinos, 
accelerator and reactor neutrinos 

Parameters: mass differences Δm2 and mixing 
parameters sin2 θ, CP violating phase δCP 
 

Mass hierarchy:  
normal and  
inverted ordering

37

Global Fit of Neutrino Oscillation Data
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Abstract: The neutrino mass ordering (NMO) is one of the last undetermined properties in the
three-neutrino paradigm. NMO studies aim to answer the question of whether the neutrino mass
ordering is normal (m3 > m2 > m1) or inverted (m2 > m1 > m3). We conduct a study of the NMO
sensitivity with atmospheric neutrinos using 9.3 years of IceCube DeepCore data, where a new event
selection, reconstruction method, particle identification, and systematic uncertainty modeling are
used. The goals of this analysis consist of: (1) probing the NMO at neutrino baselines that are not
accessible to long-baseline accelerator experiments, (2) contributing to NMO global fit studies in
an important and unique way, (3) serving as a detailed study on the NMO in preparation for the
upcoming IceCube Upgrade, which should significantly improve the DeepCore NMO sensitivity.

Keywords: neutrino mass ordering; IceCube Neutrino Observatory; atmospheric neutrinos; neutrino
oscillations

1. Introduction
The neutrino mass ordering (NMO) is one of the last open questions that are left

in the three-neutrino paradigm. NMO analyses look for the true ordering of the three
neutrino mass states: n1, n2, and n3. Specifically, these analyses look to answer whether
the mass ordering is normal (m3 > m2 > m1) or inverted (m2 > m1 > m3), and as such,
determine the sign of Dm

2
31 = m

2
3 � m

2
1, commonly referred to as the mass splitting, as

shown in Figure 1. Neutrino mass states are related to neutrino flavor states through the
Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix, so that

|nai = Â
i

Uai|nii (1)

where a 2 {e, µ, t} and i 2 {1, 2, 3}. The PMNS matrix, U, is parameterized by three mixing
angles, q12, q13, and q23, and one CP-violating phase, dCP.

Figure 1. Diagram showing the normal ordering (NO), where n3 is the heaviest mass state and Dm
2
31

is positive, and the inverted ordering (IO), where n3 is the lightest mass state and Dm
2
31 is negative.

The NuFIT v5.1 [1] best fit values were used to generate the color bars.
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Neutrino Physics

Neutrino oscillations: at least  
one neutrino mass eigenstate  
must have non-zero mass 

Today’s flagship: KATRIN  
▪ Kinematics of tritium beta decay 

▪ Observable: effective mass of electron 
neutrino, independent of neutrino nature 

Future directions:  
▪ Different isotopes (e.g., electron capture in Ho) 

▪ Atomic tritium & quantum sensors 

▪ Novel detection methods: cyclotron radiation 
emission spectroscopy (CRES)

38

Neutrino Mass

through the windowless source and the trans-
port section, where the tritium is removed by
means of differential and cryogenic pumping
(33, 34). The upstream flux of electrons is
terminated with a gold-plated rear wall. A volt-
age ofO 100 mVð Þ is applied to the rear wall to
control the source potential (31).
The spectrometer section consists of a pre-

spectrometer followed by the 23-m-long, 10-m-
wide main spectrometer, both of which use the
magnetic adiabatic collimation with electro-
static filtering (MAC-E) principle (35, 36). The
electron momenta, p

→ ¼ p
→
⊥ þ p

→
∥, are aligned

with the field lines of a magnetic field relax-
ing in strength, B, owing to the conservation of
the electron orbital magnetic moment, mº p2⊥

B .
In the main spectrometer, the magnetic field
strength decreases to minimum values of 0.45
to 0.63 mT. The simultaneous application of
a precisely known electrostatic retarding po-
tential (37), U, allows only electrons of charge
q = –e and energy E < qU to pass the so-called

analyzing plane, where maximal collimation
and retardation coincide. With the maximal
magnetic field in the beamline of 4.24 T ± 0.1%,
an acceptance of electrons emitted with a pitch
angle of up to 51° and an excellent energy filter
width of 2.0 to 2.8 eV for different parts of
the flux are achieved. The integral flux of trans-
mitted electrons is measured with the focal
plane detector (FPD), a 148-pixel silicon-PIN-
diode array, featuring a detection efficiency of
about 95% (38).
KATRIN is monitored by more than 5700

sensors, recording numerous operational pa-
rameters such as the tritium purity, the tem-
peratures of different beamline components,
and the magnetic fields (31). Additionally, the
beamline is equipped with several calibration
sources. An angular-selective source of mono-
energetic photoelectrons (electron gun) (39) is
used to measure the gas density in the triti-
um source down to subpercent precision.
The cocirculation of 83mKr with tritium and
other carrier gases (40, 41) allows us to de-
termine the electron starting potential with-
in the source and the electromagnetic fields
in the spectrometer.
Despite the high-activity tritium source, the

signal count rate is less than one count per
second (cps) at qU ≳ E0 % 10 eV, which puts
stringent requirements on the acceptable back-
ground rate. External backgrounds caused by
gamma radiation and cosmic-ray muons are
mitigated by the magnetic shielding and the
electric potential on the wire electrode sys-
tem of the MAC-E spectrometers (31, 42, 43).
The 219Rn and 220Rn decay backgrounds are
successfully suppressed by liquid nitrogen-
cooled copper baffles in the main-spectrometer
pumping ducts (44, 45). Particles stored in a
Penning trap between the two spectrome-
ters generate another source of background.
These accumulated particles are removed by

a conductive wire periodically clearing the trap
volume (46). The background contribution of
the detector system is suppressed by a region-
of-interest (ROI) cut on the detected energy,
a muon veto system, and postacceleration of
the electrons (38).
The remaining background is dominated by

neutral atoms in highly excited states, which are
sputtered off the spectrometer’s inner surface
by the decays of residual 210Pb and its daughter
210Po. These atoms are distributed throughout
the spectrometer volume. Their loosely bound
electrons are easily released by blackbody ra-
diation or by autoionization and are accel-
erated up to signal-electron energies toward
the detector (47). A method to reduce this back-
ground is a reconfiguration of the electromag-
netic fields in the main spectrometer, which
results in a smaller collection volume for these
background electrons. It comprises both a
compression of the magnetic flux tube and a
downstream shift of the analyzing plane,
which is nominally situated in the center of the
main spectrometer (48). This shifted-analyzing-
plane (SAP) setting was implemented over
the course of the new measurement campaigns
(Table 1).

Measurement overview

KATRIN obtains the integral b spectrum by
measuring the count rate at the FPD for a de-
fined sequence of retarding-energy set points,
qUi, forming a b-spectrum scan. Each scan is
typically composed of up to 40 set points in
a range of E0 – 300 eV ≤ qUi ≤ E0 +135 eV.
The neutrino mass analysis is limited to data
points above E0 – 40 eV. The spectrum points
above the endpoint constrain the background
rate. The data recorded below the endpoint,
outside of the analysis range, is used for cal-
ibration and monitoring purposes. The total
duration of a b-spectrum scan ranges from

1Institute for Astroparticle Physics (IAP), Karlsruhe Institute
of Technology (KIT), Eggenstein-Leopoldshafen, Germany.
2Institute for Data Processing and Electronics (IPE), KIT,
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Hill, NC, USA. 7Triangle Universities Nuclear Laboratory,
Durham, NC, USA. 8Politecnico di Milano, Dipartimento di
Elettronica, Informazione e Bioingegneria, Milano, Italy.
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Bangkok, Thailand. 11Department of Physics, Carnegie Mellon
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Fig. 1. The KATRIN beamline. Tritium gas is continuously injected into the source, where it decays,
producing b-electrons. (Inset) The source volume, filled with a plasma of low-energy electrons and tritiated
ions. The tritium gas is pumped out, purified, and recirculated, whereas the electrons are guided magnetically
through the transport section into the spectrometer. Only electrons with sufficient energy to overcome
the electrostatic potential in the analyzing plane are counted at the detector. The analyzing plane is shifted
toward the detector for background reduction.
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on both these technical and theoretical fronts are necessary.1

On the tritium beta decay front, there are four experimental efforts currently underway:2

Project-8 [ID225], QTNM [298], KATRIN++ [ID132], and PTOLEMY [ID28]. Each of these3

experiments make use of a differential spectral measurement (in contrast with the integrated4

signal of KATRIN) in order to ascertain the neutrino mass, thus providing a statistical boost to5

enhance sensitivity. In addition, these experiments are planning to use atomic tritium as source.6

An atomic source removes an irreducible systematic uncertainty that comes from using molec-7

ular tritium, mainly related to the rotational and vibrational final states following the tritium8

beta decay. PTOLEMY uses atomic tritium embedded on graphene, which allows for surface9

loading of tritium, but final-state effects due to delocalization are expected. The development10

of an atomic tritium source requires production, cooling and trapping with extreme high purity11

levels. Leveraging on the Karlsruhe Tritium Laboratory (TLK), Project-8, QTNM and KA-12

TRIN++ collaborations are joining efforts in the global consortium Atomic Pathfinder at TLK,13

to address this common challenge. The planned sensitivity to the neutrino mass of the tritium14

experiments is also shown in Fig. 6.6.15

Regarding energy measurements, Project-8 has recently pioneered a new technique to16

measure the electron energy using cyclotron emission from radiating electrons (CRES). It al-17

lows for a high precision differential measurement resulting in an excellent background level.18

The technology has been demonstrated in a small prototype, O(mm3), using molecular tritium19

and a limit of m!e
→ 155 eV has been obtained. Despite the excellent energy resolution inher-20

ent in the technique, the experiment still faces significant experimental challenges, including21

developing a complex magnetic field environment for electron and atomic trapping, as well as22

the need for ultra-low-frequency noise measurements across large volumes. KATRIN++ is also23

exploring various ideas for a differential spectrometer with tagging based on CRES or super-24

conducting quantum sensors.25

∀E Bg

3H
KATRIN 1eV 10↑3 cps
Project-8 1.7eV 3 ·10↑10 cps/eV

163Ho
HOLMES 7eV 2 ·10↑9 cps/eV
ECHo 8.3eV 4 ·10↑11 cps/eV

26

Table 6.4: Performance figures of
running detectors: energy resolution, ∀E , and back-
ground level in counts-per-second (cps), and per eV
in the case of differential measurements.

27

Fig. 6.6: Upper bounds on m!e
of running exper-

iments (solid) and expected sensitivities by future
upgrades/projects (dashed).

Finally, the ultimate goal of the PTOLEMY project [ID28] is to measure the relic cos-28

mological neutrino background from neutrino-capture in a gram-level tritium source embedded29
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Neutrino Physics

Neutrino oscillations: at least one mass 
eigenstate must have non-zero mass 

Search for neutrinoless double-beta 
decay (0νββ):  
▪ Very rare two-body decay, only possible 

if neutrinos are Majorana fermions, but 
model dependent (nuclear physics!) 

▪ Observable: 0νββ half-life T1/2  
→ effective Majorana mass ⟨mββ⟩ 

▪ Search for peak in energy spectrum of 
ultrapure Ge, Se, Te, Mo, Xe isotopes

39

Neutrino Nature: Dirac or Majorana?

Best current 90% CL limit, smallest nuclear matrix element

Best current 90% CL limit, largest nuclear matrix element current, few 100 kg

next gen, ~ 1 tonne

far future, ~100 
tonnes + R&D

Overall Long-Term Prospects for NLDBD

In the long term will need more than one isotope...
     theory needed too!

K. Scholberg, EPS HEP 2025 

<latexit sha1_base64="1Vkhs9EwMhJfIiU/7jKTA0SnNzc="></latexit>

1
T1/2

= |M|2︸ ︷︷ ︸
(nuclear matrix element)2

→ |↑mωω↓|2

m2
e

→ ω︸︷︷︸
phase space
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Dark Sector

Standard model of cosmology: ΛCDM  
▪ Cold (i.e. non-relativistic) dark matter (DM) plus 

cosmological constant Λ as dark energy  

▪ Energy content of the universe: 5% baryonic 
matter, 70% dark energy, 25% dark matter 

10+ years ago: WIMP paradigm 
▪ Weakly interacting massive particle (WIMP)  

with GeV to TeV mass  
→ ideal DM candidate (stable, dark, cold) 

▪ Supersymmetric (SUSY) theories naturally provide  
WIMP candidate, e.g., lightest neutralino  
(superpartner of Z, γ, H0)

40

The GeV/TeV Scale: WIMP Dark Matter
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Dark Sector

Initial science question: why is there  
no matter-antimatter asymmetry in QCD? 
(“strong CP problem”) 

Solution: axions – “cleaning the vacuum”  
(Peccei & Quinn, Wilczek, Weinberg, 1977/1978) 
▪ Well motivated SM extension: solves strong CP 

problem and provides viable DM candidate 

▪ Plausible mass range of axion-like particles (ALPs) 
beyond the QCD axion: >20 orders of magnitude! 
→ wide variety of of experimental techniques
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The Sub-eV Scale: Axion Dark Matter
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Where will particle physics be in 2040?

Collider-based particle physics:  
▪ Harvest of the HL-LHC: phase-2 upgrades of ATLAS and CMS and 

significant upgrades proposed for LHCb and ALICE 

▪ Flavor factories, e.g. Belle II, and electron-ion collisions at the EIC 

▪ Preparation of the next flagship project in full swing:  
Higgs/Electroweak/Top Factory (circular or linear) 

Particle physics beyond colliders:  
▪ Neutrino properties: oscillations, CP, mass, … 

▪ Dark sector: 24+ orders of magnitude in mass
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Preparing for Future Projects

Example: Phase-2 upgrades of the ATLAS  
and CMS detectors for the HL-LHC 
 
 
 
 
 
 
 
 
 
 

Smaller-scale experiments: shorter development cycles, more agile 
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Time Scales for Big Projects

First ideas and 
workshops
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Abstract. We discuss the physics potential and the experimental challenges of an upgraded LHC running
at an instantaneous luminosity of 1035 cm−2s−1. The detector R&D needed to operate ATLAS and CMS in
a very high radiation environment and the expected detector performance are discussed. A few examples of
the increased physics potential are given, ranging from precise measurements within the Standard Model
(in particular in the Higgs sector) to the discovery reach for several New Physics processes.
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How do we stay at the forefront?

The world is changing fast around us new, e.g.: 

▪ Microelectronics: 2 nm chips (HL-LHC: 65 nm) 

▪ Materials science and additive manufacturing  

▪ Second quantum revolution: quantum materials, 
quantum sensing, quantum computing 

▪ AI revolution: machine learning, large language 
models, foundation models, … 

Possible solution: collaborate outside particle 
physics bubble → other fields of physics and 
engineering, industry partnerships, …
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Long-term Projects in a Rapidly Changing World
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Figure 2: Large Physics Models (LPMs) as central components of a
Multi-Domain Physics AI System. The figure depicts the central role that
tailored LPMs play in connecting conversational AI models (LLM trained as LPM)
with the theoretical, computational and empirical knowledge and infrastructure of
distinct physics subfields, including Gravitational Wave Physics, Particle Colliders
such as the Large Hadron Collider (LHC), and high-energy astrophysics. Subfield
LPMs are guided by a conversational AI with embedded physics knowledge.

proposing innovative experiments or questions to pose to the corpus of data, and
identifying promising research directions. Through processing vast amounts of
scientific literature and data, these models may uncover hidden patterns, connec-
tions, and gaps in existing knowledge, thereby guiding researchers towards novel
discoveries and breakthroughs. Notwithstanding, to facilitate e!ective collabora-
tion between human researchers and LPMs, it is important to develop user-friendly
interfaces (presumably through natural language, but perhaps also incorporating
key visual components) that allow scientists to interact with the AI seamlessly.
These interfaces should enable researchers to input their queries, provide guidance,
and interpret the model’s outputs easily. In this way, by designing intuitive inter-
faces, the development pillar aims to bridge the gap between the technical aspects
of AI and the domain expertise of physicists, enabling a synergistic partnership.

4.2 Challenges and Methods

The development of physics-specific large-scale AI models presents a unique set
of challenges, ranging from data curation and processing to model design, high-
performance computing (HPC) and evaluation. These challenges are closely inter-
related and some require innovative approaches and interdisciplinary collaboration
to meet the diverse needs of physics research. In what follows, we briefly discuss
some of these challenges and outline initial approaches to address them. While
these e!orts provide a basic perspective, further extensive work is required to fully
address these issues, particularly through the development of initial demonstrator
models.

Curating high-quality, diverse datasets is a significant challenge in developing
LPMs, especially when handling experimental and simulated data. These data

10

https://arxiv.org/abs/2501.05382 

https://www.luxcapital.com/content/the-looming-labor-crisis-in-chip-design
https://arxiv.org/abs/2501.05382
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Big Science – Small Brains?

Major infrastructure investments: 
▪ Above “magic limit” of about a billion euros: 

involves high-level political decisions  

▪ Helpful: vision for long-term usage (historical 
example: LEP → LHC → HL-LHC = 50+ years) 

Possible decision/prioritization criteria: 
▪ Answers to big questions: large scientific interest 

and impact 

▪ Financial and societal feasibility, skilled workforce 

▪ Reasonable return on invest for society: industry 
return, technology transfer, expert training
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The Role of Big Research Infrastructures

“The Simpsons” TM and © Fox and its related companies.  All rights reserved.   
Any reproduction, duplication, or distribution in any form is expressly prohibited.
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What IS a strategy, anyway?

Etymology: στρατηγία (stratēgia) = “art of the general” 

Various definitions of strategy in military theory and 
management theory, e.g.: 
▪ C.P.G. von Clausewitz (1780–1831): strategy = “doctrine 

of the use of individual battles for the purpose of war”  
vs. tactics = “the doctrine of using armed forces in combat” 

▪ Wikipedia (2025): “strategic management involves the 
formulation and implementation of the major goals and 
initiatives taken by an organization's managers … based  
on consideration of resources and an assessment of the 
internal and external environments”
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Let’s look at the Military and Management

 
 
 
 
 
 
 
 
 
 
 

Tactics/Implementation: 
How?

Strategy:  
What?

Vision: 
Why?

https://en.wikipedia.org/w/index.php?title=Strategic_management&oldid=1303802655
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Strategic Analysis of New Projects

SWOT: standard project evaluation 
procedure, also in science 
▪ Identify internal and external factors 

influencing strategic position of project  
→ assist decision-making 

▪ Internal: strengths and weaknesses 
(personnel, equipment, funding, 
knowledge, reputation, …) 

▪ External: opportunities and threats 
(trends in science and society, economy, 
funding sources, legislation, …)
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SWOT: Strengths, Weaknesses, Opportunities, ThreatsSWOT ANALYSIS
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Why You Should Care About Strategy

Today’s Early Career Researchers (ECRs)… 
▪ … will be tomorrow’s leaders in science, 

industry, politics, …  

▪ … will make projects sustainable 

▪ … will define how we work together 

▪ … deserve interesting and challenging 
projects, as well as a working talent pipeline 
and recognition for their work 

→ should participate in today’s decisions 

N.B.: a good strategy opens up many 
attractive career paths
50

if you are an Early Career Researcher today

3

ECR session @ 3rd ECFA 
Workshop in Paris 

10 October 2024

18 December 2024
 -  27 January 2025

ECR survey

31 March 2024

Submission to ESPPU

ECR Workshop on EPPSU 
@ CERN

14 November 2024

Open ECR Symposium
@ CERN

20th February 2025

Open Seminar about 
White Paper @ CERN

27 May 2025

��

Timeline

Document drafting

ECR Open Symposium 2025

C. Dimitriadi, U. Einhaus, ESPP Open Symposium 2025 

https://agenda.infn.it/event/44943/contributions/265704/
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The Political Dimension

Recent political discussions on science influenced by, e.g.: 
▪ The future of European competitiveness (“Draghi report”): 

 
 
 
 
 
 
 
 
 

▪ Much more than a market (“Letta report”)
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Technological Sovereignty and Competitiveness

The CERN success story
A notable example of the remarkable returns from the joint collaboration of European 
countries is the creation of the European Organization for Nuclear Research (CERN) 
in 1954. […] The pooling of country-specific resources allowed single countries to 
share the considerable risks and uncertainty inherent to fundamental innovative 
research. Its collaborative effort has yielded remarkable successes, including two 
most notable discoveries: the invention of the World Wide Web, invented at CERN 
35 years after its inception, and the discovery of the Higgs Boson particle, 
announced on 4 July 2012. CERN scientific leadership spans various domains, 
including superconductivity, magnets, vacuum, radio frequency, precision 
mechanics, electronics, instrumentation, software, computing and Artificial 
Intelligence. CERN’s technologies have generated significant societal benefits, 
including advancements in cancer therapy, medical imaging, autonomous driving 
with artificial intelligence, and environmental applications of superconducting cables.

S E P T E M B E R  2 0 2 4

The future 
of European 
competitiveness
Part B | In-depth analysis and recommendations 

 

 

  

ENRICO LETTA 
 

 

 

SPEED, SECURITY, SOLIDARITY 

Empowering the Single Market to deliver a sustainable 
future and prosperity for all EU Citizens 

MUCH  
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THAN A 

MORE 
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MARKET 
THAN A 

MORE 

April 2024 

https://commission.europa.eu/topics/eu-competitiveness/draghi-report_en
https://single-market-economy.ec.europa.eu/news/enrico-lettas-report-future-single-market-2024-04-10_en
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The Global Context

LHC: very successful model of worldwide  
scientific collaboration 

Boundary conditions became more  
difficult in recent years:  
▪ Multipolar world order, strong competition 

▪ Hot war in Europe between states active at CERN 

▪ Tendencies against evidence-based science 

▪ Tight budget situation in many parts of the world 

▪ Other scientific fields have large-scale projects  
as well 

Future projects: use synergies and partnerships in global particle physics network
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Relations to Other World Regions
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What is strategic planning and why should I care?

Challenge: planing and deciding on decades-long projects in a 
rapidly changing world 

Long-term strategic planning:  
▪ Distinguish strategy from vision and tactics/implementation 

▪ Evaluate internal and external factors (e.g., SWOT analysis) 

▪ Prioritize projects: interest – impact – capability – feasibility 

▪ Interact with other branches of science and industry 

▪ Reach out to society and politics → science communication
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Summary of Part II
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Part III: European Strategy 
for Particle Physics –  
What’s Going On?
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European Strategy for Particle Physics

Mandate from CERN Council  
(“supreme decision-making authority of CERN”) 

Broad consultation in CERN member states, associate 
member states, and beyond 

Development of strategic recommendations for CERN 
Council (≠ project approval) 

CERN Council decides on strategy 

European particle physics community implements strategy
57

Cornerstone of European Decision-making on the Long-Term Future of Particle Physics 

2006: Original Strategy

2013: First Update

2020: Second Update

2026: Third Update

Challenge: decision-making with O(104) scientists
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The ESPP does make a difference

2020 ESPP Update: FCC Feasibility Study 
▪ Charge for 2021–2027 2025: investigate technical and 

financial viability of an FCC facility at CERN 

▪ Consider scientific, technical, administrative, financial issues,  
e.g.: geologic, environmental impact, infrastructures,  
civil engineering 

Feasibility Study Report released March 31, 2025: 
▪ Vol. 1: Physics and Experiments 

▪ Vol. 2: Accelerators, Technical Infrastructure and Safety 

▪ Vol. 3: Civil Engineering, Implementation and Sustainability 

▪ Further details: https://fcc.web.cern.ch/overview 
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Example: Feasibility of the Future Circular Collider at CERN

Future Circular Collider

Feasibility Study Report

Volume 1

Physics, Experiments, Detectors

May 2, 2025

Submitted to the European Physics Journal ST, a joint publication of EDP Sciences,
Springer Science+Business Media, and the Società Italiana di Fisica.
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https://cds.cern.ch/record/2928193/files/2505.00272.pdf
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The ESPP does make a difference

2020 ESPP Update: ECFA Detector R&D Roadmap 
▪ Series of bottom-up workshops to identify requirements, 

technologies, time scales, expert training, … 

▪ Comprehensive roadmap document  

▪ New DRD (Detector R&D) collaborations → strategic R&D
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Example: Strategic R&D on Particle Detectors

ECFA
European Committee
for Future Accelerators

THE 2021 ECFA DETECTOR 
RESEARCH AND DEVELOPMENT ROADMAP

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

CERN-ESU-017

http://dx.doi.org/10.17181/CERN.XDPL.W2EX
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ECFA Detector R&D Roadmap 2021: DRD Collaborations
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DRD Collaborations

DRD2: Liquid Detectors  
for Neutrinos · Dark Matter 
· 0vbb

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

DRD8: Mechanics
Ultra-thin beam pipes · CF foam and 
new materials · curved, retractable 
sensors · air & micro-channel cooling 
· eco-friendly cooling fluids · robots · 
augmented reality

DRD1: Gaseous Detectors
Large · Fast ·  eco-friendly 
gases · MPGD, e.g. GEMs

DRD3: Semiconductor Det.
Monolithic CMOS · LGADs · 
radiation hardness · interconns.

DRD6: Calorimetry
Energy resolution · High 
granularity · dual readout ·  
particle flow · sandwich · optical

DRD7: Electronics
ADC/TDC IP Blocks · Opto-
electronics · packaging · power · 
extreme environments · COTS ·  
intelligence on detector · foundry 
access

σ ~ 25
ps per
track

PICOSEC: NIMA903 
(2018) 317

© Nature

Si-Fiber couplers

26 June 2025 T. Bergauer -- ESPP Open Symposium -- DRD Collaborations 28
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The ESPP does make a difference

2020 ESPP Update: ECFA Detector R&D Roadmap 
▪ Series of bottom-up workshops to identify requirements, 

technologies, time scales, expert training, … 

▪ Comprehensive roadmap document  

▪ New DRD (Detector R&D) collaborations → strategic R&D 

2026 ESPP Update:  
▪ New/updated requirements and recent developments  

▪ Not (yet fully) considered: detector magnets, quantum 
detectors for rare event searches, “intelligent” trigger and 
data acquisition – electronics and software tools 

▪ New R&D collaborations for AI? (“AI-RD collaborations”)
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Instrumentation

ECFA
European Committee
for Future Accelerators

THE 2021 ECFA DETECTOR 
RESEARCH AND DEVELOPMENT ROADMAP

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

CERN-ESU-017

http://dx.doi.org/10.17181/CERN.XDPL.W2EX
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Add Title

https://europeanstrategyupdate.web.cern.ch/process-0 

You  
Are  

Here

https://europeanstrategyupdate.web.cern.ch/process-0
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Interlude: Top-Down vs. Bottom-Up Approaches

Update of the European Strategy for 
Particle Physics 2026: mixture of  
top-down and bottom-up elements 

Top-down approach: deduction from 
global view to details 

Bottom-up approach: induction from 
details to global view  

Challenge: what would be 
your approach to  
organizing a big project?
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Which approach is superior in science?

https://pingo.scc.kit.edu/events/361709 

Manager tells  
everybody  
what to do

Small  
initiatives grow  

into bigger projects

https://pingo.scc.kit.edu/events/361709
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What are we supposed to do and who is involved?

European Committee for Future Accelerators (ECFA): 
▪ Long-range planning of European high-energy particle 

physics facilities – accelerators, large-scale facilities and 
equipment – adequate for the conduct of a valid high-energy 
research program 

▪ Advisory to CERN Management, CERN Council and its 
Committees, and to other national/international organizations 

▪ Plenary ECFA: “parliament” composed of multiple country 
representatives + ex-officio member + invitees + observers 

▪ Restricted ECFA: one member per country, advise ECFA 
chair, communicate to national communities

64

What is ECFA?

Paris Sphicas, ECFA Chair
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What are we supposed to do and who is involved?

Remit: “The aim of the Strategy update should be to develop 
a visionary and concrete plan that greatly advances human 
knowledge in fundamental physics through the realisation of 
the next flagship project at CERN. This plan should attract 
and value international collaboration and should allow 
Europe to continue to play a leading role in the field.” [link] 

Key players and their roles: 
▪ Strategy Secretariat: organize the strategy process 

▪ European Strategy Group (ESG): establish a proposal for the 
periodic update of the medium-and long-term priorities of the field  

▪ Physics Preparatory Group (PPG): prepare the scientific 
contribution to the work of the ESG, based on the input it gathers 
from the community
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The “Remit” (= charge/task) of the European Strategy Group

Karl Jakobs, Strategy Secretary

https://europeanstrategyupdate.web.cern.ch/sites/default/files/spc-e-1239-Rev2-c-e-3834-Rev2-ESG%20remit.pdf
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The Physics Preparatory Group
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Input from the Scientific Community

266 contributions received: 
(10 pages + supplementary material) 
▪ Major flagship projects 

▪ Projects in neighboring fields of physics  

▪ Input from national particle physics communities 

▪ Input from European national laboratories (e.g., DESY) 

▪ Input from Early Career Researchers (ECRs) 

▪ Input from other European expert committees for long-
range planning: astroparticle physics (APPEC) and  
nuclear physics (NuPECC) 

Public link: https://indico.cern.ch/event/1439855/
contributions/ 
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A Big Reading Assignment

C
redit: M

. R
ayner

https://indico.cern.ch/event/1439855/contributions/
https://indico.cern.ch/event/1439855/contributions/
https://indico.cern.ch/event/1439855/contributions/
https://cerncourier.com/european-strategy-update-the-community-speaks/


One-week Open Symposium in Venice 

▪ Debate scientific input → lots of discussion 

▪ Define scientific goals and  priorities for the 
upcoming generation of facilities and 
experiments  

▪ Indico link: https://agenda.infn.it/event/44943  

Inputs and outcome of discussions  
→ Physics Briefing Book (due Sep 30, 2025)

https://agenda.infn.it/event/44943
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Physics Briefing Book

Structured into science drivers and key technologies: 
▪ Electroweak physics (incl. Higgs) 
▪ Strong interactions (QCD) 
▪ (Heavy) flavor physics 
▪ Neutrino physics 
▪ Cosmic messengers 
▪ Beyond the standard model (BSM) 
▪ Dark Matter (DM) and dark sector 
▪ Accelerator science and technology 
▪ Detector instrumentation  
▪ Computing 

Challenge: ensure that no topics fall into the cracks
69

Work in Progress

DRAFT 1v3
3 September 2025

Physics Briefing Book
Input for the 2026 update of the European Strategy for Particle Physics

Electroweak Physics: Jorge de Blas1, Monica Dunford2 (Conveners),
Emanuele Bagnaschi3 (Scientific Secretary), Ayres Freitas4, Pier Paolo Giardino5, Christian Grefe6,

Michele Selvaggi7, Angela Taliercio8 (Contributors)

Strong Interaction Physics: Andrea Dainese9, Cristinel Diaconu10 (Conveners),
Chiara Signorile-Signorile11 (Scientific Secretary), Néstor Armesto12, Roberta Arnaldi13,

Andy Buckley14, David d’Enterria7, Antoine Gérardin15, Valentina Mantovani Sarti16,
Sven-Olaf Moch17, Marco Pappagallo18, Raimond Snellings19, Urs Achim Wiedemann7 (Contributors)

Flavour Physics: Gino Isidori20, Marie-Hélène Schune21 (Conveners),
Maria Laura Piscopo19 (Scientific Secretary), Marta Calvi22, Yuval Grossman23, Thibaud Humair24,

Andreas Juttner25, Jernej Fesel Kamenik26, Matthew Kenzie27, Patrick Koppenburg19,
Radoslav Marchevski28, Angela Papa29, Guillaume Pignol30, Justine Serrano10 (Contributors)

Beyond the Standard Model Physics: Fabio Maltoni8,31, Rebeca Gonzalez Suarez32 (Conveners),
Benedikt Maier33 (Scientific Secretary), Timothy Cohen7,28,78,→, Annapaola de Cosa34,→,

Nathaniel Craig35, Roberto Franceschini36, Loukas Gouskos37, Aurelio Juste38, Sophie Renner13,
Lesya Shchutska28 (Contributors)

Neutrino Physics & Cosmic Messengers: Pilar Hernandez39, Sara Bolognesi40 (Conveners),
Ivan Esteban41 (Scientific Secretary), Stephen Dolan7, Valerie Domcke7, Joseph Formaggio42,

Concepcion Gonzalez-Garcia43, Aart Heijboer19, Aldo Ianni44, Joachim Kopp7, Elisa Resconi45,
Mark Scott33, Viola Sordini34 (Contributors)

Dark Matter and Dark Sector: Jocelyn Monroe46, Matthew McCullough7 (Conveners),
Yohei Ema7,† (Scientific Secretary), Paolo Agnes47, Francesca Calore48, Emanuele Castorina22,

Aaron Chou49, Monica D’Onofrio50, Maksym Ovchynnikov7,†, Tina Pollmann19, Josef Pradler51,
Yotam Soreq52, Julia Katharina Vogel53 (Contributors)

Accelerator Science and Technology: Gianluigi Arduini7, Philip Burrows54 (Conveners),
Jacqueline Keintzel7 (Scientific Secretary), Deepa Angal-Kalinin55, Bernhard Auchmann7,

Massimo Ferrario3, Angeles Faus Golfe21, Roberto Losito7, Anke-Susanne Mueller56,
Tor Raubenheimer57, Marlene Turner7, Pierre Vedrine40, Hans Weise24, Walter Wuensch7,

Chenghui Yu58 (Contributors)

Detector Instrumentation: Thomas Bergauer59, Ulrich Husemann56 (Conveners),
Dorothea vom Bruch10 (Scientific Secretary), Thea Aarrestad34, Daniela Bortoletto54,

Shikma Bressler60, Marcel Demarteau61, Michael Doser7, Gabriella Gaudio62, Inés Gil-Botella63,
Andrea Giuliani21, Fabrizio Palla64, Rok Pestotnik65, Felix Sefkow24, Frank Simon56,

Maksym Titov40(Contributors)

Computing: Tommaso Boccali64, Borut Kersevan65 (Conveners),
Daniel Murnane66 (Scientific Secretary), Gonzalo Merino Arevalo63, John Derek Chapman27,

Frank-Dieter Gaede24, Stefano Giagu67, Maria Girone7, Heather M. Gray66, Giovanni Iadarola7,
Stephane Jezequel68, Gregor Kasieczka15, David Lange69, Sinéad M. Ryan70, Nicole Skidmore71,

Sofia Vallecorsa7 (Contributors)

Reviewers: Anadi Canepa49, Xinchou Lou58, Rogerio Rosenfeld72, Yuji Yamazaki73

Editors: Roger Forty7, Karl Jakobs74, Hugh Montgomery75, Mike Seidel76, Paris Sphicas7,77

i
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Next Steps

70

Towards A European Strategy Update in 2026

November 2025: Final inputs from national communities

September 2025: Physics Briefing Book published

December 2025: European Strategy Group drafts strategy

January 2026: Strategy submitted to CERN Council

March/June 2026: CERN Council updates strategy
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In Summary…

Particle physics in 2025: vivid field, broad range of 
physics objectives and detailed plans for future projects 

2026 Update of the European Strategy  
for Particle Physics: 
▪ Structured and inclusive strategy process, influencing 

particle physics in Europe for decades to come 

▪ Diverse research field: big flagship collider projects 
complemented with broad range of smaller projects 

▪ Strategic long-range planning: scientific and societal impact, 
feasibility, sustainability, return on invest

71 U. Husemann: Preparing for the Future
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