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NB: Not a real conference summary, but a story build 
around the material that (I believe) I understood and 
that mostly resonated with my own perspective …  

No time/expertise to present technical details, just a 
sort of collection of take-home messages …

 55 talks ~ 39 hrs ⇒ 
1 min of summary / 1 hr of talks
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• Where we are => LHC status 
• Where we know we’re going => HL-LHC 
• A diverse landscape 
• Where we’d like to go next 

• The opportunities 
• The physics context: 

• guaranteed deliverables

• exploration


• The challenges: 
• accelerators

• detectors

• theory


• The strategic assessment

A possible thread to organize and 
decipher the overwhelming amount of 

material presented this week

NB: Not a real conference summary, but a story build 
around the material that (I believe) I understood and 
that mostly resonated with my own perspective …  

No time/expertise to present technical details, just a 
sort of collection of take-home messages …

 55 talks ~ 39 hrs ⇒ 
1 min of summary / 1 hr of talks



4

Where we are => LHC status

Higgs Physics: current status and prospects from the experiment side, T.Qiu


Electroweak physics: current status and prospects from the experiment side, R. Bellan


QCD/top physics: current status and prospects from the experiment side, S. Kluth


Status and prospects of the flavour physics experimental programme, M. Pepe-Altarelli


Highlights and future perspectives of LHC experiments, J.Jovicevic


Using collider systems to search for new physics, J. Pinfold


Heavy ion physics: current status and prospects at future accelerators, A. Soto Ontoso
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Tong Qiu: Higgs physics

exploration of arbitrary SM deviations of Higgs 
behaviour: no anomalies to report
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Tong Qiu: Higgs physics

exploration of arbitrary SM deviations of Higgs 
behaviour: no anomalies to report

if this is real, 
HL-LHC will 

fully confirm it
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At what level does a 
“small” deviation in the 
Hμμ coupling become 

interesting from the 
model-building 
perspective?


Are there justified 
precision “targets”?  

Tong Qiu: Higgs physics

exploration of arbitrary SM deviations of Higgs 
behaviour: no anomalies to report

if this is real, 
HL-LHC will 

fully confirm it
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M. Franchini: BSM searches

https://cms-results.web.cern.ch/cms-
results/public-results/publications/EXO/  


ATL-PHYS- PUB-2023-008   


- Extensive and diverse research 
program from both ATLAS and CMS


- New taggers, triggers and 
techniques to improve sensitivity and 
constrain previously non-accessible 
parameter space 

only one SUSY-related search! but an 
important one … more on this later …

Message 
- Innovation with detector upgrades, trigger evolution and analysis techniques can boost by large factors acceptance, efficiency 

and S/B for key searches ⇒ the growth from 300 to 3000 fb–1 can increase the statistical reach by much more than x10


- No evidence for saturation in the degree of ingenuity and range of opportunities for exotics searches: a continuously 
compelling and motivating research goal for young researchers

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/
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Summary tables like this one used to be enough to cover most exotica searches, from SUSY 
to new gauge bosons or compositness…. now it takes a full table just to summarize results of 
searches for heavy neutral leptons!
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CMS-SMP-2022-010 

R. Bellan: EW

ATLAS: arXiv:2403.15085 LHCb: JHEP 01 (2022) 036

arXiv:2201.07861 Message:

• LHC’s EW precision has by now surpassed 

LEP for all observables it has access to

• LHC has settled SM discrepancies left 

pending by LEP/SLD 

• A rich programme of EW multiboson 

measurements is ongoing and still stat-limited 
in its reach: crucial input to EFT 
determinations in the EW-Higgs sector (see G. 
Durieux talk)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-24/
https://link.springer.com/article/10.1007/JHEP01(2022)036
https://arxiv.org/pdf/2201.07861
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CMS-SMP-2022-010 

R. Bellan: EW

ATLAS: arXiv:2403.15085 LHCb: JHEP 01 (2022) 036

arXiv:2007.14040 

arXiv:2201.07861 Message:

• LHC’s EW precision has by now surpassed 

LEP for all observables it has access to

• LHC has settled SM discrepancies left 

pending by LEP/SLD 

• A rich programme of EW multiboson 

measurements is ongoing and still stat-limited 
in its reach: crucial input to EFT 
determinations in the EW-Higgs sector (see G. 
Durieux talk)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-24/
https://link.springer.com/article/10.1007/JHEP01(2022)036
http://www.arXiv.org/abs/2007.14040
https://arxiv.org/pdf/2201.07861
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S.Kluth: QCD and top

Precision below 10% over 10 orders of magnitude! Impact on PDF determinations pt(Z) ⇒ αS = 0.1178 ± 0.0009 
single most precise determination 

beyond LQCD

m(top) = 172.52 ± 0.33 
ATLAS + CMS mtop combination:

Message:

• by and large bread and butter physics measurements, but achieving a 

reduction and a control of systematics beyond anything expected!

• Several exptl systematics still data driven (eg PDF, JES, bJES), room for 

further improvements or consolidation

• Critical role played by the astounding progress in TH calculations and 

reduction of TH systematics (see S.Forte and A.Mitov talks)
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M. Pepe-Altarelli: flavour physics

waiting for HL-LHC …

Direct CPV for charm: done!

72 new hadrons discovered at LHC, 
opening a new era of studies of QCD 
exotic spectroscopy

Full consistency of CKM fits to tree- and loop-level  observables

Not only LHCb! The power of data 
parking strategies by CMS
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M. Pepe-Altarelli: flavour physics

Message, from Monica’s conclusions:

“The precision program in flavour physics over the 
next 10 ÷ 15 years is, in my view, the most promising 
direction to make discoveries before the next 
accelerator (assuming NP is on the horizon). “

Hints of NP in the flavour sector

Data-driven evaluation of 
non-local (NP) effects in 
the region below the 
resonances, still leaving 
1.5 σ tension with SM (2.1 
σ in C9). 

To be documented in:

LHCb-Paper-2024-011 

Anomaly in the μ+μ– 
mass spectrum 
corroborated by 
further b→sμμ 
channels such as 
BS→φμμ
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A. Soto Ontoso: heavy ion physics

Message: 
It is fair to say that measurements stimulated by 
heavy ion collisions at the LHC led to the most 
remarkable and unexpected surprises and discoveries 
of the LHC programme, next to the Higgs discovery
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Where we know we’re going => HL-LHC

HL-LHC, Y. Papaphilippou 

Upgrade of CMS calorimeters for the Phase-2 LHC, P. Milenovic

Technical challenges and performance of the new ATLAS LAr calorimeter trigger, C. Mwewa

The ATLAS ITk strip detector for the phase-II LHC upgrade, S. Ordek

Overview of the phase-2 upgrade of CMS detector, A. Purhoit

ATLAS ITk Pixel Detector Overview, E.A. Thompson


Highlights and future perspectives of LHC experiments, J.Jovicevic


Computing for the HL-LHC, S. Crépé-Renaudin

Message 
- Innovation with detector upgrades, trigger evolution and analysis techniques can boost by large factors acceptance, efficiency 

and S/B for key searches ⇒ the growth from 300 to 3000 fb–1 can increase the statistical reach by much more than x10


- The challenge to meet the computing demands for simulation is triggering new developments on the theory side, with efforts 
on the side of AI/ML to improve generation efficiency, and software engineering to accelerate execution. More effective 
computing opens new windows of opportunity for implementation of new TH algorithms (numerical vs analytical approaches), 
with direct impact on the feasibility of higher-order NnLO calculations and the ultimate reduction of TH systematics



14

• Many anomalies or excesses from run 2, which could bloom at HL-LHC


• Many sensitivity and precision targets in need of the full HL-LHC statistics


• In general, a necessary training ground to prepare experiments detectors and 

theory for the challenging regimes of future (hadronic) colliders 


• See the comprehensive review of ATLAS-CMS prospects in J.Jovicevic talk 
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Focus on a key deliverable of HL-LHC: the Higgs self-coupling

κλ κλ

2019 ATL+CMS ΥR: CERN-2019-007 2022, ATLAS only ATL-PHYS-PUB-2022-053 

https://cds.cern.ch/record/2703572
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
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Parameter space scan for a singlet model 
extension of the Standard Model. The points 
indicate a first order phase transition. 

see coverage and discussion of 
the TH impact of this 
measurement in several talks, eg 
by G. Weiglein, G.Durieux, …

Is a 50% measurement of any interest, when H couplings to ZZ, 
WW, γγ will be at the few % level after HL-LHC? YES !!

Message:

in the search for extended 
Higgs sectors with strong 1st 
order phase-transition, a 50% 
measurement of the Higgs self-
coupling is more powerful than 
a few-% measurement of HZZ
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Similar conclusions with other models for 
SFOEWPTG, see G.Weiglein talk …

… and in specific model building scenarios, see 
G.Durieux talk



• More in general: should HZZ deviate from the SM, λHHH is necessary to help break the degeneracy among all 
parameter sets leading to the same HZZ prediction

Remark
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• The concept of “which experiment sets a better constraint on a given parameter” is a very limited comparison 
criterion, which looses value as we move from “setting limits” to “diagnosing observed discrepancies”

• Likewise, it’s often said that some observable sets better limits than others: “all known model predict 
deviations in X larger than deviations in Y, so we better focus on X”. But once X is observed to deviate, 
knowing the value of Y could be absolutely crucial ….

• Redundancy and complementarity of observables is of paramount importance 
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?? if indeed we measured 
δλΗΖΖ to be few %, which 
among all of the possible 
models is selected by λ ??
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A diverse landscape

The status of AI/ML in HEP and the vision towards future accelerators, T.Golling

Quantum developments and potential synergies with future colliders, M. Spannowski

Novel methods towards putting QFT on quantum computers, S. Abel

Simulating high-energy collision events with a quantum computer, S. Williams

Heavy ion physics: current status and prospects at future accelerators, A. Soto Ontoso 
Feebly-interacting particles at future colliders, S.Trojanowski

Neutrino physics: now and at future accelerators, V. Brdar

Neutrino Physics at future colliders, B. Dev 
Using collider systems to search for new physics, J. Pinfold 
Physics potential of beam dump experiments at future accelerators, D. Ueda

The storage ring proton EDM status and prospects, Y. Semertzidis

Gamma factory, W. Krasny

Integrated Photonic Circuit Accelerator for Dark Matter Search, R. Ischebeck 

Future prospects for gravitational waves, D. Croon
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synergies w. accelerators

DL	Croon:	Physics	with	GWs

see previous discussion of Higgs selfcoupling as a probe of a 
strong 1st order EW phase transition (see also G. Weiglein talk)
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millicharged particles magnetic monopoles

dark photonsFeebly interacting particles, dark 
photons/Higgses, ALPs, relaxions, 
millicharged particles, magnetic 
monopoles, heavy neutral leptons, 
right-handed neutrinos, anomalous 
neutrino interactions, tau magnetic 
and electric dipole moments, cosmic 
ray interaction studies, etcetc:  

this exploration goes well beyond the 
canonical ATLAS/CMS searches, 
including dedicated current or future 
LHC experiments (see talks by 
S.Trojanowski, B. Dev, J. Pinfold, …) 
competing with or complementing the 
reach of other facilities (see talks by P. 
Panci, V. Brdar, D. Ueda, Y. Semertzidis, 
R.Ischebeck, …) 

Operations with heavy ions contribute 
yet another dimension to the study of 
SM interactions in novel and extreme 
dynamical domains (see talk by A.Soto 
Ontoso)
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• The LHC, and more so HL-LHC, best embodies the spirit of cultivating diversity in the 

research programme of a single multipurpose facility 

• There has never been in HEP history a more diverse physics programme carried out by 

a handful of synchronous experiments.  

• LHC is continuously delivering measurements, including discoveries and surprises, of 

great impact on all areas of particle physics, from the dynamics of the fundamental 

interactions in the most extreme conditions of energy, density and temperature, to the 

exploration of the origin of fundamental puzzles such as the origin of EWSB, of DM, 

CPV, neutrino masses 

The 9 LHC running experiments:  
• ALICE, ATLAS, CMS, FASER, LHCb, LHCf, MoEDAL/MAPP, SND@LHC, TOTEM (absorbed in CMS as of run 3)

• Over 4000 research published papers! 
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Where we’d like to go next:  
future colliders
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The opportunities

Higgs factories, A.Robson

FCC physics and FCC feasibility study,  C.Grojean, E. Tsesmelis 
Future e+ e- and muon colliders, P. Meade, N.Pastrone, 
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• Is the mass scale beyond the LHC reach ? 

• Is the mass scale within LHC’s reach, but final states are elusive to the direct search ?

Key question for the future developments of HEP:  
Why don’t we see the new physics we expected to be present around the TeV scale ?

These two scenarios are a priori equally likely, but they impact in different ways the future 
of HEP, and thus the assessment of the physics potential of possible future facilities

Readiness to address both scenarios is the best hedge for the field:


• precision  ⇒ higher statistics, better detectors and dedicated experimental conditions 
• sensitivity (to elusive signatures) ⇒ ditto 
• extended energy/mass reach ⇒ higher energy
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Facilities
FCC-ee + hh muon colliderLinear e+e–

precision sensitivity to rare/elusive BSM 
up to Higgs mass scale

direct BSM reach beyond 
TeV mass scale

Goals
sensitivity to rare/elusive BSM 

between H and ~TeV mass scale

• technological feasibility, timescale and cost,  

• our perception of how those goals have to be met (eg how much “precision” do we need?)… 

• the role of diversity in the programme wrt the guaranteed deliverables part of the programme (eg 

value of heavy ions, dedicated experiments in the injector complex, ancillary detectors, etc.etc. 

The discussion of future choices is all about the degree to which a facility 

meets the 4 goals, in the light of 

see also remarks by P.Meade
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… and don’t forget G. Panico’s message: 
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The guiding principles

• The guaranteed deliverables

• The exploration and discovery potential

• Conclusive answers to important questions
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The physics context: guaranteed deliverables

Prospects of QCD/top physics at future accelerators, S.Forte

QCD/top physics in the era of future accelerators, A. Mitov

Heavy ion physics: current status and prospects at future accelerators, A. Soto Ontoso 
Electroweak physics at future accelerators, F. Piccinini

Higgs physics at future colliders, G.Weiglein

Flavor physics at future accelerators, Z. Ligeti

Status and future accelerator prospects of flavor physics, B.Stefanek

SMEFT at future colliders, G. Durieux


Prospects for precision measurements and SM physics well documented in these talks, in 
CDR/TDR of future facilities and in the ESPP2020/Snowmass21 literature
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M. Riembau talk: “New physics is a multifaceted 
concept, it lies between the known and the unknown”

Guaranteed deliverables: 
- improved measurements of fundamental constants and parameters 
- deeper exploration of dynamics of SM interactions, eg 

- EW symmetry breaking and flavour phenomena 
- QCD non perturbative dynamics 

- push further the boundary between established facts (e.g. quarks are pointlike at the scale of (10 TeV)–1 ) and conjectures (e.g. 
quarks are pointlike )

limits to quark 
“pointlike-ness”

new particles
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Z. Ligeti

Impact of FCC-ee Tera-Z measurements like b→sττ and Bc→τν discussed in the 
context of current LHCb anomalies in the talk by B. Stefanek.

For impact of rare decays, flavour in the Higgs sector, and much more, see Z.Ligeti

Flavour is still the least explored 
and documented, but possibly the 

most impactful, element of the 
“guaranteed deliverables” 

potential of FCC-ee at the Z pole:

should it be considered as a 
mandatory element of future 

facilities?

statistics statistics statistics !!!
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The physics context: exploration and conclusive answers

Precision measurements at future colliders, G. Panico

Neutrino physics at future colliders, B.Dev

BSM phenomenology at future accelerators, H. Bahl

BSM theory in the era of future accelerators, M.Riembau

DM phenomenology: Brief status, P. Panci

Status and prospects of dark matter searches, R. Mahbubani

Feebly-interacting particles at future colliders, S.Trojanowski

Physics at a future muon collider, D. Buttazzo
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From H. Bahl’s talk
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Conclusive yes/no answers we should try to extract from a future facility — examples

• Is DM a thermal WIMP ? 
• What was the nature of the EW phase transition ? 
• Does the origin of neutrino masses lie at the TeV scale ? 
• Are the Higgs potential and mass defined by physics at the few-TeV scale ? 
• are there BSM sources of CPV below the few-TeV scale ?
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Conclusive 5σ discovery or 
exclusion up to the thermal 
limit 

Similar reach obtained at 10 
TeV μ collider

R.Mahbubani, P.Panci

Example: is DM a thermal 
WIMP?
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The open challenges: accelerators

Advanced accelerators for future particle physics experiments, J. Osterhof 
AWAKE: from proof-of-concept towards first particle-physics applications, J.Farmer

The path towards the Future Circular Collider at CERN, E. Tsesmelis

Positron sources for future lepton colliders, G. Moortgat-Pick

Not covered in detail at the conference, but critical for a global picture of the 
challenges ahead: 
• high-field magnet technology (for hadron and muon colliders) 
• muon cooling demonstrator
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J. Osterhoff
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2013-15
’21-‘22

’23-‘24
’29-‘30

’31-‘32

Beam dump 
experiment, 
similar to NA64

Example of possible first physics application by mid-30’s

Passed successfully all milestones so 
far, proving excellent agreement 
between simulations and data

J. Farmer
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N. Pastrone, D.Buttazzo, P.Meade: Muon collider
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New US initiative to organize the 
community for an end-to-end 10 TeV 

pCM wakefield collider design  
Intl Muon Collider Collaboration 

New/recent coordinated initiatives
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tackling challenges beyond accelerator technology …

C. Grojean and E. Tsesmelis
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A remark …
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Τhe 10 TeV pCM holy 
Grail: how far are we 
from it, really?  

not much actually, 
already at the LHC

Mjj=8.12 TeV

Mjjjj=8.4 TeV

https://arxiv.org/abs/1911.03947 

https://arxiv.org/abs/1911.03947
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M. Franchini

Multi-TeV direct search sensitivity 
also for weakly coupled objects

Remarks 
- These searches and constraints should not just be read to flag the largest 

excluded mass. Note that they also prove sensitivity to “lighter” resonances, 
up to x 100 times more weakly coupled wrt SM EW interactions

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-37
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-38/
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not just colliders …
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The challenges: detectors

Calorimeter developments for future collider experiments, M-C. Fouz Iglesias 
Detectors for Higgs factory, R. Ferrari

Prospects for particle identification at FCC with the IDEA detector, A. Coccaro

Detector concepts for future accelerators (like ILC, asymmetric Higgs factory), K. Buesser 
Gaseous ionization detector developments for future collider experiments, M. Titov  
The LDG working group on sustainability assessment of future accelerators, C.Bloise

Future of Solid State detectors within DRD3 collaboration, D. Varouchas

Detector challenges at a future muon collider, N. Pastrone

Future calorimeters front end electronics, C. De La Taille
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Recurrent key words: 
- ultra-light 
- granular 
- timing 
- …

BSM: beyond the standard 
measurement technology …

R.Ferrari

It’s true that a LEP detector could 
do a lot of the FCC-ee physics … 
but that’s not good enough!

On the electronics side (C. de La Taille) 
Evolution of embedded calorimeter readout chips 

• Further reduction in power dissipation 

• Auto-trigger and data-driven readout 

• More SiPM readout 
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before/after PID

BS→DSK

Detector 
performance 

improvements to 
meet requirements 

from flavour physics 
benefit other 

elements of the 
physics programme, 
eg H→ss searches 

s tagging vs jet 
mis-ID, with PID

Colour contours: 
best limit on signal 
strength 𝜇 for the 
process H → ss, 

after PID with IDEA 

μ ~ 5-10


O
+

A.Coccaro
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Final states of μ+μ– collisions are not much different than 
those of e+e– collisions …

… but the environment and the energies are closer to 
those of a pp collider!

N. Pastrone
Muon collider detectors
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Final states of μ+μ– collisions are not much different than 
those of e+e– collisions …

… but the environment and the energies are closer to 
those of a pp collider!

Beam Induced bkg impact on tracking….

… and on calorimetry

BIB mitigation is the key challenge driving design and technologies

N. Pastrone
Muon collider detectors
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The challenges: theory

Prospects of QCD/top physics at future accelerators, S.Forte

QCD/top physics in the era of future accelerators, A. Mitov

Electroweak physics at future accelerators, F. Piccinini

• Extend all calculations by at least one more order (loop) 
• to achieve similar progress in the past, timescale for various processes has been 10-20 yrs

• recent acceleration observed, thanks to new conceptual developments and access to existing advanced mathematical infrastructure. 

Not clear as yet which complexities will arise at the next step

• impact on selection of analytical vs numerical approaches


• Automation essential for practical use by experiments: 
• done for NLO

• in progress, but far from accomplished, for NNLO


• Adoption of ML-inspired tools to enable, facilitate, accelerate, improve efficiency, of complex calculations 
• Control systematics other than higher-order unknowns: 

• precision of parton-shower evolution, control of non-perturbative effects

• Progress needed with parametric inputs (eg αS, mW, PDFs, …):  

• this will go hand in hand with exptl progress. 

• reliance on data and precise calculations themselves to extract parametric inputs leads to correlations that must be accounted for in the 

systemics (eg PDF constraints from datasets used for mW measurement, non-PT modeling from datasets used for αS measurement, etc)
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From Aidan’s talk

Towards a strategy
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My proposal for the next facility 
(inspired by Alba’s concluding remarks)
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FCC

μcol

LC Arkudias beach
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FCC

μcol

LC Arkudias beach

… at least this will solve 
the problem of keeping 
young students excited 
during construction …



58

On behalf of all of us, 

thanks to George, Jan and their team for the fantastic, warm hospitality

PS coffee, water, cookies and fruits 24/7 is really brilliant!
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An Ad from the organizers …


