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Beyond the Standard Model Physics 

at the LHC and beyond…
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Introductions: big questions in particle physics 
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• Outstanding questions 

about nature/our universe 

could be solved through 

uncovering new physics at 

particle colliders.

• Unlike the Higgs discovery, 

we no longer have a clear 

idea of the (energy) scale 

at which it might appear.

• (Maximally) exploring the 

unknown is key…

Image credit: snowmass energy frontier report

Image credit: arXiv:1903.05063

https://arxiv.org/pdf/2211.11084
https://arxiv.org/pdf/1903.05062
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Probing BSM @ Colliders
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Image credit: https://science.osti.gov/hep/About/Vision-for-HEP 

Try to create new heavy particles or 

test high-energy phenomena using 

high-energy particle accelerators.

• Direct searches for new 

Beyond-the-Standard Model 

(BSM) particles.

• Precise measurements of SM 

processes which provide 

indirect sensitivity to BSM and 

enable (particle-level) 

comparisons to state-of-the-

art theory predictions.

https://science.osti.gov/hep/About/Vision-for-HEP
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BSM models- dark matter as a case study
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By assuming some generic 

interaction between Standard 

Model particles and Dark 

Matter, we could get production 

in colliders. 

Image credit: arXiv:1712.01391 Image credit: arXiv:1506.03116

When designing/ interpreting searches, range of 

approaches from ”effective field theories” (EFTs), 

to “simplified models” or more “complete” 

theories…

https://arxiv.org/abs/1712.01391
https://arxiv.org/abs/1506.03116
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The Large Hadron Collider @ CERN
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https://home.cern/science/experiments

+ LHCf        + SND   +    FASER

+ TOTEM

+ MoEDAL-MAPP

Will focus on ATLAS results and 

projections today!

https://home.cern/science/experiments
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Reasons for positivity

• LHC ~ doubled its design luminosity in run 2 and has continued to break 

luminosity records into run 3 (ongoing now).
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• Developments in Machine 

Learning (ML) and analysis 

techniques are enabling us to 

analyse our data in increasingly 

sophisticated ways.

• The increasing data-set sizes 

are enabling us to probe 

previously unexplored SM 

processes and BSM scenarios

And the best is yet to come…
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What do we know now? (BSM @ the LHC)

After a broad an extensive search programme, no significant 

deviations from SM predictions have been seen in run 2 searches
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…plus observations of new (previously unexplored) SM processes, 

and improved precision on (differential) measurements…

BSM Higgs decays SUSY (or lack of)
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High-Luminosity LHC upgrades
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Right: Simulation of a typical 

HL-LHC event in the upgraded 

ATLAS tracker with a pileup of 

~ 200 interactions per bunch 

crossing.

Left: current schedule 

for the LHC 

accelerator complex- 

aim to deliver 3000 fb-1 

by 2041!
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What could we know in ~ 15 years?
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Increased statistics (x 10) will 

significantly extend sensitivity to BSM

…plus studies of rare Higgs 

decays and SM processes

This could be an hour-

long talk on its own!

Projections often rely on extrapolations from run 2 searches- we should expect 

these to improve with innovations in reconstruction and analysis techniques….
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Targeting the Higgs self coupling 
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After EWSB the quartic term gives 3-higgs and 4-

higgs self-interaction vertices which can be 

accessed through di-Higgs production- a key 

target for the (HL-)LHC.

𝑉𝑆𝑀 𝜙 =
1

2
𝜇2𝜙2 +

1

4
𝜆𝜙4 →

1

2
𝑚𝐻
2ℎ2 + 𝜆𝑣ℎ3 +

1

4
𝜆ℎ4…

Key message:

• BSM physics could modify HH rate/ 

kinematics.

• Innovative analysis approaches mean 

that run 2 results continue to exceed early 

projections.
arXiv:1902.00134

https://arxiv.org/abs/1902.00134
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Timescales in particle physics
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22 years later in 2006…

 ECFA-84-085-V-2

http://council-strategygroup.web.cern.ch/council-strategygroup/

1984: LHC proposed

1995: LHC approved

2012: Higgs discovery
…are long…

http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://council-strategygroup.web.cern.ch/council-strategygroup/
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To put this in context...?
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1984 1995 2012

My parents

SW- aged 7 Queuing for the Higgs seminar 

I have only been 

involved in a small part 

of the LHC journey…
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Looking ahead: what should come after the HL-LHC?
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𝑒+𝑒− machine?

Hadron collider?

Linear collider?

Circular collider?

ILC (Japan?)

CLIC (CERN?)

CepC (China)

FCC-ee/hh

(CERN)

What should come 

after the LHC?

In the aftermath of the Higgs 

discovery, lots of discussion 

on what machine should 

follow the LHC…

Muon collider? 

HALHF (??)

C3 (??)

We can’t do everything - a coherent global strategy is key!
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The 2020 European Strategy Update

Following ~ 2 years of conensus gathering within the 

community, the ESU made several key recommendations to 

the community:

1. An electron-positron Higgs factory is the highest-priority 

next collider. For the longer term, the European particle 

physics  community has the ambition to operate a proton-

proton collider at the highest achievable energy

2.  Europe, together with its international partners, should 

investigate the technical and financial feasibility of a future 

hadron collider at CERN with a centre-of-mass energy of at 

least 100 TeV and with an electron-positron Higgs and 

electroweak factory as a possible first stage

14

Following the 2020 ESU, the FCC feasibility study was launched in 2021, 

aiming to provide input by 2025 to feed into the next ESU (coming soon)… 
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Integrated FCC programme
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Comprehensive long-term programme maximises physics 

opportunities at the intensity and energy frontier:

1. FCC-ee (Z, W, H, 𝑡 ҧ𝑡) as high-luminosity Higgs, EW + top factory.

2. FCC-hh (~ 100 TeV) to maximise reach at the energy frontier, with pp, 

AA and e-h options (FCC-eh).

FCC Feasibility Study Status

Michael Benedikt

FCC Week, 5 June 2023

FCC integrated program

FCC-ee

2020 - 2040 2045 - 2063 2070 - 2095

FCC-hh

comprehensive long-term program maximizing physics opportunities
• stage 1: FCC-ee (Z, W, H, t ҧt) as Higgs factory, electroweak & top factory at highest luminosities

• stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option

• highly synergetic and complementary programme boosting the physics reach of both colliders (e.g. model-independent 

measurements of the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as “energy upgrade” of FCC-ee)

• common civil engineering and technical infrastructures, building on and reusing CERN’s existing infrastructure

• FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC

+ AA, 

eA, ep

Taken from slides by M. 

Benedikt at FCC week.

https://indico.cern.ch/event/1202105/contributions/5423504/attachments/2659109/4606291/230605_FCC-FS-Status_ap.pdf
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Synergies in the FCC programme
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Integrated programme combines precision at the intensity frontier (FCC-ee) giving 

indirect sensitivity to a multitude of NP as well as unique direct sensitivity to low-

mass and weakly interacting BSM physics, with discovery potential at the energy 

frontier (FCC-hh) that will furtger extend the precision achieved at FCC-ee! 
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FCC-ee and -hh synergies – BSM searches
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Direct FCC-ee sensitivity

Figure 10: Representat ion of an event display at an FCC-ee detector of a HNL decay into

an electron and a virtual W decaying hadronically. Courtesy of the FCC collaborat ion.

3.2.1 Product ion and K inemat ics of Elect roweak-scale H N Ls

As a first step to exploring the sensit ivity of FCC-ee to EW-scale HNLs, Table 1 shows the

cross sect ion (center column) and the expected number of events (right column) for an HNL

with a mass of mN = 50 GeVwhen produced and decayed through the process described in

Eq. (22) and shown in Fig. 11.
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Figure 11: Representat ive diagrams depict ing the e+ e− ! Z ! N ⌫̀ process at leading

order, with N decaying via (a) charged current and (b) neutral current channels to the

two-neutrino, two-charged lepton final state.

Results are shown for several choices of act ive-sterile mixing |VeN |, and assume that an
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• HNLs

• Alps

• Exotic Higgs decays

𝑚𝑎: ALP mass, 𝑐𝛾𝛾: ALP-photon coupling

…plus indirect access to 

a range of BSM 

phenomena through ultra-

precise measurements of 

SM parameters…

See slides by G. 

Salam at FCC week

FCC week, London, June 2023Gavin Salam 48

Alain Blondel
1
, Pat rick Janot

2
: FCC-ee overview: new opportunit ies create new challenges 7

F ig. 4. Expected uncertainty contour for the S and T parameters for various colliders in their first energy stage. For ILC and

CLIC, the project ions are shown with and without dedicated running at the Z pole, with the current (somewhat arbit rary)

est imate of future experimental and theoret ical systemat ic uncertainty (left , from Ref. [30]); and with only stat ist ical and

paramet ric uncertaint ies (right , from Ref. [42]).

F ig. 5. Elect roweak (red) and Higgs (green) const raints from FCC-ee, and their combinat ion (blue) in a global EFT fit . The

const raints are presented as the 95% probability bounds on the interact ion scale, ⇤/
p

ci , associated to each EFT operator.

Darker shades of each colour indicate the result s when neglect ing all SM theory uncertaint ies

measurements; the interest of the Elect roweak measurements and of the improvement of the associated systemat ic
uncertaint ies; and the large number of observables available at FCC-ee. Not all observables of Table 3 have yet been
used in this fit , and that the flavour observables have not been considered.

Dedicated analysis of the pat tern of deviat ions for specific models of new physics will be necessary to fully explore
the ability of FCC-ee to ident ify or rest rict the origin of one or several experimental deviat ion(s) from the SM

predict ions. The e↵ects of a heavy Z
0

gauge boson provide an illust rat ive example of complementarity, analysed in
Ref. [14] for a specific Higgs composite model. The precise measurements at and around the Z pole would be sensit ive

to such a new object by Z/ Z
0

mixing or interference, while measurements at higher energies would display increasing
deviat ion from the SM in the dilepton, diquark or diboson channels. The combinat ion of these two e↵ects would
provide a tell-tale signature and allow const raints on mass and couplings of this possible new object to be determined.
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increase in precision at FCC-ee is equivalent to × 4 – 5 increase in energy reach

https://indico.cern.ch/event/1202105/contributions/5423455/attachments/2659121/4607170/fcc-london.pdf
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FCC-ee and -hh synergies - BSM searches
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FCC-hh sensitivity to direct NP

Future Circular Collider (14. Jan. 2019)  The Hadron Collider (FCC-hh) 

Page 3 of 21 

2 Objectives 

The objective is to develop, build and operate a 100 TeV hadron collider, with an integrated luminosity at 
least a factor of 5 larger than the HL-LHC, to extend the current energy frontier by almost an order of 
magnitude. The mass reach for direct discovery will approach several tens of TeV, allowing the production of 
new particles whose existence could be indirectly predicted by precision measurements during the earlier pre-
ceding e+e– collider phase. This collider will also measure the Higgs self-coupling precisely and thoroughly ex-
plore the dynamics of electroweak symmetry breaking at the TeV scale, to elucidate the nature of the elec-
troweak phase transition. WIMPs as thermal dark matter candidates will be discovered, or ruled out. 
As a single project, this particle collider facility will serve the global physics community for about 25 years 
and, in combination with a lepton collider, will provide a research tool until the end of the 21st century.  

2.1 Scientific Objectives 

The European Strategy for Particle Physics (ESPP) 2013 unambiguously recognized the importance of “a 
proton-proton high-energy frontier machine…coupled to a vigorous accelerator R&D programme…in 
collaboration with national institutes, laboratories and universities worldwide”. Since its inception, the in-
ternational FCC collaboration has therefore delivered a hadron collider conceptual design (FCC-hh) that 
best complies with this guideline and that offers the broadest discovery potential. Together with a heavy ion 
operation programme and with a lepton-hadron interaction point, it provides the amplest perspectives for research 
at the energy frontier. The visionary physics programme of about 25 years described in this section requires colli-
sion energies and luminosities that can only be delivered, within a reasonable amount of time, by a circular collider 
with four experimental interaction regions. 

To be able to definitely elucidate electroweak symmetry breaking, to confirm or reject the WIMP dark 
matter hypothesis and to directly observe new particles signalled indirectly by, e.g., the precision study 
of Higgs properties, the energy reach of the particle collider must be significantly higher than that of the LHC, 
i.e. making a leap from ten TeV to the 100 TeV scale. 

Since cross sections for the production of a state of mass M scale 
like 1/M2, the integrated luminosity should be 50 times that of the 
LHC, at least 15 ab-1, to be sensitive to seven times larger masses. 
The FCC-hh baseline design aiming at 20-30 ab-1 exceeds this tar-
get. It is sufficient to almost saturate the discovery reach at the 
highest masses. A further luminosity increase by a factor of 10 
would only extend it by < 20%. Fig. 1 shows discovery reach ex-
amples for the production of several types of new particles includ-
ing Z' gauge bosons carrying new weak forces and decaying to var-
ious SM particles, excited quarks Q*, and massive gravitons GRS 
present in theories with extra dimensions. Other scenarios for new 
physics, such as supersymmetry and composite Higgs models, will 
likewise see a great increase of high-mass discovery reach. The top 
scalar partners will be discovered up to masses of close to 10 TeV, 
gluinos up to 20 TeV, and vector resonances in composite Higgs 
models up to masses close to 40 TeV. 

Until new physics is found, two key issues, that will likely remain open after the HL-LHC, are at the top of the 
priority list of the FCC-hh physics objectives: how does the Higgs couple to itself? What was the nature of the 
phase transition that accompanied electroweak symmetry breaking and the creation of the Higgs vacuum 
expectation value? Today, neither the fundamental origin of the SM scalar field nor the origin of the mass and 
self-interaction parameters in the Higgs scalar potential are known. The next stage of exploration for any high-
energy physics programme is to determine these microscopic origins. The puzzle of the Higgs potential can be 
resolved, if there is an additional new microscopic scale involving new particles and interactions near the electro-
weak scale. With more than 1010 Higgs bosons produced at the design luminosity, see Fig. 2, FCC-hh can comple-
ment an intensity frontier lepton collider by bringing the precision for several of the smallest Higgs couplings (γγ, 
Ζγ, µµ), and for the coupling to the top below the percent level. The Higgs self-coupling can be measured with a 
precision of around 5%. Combined with the direct search potential for scalar partners of the Higgs boson, this will 
permit establishing the possible existence of conditions that allowed the electroweak phase transition in the 

Figure 1: Discovery reach for heavy resonances. 

Substantial discovery reach for 

heavy resonances

More details in FCC TDR and ESU submissions here 

Future Circular Collider (14 Jan. 2019)  The Integrated Programme (FCC-int) 
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have upper limits on the DM mass in the TeV range. As an example, DM WIMP candidates transforming as a 
doublet or triplet under the SU(2) group of weak interactions, like the higgsinos and winos of supersymmetric 
theories, have masses constrained below ~1 and ~3 TeV, respectively. The full energy and statistics of FCC-hh 
are necessary to access these large masses. With these masses, neutral and charged components of the multiplets 
are almost degenerate due to SU(2) symmetry, with calculable mass splittings induced by electromagnetic effects, 
in the range of few hundred MeV. The peculiar signatures of these states are disappearing tracks, left by the decay 
of the charged partner to the DM candidate and a soft, unmeasured charged pion. Dedicated analysis, including 
detailed modelling of various tracker configurations and realistic pile-up scenarios, are documented in Volume 3 
of the FCC Conceptual Design Report. The results are shown in Fig. 4.  

The FCC covers the full mass range for the discovery of these WIMP Dark Matter candidates. 

 

  
Figure 4: Expected discovery significance for higgsino and wino DM candidates at FCC-hh, with 500 pile-up collisions. The 
black and red bands show the significance using different layouts for the pixel tracker, as discussed in the FCC-hh CDR. The 
bands' width represents the difference between two models for the soft QCD processes. 

1.6 Direct searches for new physics 

At the upper end of the mass range, the reach for the direct observation of new particles will be driven by the 
FCC-hh. The extension with respect to the LHC will scale like the energy increase, namely by a factor of 5 to 7, 
depending on the process. The CDR detector parameters have been selected to guarantee the necessary perfor-
mance up to the highest particle momenta and jet energies required by discovery of new particles with masses up 
to several tens of TeV. Examples of discovery reach for the production of several types of new particles, as ob-
tained in dedicated detector simulation studies, are shown in Fig. 5. They include Z' gauge bosons carrying new 
weak forces and decaying to various SM particles, excited quarks Q*, and massive gravitons GRS present in theories 
with extra dimensions. Other standard scenarios for new physics, such as supersymmetry or composite Higgs 
models, will likewise see the high-mass discovery reach greatly increased. The top scalar partners will be discovered 
up to masses of close to 10 TeV, gluinos up to 20 TeV, and vector resonances in composite Higgs models up to 
masses close to 40 TeV.  The direct discovery potential of FCC is not confined to the highest masses. In addition 
to the dark matter examples given before, Volume 1 documents the extraordinary sensitivity to less-than-weakly 
coupled particles, ranging from heavy sterile neutrinos (see Fig. 5, right) down to the see-saw limit in a part of 
parameter space favourable for generating the baryon asymmetry of the Universe, to axions and dark photons.  

The FCC has a broad, and in most cases unique, reach for less-than-weakly coupled particles. The Z 
running of FCC-ee is particularly fertile for such discoveries. 
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Cover full mass range for discovery of WIMP dark 

matter candidates

In summary- exciting possibilities to discover/characterize NP that could 

be indirectly predicted through precision measurements at FCC-ee  

https://fcc-cdr.web.cern.ch/
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Higgs coupling @ FCC-hh
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New physics required for a strong first order phase transition (needed 

for EWK baryogenesis) either by directly discovering new states (which 

can’t be too much heavier than the Higgs) or through O(1) deviations in 

the Higgs self-coupling (which will be measured to ~ 10%).

https://arxiv.org/abs/1511.06495

https://arxiv.org/abs/1511.06495
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FCC timelines
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Taken from slides by F. Gianotti at FCC week.

Based on technical 

schedule, FCC-ee 

operation could start in 

2040 or earlier.

More realistic 

schedule, accounting 

for past experience of 

building colliders, 

approval timelines, 
HL-LHC operation…

Obvious comment: long timescales mean that ECR engagement is key- get 

involved in the upcoming European Strategy discussions!

https://indico.cern.ch/event/1202105/contributions/5423451/attachments/2659293/4606138/FCCweek-2023-London.pptx
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Conclusions/outlook

• We have an exciting route ahead with great opportunities to 

discovery/constrain BSM @ the LHC and beyond.

• Decisions on future (post-HL-LHC) colliders will happen soon- get 

involved in the discussions (both in Sweden and beyond)

• Thank you for having me here in Uppsala- it has been a great meeting!

21



Dr Sarah Williams: Partikeldagarna 2024- 22/10/2024

Backup
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Long-lived particles in central detectors
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Long-lived particles 

that are semi-stable or 

decay in the sub-

detectors are predicted 

in a variety of BSM 

models and lead to a 

range of 

unconventional 

signatures:

• RPV SUSY

• Dark photons

• ALPs

• Dark sector models
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(More) ATLAS run 2 SUSY summary plots
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ATL-PHYS-PUB-2023-005

Impressive to see 

so many channels 

now contributing to 

summary plots!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-005/
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ATLAS run 2 leptoquark summary plot

25



Dr Sarah Williams: Partikeldagarna 2024- 22/10/2024

ATLAS run 2 dark matter summary plots
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HL-LHC upgrade
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Key point: this is the next future collider! 

• Scheduled upgrade to increase 

integrated luminosity to 5 x the 

design value.

Key innovations include:

• Cutting edge 11-12 T niobium-tin 
superconducting quadrupoles for 

focusing the beam (target 140 

interactions per BC) 

• SC crab cavities for “tilting the 

beam” to give better overlap of 
crossing bunches.

• New technology for beam 

collimation – needed to protect SC 

elements from quenching. 
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ATLAS upgrade 
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ATLAS Phase-2 Upgrade

New Inner Tracking Detector (ITk)

• All silicon with at least 9 layers up to = 4

• Less material, finer segmentation

New Muon Chambers
• Inner barrel region with new RPCs, sMDTs, and TGCs

• Improved trigger efficiency/momentum resolution, 

reduced fake rate

Upgraded Trigger and Data 

Acquisition System

• Single Level Trigger with 1 MHz output

• Improved 10 kHZ Event Farm

Electronics Upgrades

• On-detector/off-detector electronics upgrades of

LAr Calorimeter, Tile Calorimeter & Muon Detectors

• 40 MHz continuous readout with finer 

segmentation to trigger

High Granularity Timing Detector 

(HGTD)

• Precision time reconstruction (30 ps) with 

Low-Gain Avalanche Detectors (LGAD)

• Improved pile-up separation and bunch-by-bunch 

luminosity 

Additional small upgrades
• Luminosity detectors (1% precision) 

• HL-ZDC (Heavy Ion physics)

A. Affolder (Santa Cruz) Lepton Photon 2021 3

Diagram taken from slides by Tony 

Affolder at Lepton-Photon 2021

Needs to cope with much higher pileup (<mu>~140) with strong constraints on 

readout and radiation hardness.

https://cds.cern.ch/record/2799535?ln=en
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Additional HL-LHC projections
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Projected upper limits on 2HDM+a as a 

function of the pseudoscalar mass. 

For more details see ATLAS + 

CMS Snowmass white paper

Projected limits on dark 

photon production

https://cds.cern.ch/record/2805993/files/ATL-PHYS-PUB-2022-018.pdf
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Integrated FCC programme
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Taken from slides by F. Gianotti at FCC week.

FCC-ee:

• Ultra-precise measurements 

of EW/ Higgs + top sectors 

of SM -> indirect sensitivity 

to BSM.
• Unique flavour opportunities

• Direct sensitivity to feebly 

interacting particles (LLPs)

FCC-hh:
• High-statistics for rare Higgs 

decays and 5% 

measurement of Higgs self 

interaction.

• Unprecedented direct 
sensitivity to BSM.

FCC-eh: 

• Energy-frontier ep collisions provide ultimate super-

microscope to fully resolve hadron structure

and empower physics potential of hadron colliders. 

• Very precise measurements of Higgs/top and EW 
parameters in synergy with ee and hh.

https://indico.cern.ch/event/1202105/contributions/5423451/attachments/2659293/4606138/FCCweek-2023-London.pptx
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FCC-ee BSM snapshot

1. Indirectly discover new particles 

coupling to the Higgs or EW bosons up 

to scales of Λ ≈ 7 and 50 TeV.

2. Perform tests of SUSY at the loop level 

in regions not accessible at the LHC.

3. Study heavy flavour/tau physics in rare 

decays inaccessible at the LHC.

4. Perform searches with best collider 

sensitivity to dark matter, sterile 

neutrinos and ALPs up to masses ≈ 90 

GeV.
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Taken from FCC Snowmass submission 

Image credit: FCC CDR

Projected 𝟐𝝈 indirect 

reach from Higgs 

couplings on stops.

https://arxiv.org/pdf/2203.06520.pdf
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Physics landscape at FCC-ee
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• Broad landscape of physics opportunities which include direct and indirect 

sensitivity to new physics.

• Unique sensitivity to feebly interacting particles and LLPs means we are in 

an exciting position to design detectors with these scenarios in mind.
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FCC-ee case study: LLPs
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LLPs that are semi-stable or 

decay in the sub-detectors are 

predicted in a variety of BSM 

models:

• Heavy Neutral Leptons 

(HNLs)

• RPV SUSY

• ALPs

• Dark sector models

The range of unconventional signatures and rich phenomenology 

means that understanding the impact of detector design/performance 

on the sensitivity of future experiments is key!
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LLPs @ FCC-ee
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• Targeting precision measurements of 

EWK/Higgs/top sector of SM.

• Unique sensitivity to LLPs coupling to Z 

or Higgs. 

• No trigger requirements.

• Excellent vertex reconstruction and 

impact parameter resolution can 

target low LLP lifetimes (this can 

drive hardware choices).

• Projections often assume 

background-free searches 

(should check these assumptions).



Dr Sarah Williams: Partikeldagarna 2024- 22/10/2024

FCC-eh
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For a nice review of electron-hadron colliders 

(including EIC) see https://cds.cern.ch/record/2811194 

Novel use of Energy Recovery Linac (ERL) technology that will be 

demonstrated with the PERLE ERL demonstrator

11

The FCC-eh program

low x high x

FCC-eh (60 GeV electron beams)
Ecms = 3.5 TeV, described in CDR of the FCC
run ep/pp together: FCC-hh + FCC-eh

J. Osborne, W. Bromiley, A. Navascues

FCC-eh
8 point FCC: point D 

Taken from slides by J. D”Hondt at FCC week 

Image credit: 

PERLE

Use of ERL technologies 

a key step towards 

improving sustainability 

whilst maintaining high 

luminosities.

Relatively keen environment 

associated with e-p collisions 

provides a new window to 

discover new physics…

https://cds.cern.ch/record/2811194
https://indico.cern.ch/event/1202105/contributions/5435643/attachments/2662467/4612844/FCC-JDH-8June2023.pdf
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FCC-eh BSM snapshot

1. Unique opportunities for leptoquark searches up 

to 3 TeV.

2. Sensitivity to compressed supersymmetric 

scenarios that would elude discovery at FCC-hh.

3. Novel charged current interactions for Heavy 

Neutral Lepton (HNL) discovery

36

Plots taken from 

vol. 1 of FCC CDR: 

https://fcc-

cdr.web.cern.ch/

 

https://fcc-cdr.web.cern.ch/
https://fcc-cdr.web.cern.ch/
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FCC-hh BSM snapshot 

1. Direct discovery potential up to ~50 TeV.

2. Precision measurement of Higgs self coupling.

3. Conclusively test the WIMP dark matter paradigm.

Plus: further indirect probes through rarer/higher mass Higgs processes.

37

Plots taken from vol. 1 of FCC 

CDR: https://fcc-cdr.web.cern.ch/
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special FCC-ee run at	√" = V W is being evaluated. The synergies amongst all components of the FCC Higgs 
programme are underscored by a global fit of Higgs parameters in the effective field theory (EFT) framework, 
shown in Fig. 1, and discussed in full detail in Volume 1 of the CDR. Finally, it is worth noting that the tagged 
H→gg channel at FCC-ee will offer an unprecedented sample of pure high energy gluons.  

By way of synergy and complementarity, the integrated FCC programme appears to be the most pow-
erful future facility for a thorough examination of the Higgs boson and EWSB. 

 

 
Figure 1: One-σ precision reach at the FCC on the effective single Higgs couplings, Higgs self-coupling, and anomalous 
triple gauge couplings in the EFT framework. Absolute precision in the EW measurements is assumed. The different bars 
illustrate the improvements that would be possible by combining each FCC stage with the previous knowledge at that time 

(precisions at each FCC stage considered individually, reported in Tables 1 and 2 in the k framework, are quite different).  

1.3 Electroweak precision measurements 

As proven by the discoveries that led to the consolidation of the SM, EW precision observables (EWPO) can play 
a key role in establishing the existence of new physics and guiding its theoretical interpretation. We anticipate that 
this will continue to be the case well after the HL-LHC, and expect the FCC to lead the progress in precision 
measurements, as improved precision equates to discovery potential. 
The broad set of EWPO’s accessible to FCC-ee, thanks to immense statistics at the various beam energies and to 
the exquisite centre-of-mass energy calibration, will give it access to various possible sources and manifestations 
of new physics. Direct effects could occur because of the existence of a new interaction such as a Z' or W', which 
could mix or interfere with the known ones; from the mixing of light neutrinos with their heavier right-handed 
counterparts, which would effectively reduce their coupling to the W and Z in a flavour dependent way. New 
weakly coupled particles can affect the W, Z or photon propagators via loops, producing flavour independent 
corrections to the relation between the Z mass and the W mass or the relation between the Z mass and the effective 
weak mixing angle; or the loop corrections can occur as vertex corrections, leading to flavour dependent effects 

as is the case in the SM for e.g. the Z → bbG couplings. The measurements above the tt ̅  production threshold, 

directly involving the top quark, as well as precision measurements of production and decays of 1011 t's and 2×1012 
b's, will further enrich this programme. Table 3 shows a summary of the target precision for EWPO's at FCC-ee. 
The FCC-hh achieves indirect sensitivity to new physics by exploiting its large energy, benefiting, from the ability 
to achieve precision of a previously unexpected level in pp collisions, as proven by the LHC. EW observables, 
such as high-mass lepton or gauge-boson pairs, have a reach in the multi-TeV mass range, as shown in Fig. 2. 
Their measurement can expose deviations that, in spite of the lesser precision w.r.t. FCC-ee, match its sensitivity 

reach at high mass. For example, the new physics scale L, defined by the dim-6 operator XY = 1 Λ\E] ^X6_
` H

\
⁄ , 

will be constrained by the measurement of high-mass ln pairs to L > 80 TeV. High-energy scattering of gauge 
bosons, furthermore, is a complementary probe of EW interactions at short distances. The FCC-eh, with precision 
and energy in between FCC-ee and FCC-hh, integrates their potential well. For example, its ability to separate 

gHμμ gHττ gHcc gHtt gHbb gHVV
eff gHγγ

eff gHZγ
eff gHgg
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https://fcc-cdr.web.cern.ch/
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Dark matter complementarity…
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Full coverage of thermal surface in 

MSSM (image credit: arXiv:1606.00947 )

… between direct/indirect 

detection and collider searches…

… between collider, non-collider 

searches + astrophysical constraints…

ALP sensitivity (FCC-ee focussed)

https://arxiv.org/abs/1606.00947
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