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Introduction

• I am going to attempt to summarise prospects 
for BSM searches at FCC.

• This includes:

• Direct searches for new particles.

• Indirect searches through precision SM tests.

• For more detailed overviews of the status of 
various FCC physics studies (and their detector 
implications)  see the slides at the London FCC 
week.
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https://home.cern/science/accelerators/future-circular-collider

Thanks to the numerous collaborators whose slides/schematics have 
been used in these slides J

FCC= ultimate energy 
frontier machine

https://indico.cern.ch/event/1202105/
https://indico.cern.ch/event/1202105/
https://home.cern/science/accelerators/future-circular-collider
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Disclaimer
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There are a lot of FCC 
talks at this workshop 
(this is a good thing)!

I apologies that there will 
be some 
overlap/interplay with 
other talks (I have tried 
to minimize).

=> on some level: the 
entire FCC physics 
programme 
constitutes the most 
comprehensive BSM 
search we can 
perform!
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Reminder: 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 ̅𝑡) 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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Integrated FCC programme
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Taken from slides by F. Gianotti at FCC week.
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Why FCC ? Physics potential

A multi-stage facility with immense physics potential 
(energy and intensity), operating until the end of the century. 
q FCC-ee : highest luminosities at Z, W, ZH of all proposed Higgs 
      and EW factories; indirect discovery potential up to ~ 70 TeV
q FCC-hh: direct exploration of next energy frontier (~ x10 LHC) and 
      unparalleled measurements of low-rate and “heavy” Higgs couplings (ttH, HH) 
q Also heavy-ion collisions and, possibly, ep/e-ion collisions
q Synergistic programme exploiting common civil engineering and technical 
      infrastructure, building on and reusing CERN’s existing infrastructure

1%

HL-LHC: SM width and !c=1δki (%)

20-30
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      30

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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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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Synergies in FCC programme

7
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pp @ 100 TeV

~5-7% uncertainty 
on the s(W,Z,H)

~1% uncertainty 
on the s(W,Z,H)

Electro-Weak region

Kinematic range Parton Distribution Functions

low x

high x

J.Phys.G 48 (2021) 11, 110501

higher energies

Empowering the FCC-hh program with the FCC-ehTaken from slides by J. D”Hondt at FCC week Taken from updated HE-LHC CDR

BSMHiggs
Top
EW

Precision 
QCD

Non-linear 
QCD

• Empower FCC-hh with precision input on hadron structure and strong coupling 
(to permille accuracy) during parallel running.

• Complementary measurements of Higgs couplings (CC+NC DIS x-sections, no 
pile-up, clean).

• Plus… complementary BSM prospects (LLPs, LFV, not-too-heavy scalars, GeV-
scale bosons)- more on this later J

Opportunities for FCC-eh…

https://indico.cern.ch/event/1202105/contributions/5435643/attachments/2662467/4612844/FCC-JDH-8June2023.pdf
https://cds.cern.ch/record/2706220/files/Agostini_2021_J._Phys._G__Nucl._Part._Phys._48_110501.pdf
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FCC-ee and -hh synergies – BSM searches
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Direct FCC-ee sensitivity

Figure 10: Representation 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 collaboration.

3.2.1 Production and Kinematics of Electroweak-scale HNLs

As a first step to exploring the sensitivity of FCC-ee to EW-scale HNLs, Table 1 shows the
cross section (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: Representative diagrams depicting the e
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! 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 active-sterile mixing |VeN |, and assume that an
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• HNLs
• Alps
• Exotic Higgs decays

𝑚!: ALP mass, 𝑐"": 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 Blondel1, Patrick Janot2: FCC-ee overview: new opportunities create new challenges 7

Fig. 4. Expected uncertainty contour for the S and T parameters for various colliders in their first energy stage. For ILC and
CLIC, the projections are shown with and without dedicated running at the Z pole, with the current (somewhat arbitrary)
estimate of future experimental and theoretical systematic uncertainty (left, from Ref. [30]); and with only statistical and
parametric uncertainties (right, from Ref. [42]).

Fig. 5. Electroweak (red) and Higgs (green) constraints from FCC-ee, and their combination (blue) in a global EFT fit. The
constraints are presented as the 95% probability bounds on the interaction scale, ⇤/

p
ci, associated to each EFT operator.

Darker shades of each colour indicate the results when neglecting all SM theory uncertainties

measurements; the interest of the Electroweak measurements and of the improvement of the associated systematic
uncertainties; 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 pattern of deviations for specific models of new physics will be necessary to fully explore
the ability of FCC-ee to identify or restrict the origin of one or several experimental deviation(s) from the SM
predictions. The e↵ects of a heavy Z0 gauge boson provide an illustrative example of complementarity, analysed in
Ref. [14] for a specific Higgs composite model. The precise measurements at and around the Z pole would be sensitive
to such a new object by Z/Z0 mixing or interference, while measurements at higher energies would display increasing
deviation from the SM in the dilepton, diquark or diboson channels. The combination of these two e↵ects would
provide a tell-tale signature and allow constraints on mass and couplings of this possible new object to be determined.

generated by G
PS from

 table 3 of 2106.13885

maximum scale probed indirectly ̶ up to 70 TeV
FCC precision gain

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) 
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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 
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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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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 
474 Page 98 of 161 Eur. Phys. J. C (2019) 79 :474

Fig. 9.1 Left: projected 2σ
indirect reach solely from Higgs
coupling constraints on stops
from FCC-ee and FCC-hh [278].
Right: projected direct FCC-hh
2σ and 5σ discovery reach for
supersymmetric Higgsinos,
Winos, sleptons, stops, squarks,
and gluinos (see Ref. [279] for
details). HL-LHC projections
are only shown for coloured
sparticles and projections for
Higgsinos and Winos are
currently under investigation

and higher values, reducing their effectiveness in explaining the hierarchy between the EW and Planck scales. Nonetheless,
supersymmetry still maintains a forefront role in addressing the puzzles posed by the Higgs.

With regard to the Higgs mass, the most important supersymmetric partner particles are those that interact with the Higgs
boson most strongly. In practice, these are the top squarks (stops), EW gauginos, and Higgsinos. Thus if supersymmetry
plays some role in resolving the hierarchy problem these particles should show up near to the weak scale. One can search
for the presence of these particles indirectly, using high precision measurements at low energies. In particular, the leading
indirect effect of stops is that they modify some of the properties of the Higgs boson. The most notable modifications are to the
interactions between the Higgs boson and gluons and also between the Higgs boson and the photon. None of these interactions
exist at the classical level (the photon and the gluon being massless particles, they do not directly interact with the Higgs
boson), but they are generated by quantum corrections. This is why they are particularly sensitive to new strongly coupled
degrees of freedom like stops. At FCC-ee high precision measurements of these interactions can thus reveal the presence of
these particles. Furthermore, supersymmetry requires a minimal interaction strength between the stop and the Higgs boson,
thus the main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected indirect
constraints on stops from LHC Higgs measurements are shown alongside projected constraints at FCC-ee and FCC-hh. Since
the precision of Higgs coupling measurements is greatest at FCC-ee the latter constraints are dominated by the FCC-ee
measurements. Dedicated studies at FCC-hh, using e.g. H+jet production at high invariant mass, could further reveal the
structure of the indirect corrections to the Higgs interactions.

At high energies it is also possible to produce the supersymmetric partner particles directly. The experimental signatures
typically involve final states featuring jets and missing energy, however a plethora of dedicated searches are required to cover
the full suite of possible experimental signatures. In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is
shown for a variety of supersymmetric particles. Details of the phenomenological studies are presented in the extensive review
of BSM searches at FCC-hh, Ref. [279]. Further dedicated analyses have been carried out in the framework of the FCC-hh
detector performance studies. The study of the reach for Higgsino and Wino, in the context of DM searches, is presented
in Sect. 12. The search for stops is reviewed in the next section. The direct reach shown in Fig. 9.1 extends far beyond the
indirect precision Higgs coupling reach, in some cases to well above 10 TeV. As a result, the combined FCC projects could
comprehensively and unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-parity, is respected. Such
a symmetry is useful for stabilising dark matter candidates and/or forbidding observable proton decay. However, it is possible
that R-parity is violated in a manner that is consistent with such constraints. In models with R-parity violation it is possible
to have single, rather than pair, production of sparticles. This can be probed by multi-lepton and multijet signatures at the
FCC-hh. At the FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-t̃ Yukawa interaction can be probed at the level of λ131 ! 0.01.

9.2.1 Direct stop search at FCC-hh

A dedicated study of stop production at FCC-hh, which corroborates earlier phenomenological estimates of the reach [280],
exposes some of the detector challenges met when using hadronic decays of highly energetic top quarks, helping to define
the detector design criteria. Here the main findings of the detailed analysis of Ref. [281] are presented.

123

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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5

Physics landscape at the FCC-ee

Higgs
factory

mH, σ, ΓH
self-coupling

H→ bb, cc, ss, gg
H→inv
ee→H

H→bs, .. 

QCD - EWK 

mZ , ΓZ , Γinv

sin2θW , RZ
𝓁 , Rb, Rc

AFB
b,c , 𝞽 pol.

αS ,

mW, ΓW

Top

mtop, Γtop, ttZ, FCNCs

Flavor

CKM matrix
CPV measurements

Charged LFV
Lepton Universality

𝞽 properties (lifetime, BRs..)

Bc → 𝞽 ν
Bs → Ds K/π
Bs → K*𝞽 𝞽
B→ K* ν ν

Bs → φ v v … 

BSM

Heavy Neutral Leptons 
(HNL)

Dark Photons ZD

Axion Like Particles (ALPs)

Exotic Higgs decays  

most precise SM test“boosted” B/D/𝞽 factory: feebly interacting particles

• 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.



Dr Sarah Williams: ZPW2024- BSM searches at FCC

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).
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FCC-ee LLP group: past and present

• Following a Snowmass LOI, an LLP 
white paper was recently published in 
Front. Phys. 10:967881 (2022) which 
included case studies with the official 
FCC analysis tools.

• These initial studies motivate further 
optimization of experimental 
conditions and analysis techniques 
for LLP signatures.

• Currently a very active community, 
with meetings on Thursdays 13:00 
CERN time.
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https://snowmass21.org/energy/bsm_general
https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full
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Ongoing FCC-ee LLP studies
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FCC-ee LLP studies: ongoing studies

14FCC week 2023 5th-9th June- Sarah Williams

Summary of snowmass studies + ongoing activities 
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Physics 
scenario

FCC-ee signature Studies for 
snowmass

Ongoing work

Heavy 
neutral 
leptons 
(HNLs)

Displaced vertices Generator validation 
and detector-level 
selection studies for 
ee!!.  First look at 
Dirac vs Majorana

● Update ee!! studies for 
winter23 samples.

● First look at ""!! channel 
(prompt +LLP)

● First look at "!jj 
(prompt+LLP) 

● First look at e!jj including 
Dirac vs majorana (prompt)

Axion-like 
particles 
(ALPs)

Displaced 
photon/lepton pair

Generator-level 
validation for a→γγ 
at Z-pole run.

No studies ongoing
-> Opportunities to get 

involved :)

Exotic Higgs 
decays

e.g. Theoretical 
discussion and 
motivation for 
studies at ZH-pole

● Reco-level studies (inc. 
vertexing) for h→ss→bbbb

Note: this table will soon be updated 
following the mid-term review!
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First simulation and sensitivity studies for Higgs decays to long-lived scalars

• Extend SM with additional scalar.

• Probe h→ss→bbbb in events with 
2 displaced vertices, tagged by Z

Magdalena Vande Voorde, Giulia Ripellino 

• Look at events with at least one scalar within 
acceptance region 4mm<r<2000mm- all 
except longest and shortest on RHS.

• Aim to develop event selection and perform 
early sensitivity study.

For further details see presentation by Magda at 
topical ECFA WG1-SRCH meeting

Nice overview by 
Juliette Alimena at 
EPS 2023 

https://indico.cern.ch/event/1253605/contributions/5349533/attachments/2628864/4546553/LLPsExoticHiggs_ECFAWG1SCHRMeeting.pdf
https://indico.desy.de/event/34916/contributions/147665/attachments/84286/111633/FCCLLP_EPSHEP_23Aug2023.pdf
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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

Feeding the electron beam into one of the LHC interaction
regions and establishing collisions with one of the LHC hadron
beams requires the design of novel, asymmetric focusing
quadrupole magnets next to the LHeC detector. The focusing
quadrupoles have to provide high magnetic fields and sufficient
focusing power for the high-energy hadron beams while not
affecting the electron beam with its much lower beam energy.

As the LHeCoperation is assumed to be performed parasitically on
top of the nominal HL-LHC operation, the LHeC does not consider
the option of crab cavities acting on the LHC hadron beams. Instead,
the head-on collisions in the LHeC are established by integrating a
dipole field inside the LHeC detector and gently bending the electron
beam onto the trajectory of the hadron beam. Synchrotron radiation
originating from the bending of the electron beam onto the LHC
hadron beam trajectories poses therefore a challenge for the detector
operation and background and needs to be minimized and screened
in the LHeC interaction region design. Based on the experience with
the HERA operation, the goal is to limit the maximum synchrotron
radiation power passing through the LHeC experiment to less then

50 kW. Putting limits on the maximum deflection and bending of the
electron beam when entering the interaction region requires the
design of novel, asymmetric superconducting focusing quadrupole
magnets based on Nb3Sn technology.

The LHeC design looked at SRF systems based both on the
International Linear Collider (ILC) design using 1.3 GHz structures
and on the European Spallation Source (ESS) design using 704MHz
structures. Unfortunately these two SRF options do not match to the
40MHz bunch structure of the LHC hadron beams. The linacs could
therefore not use the ILC or ESS SRF cavities as they are, but would
require a tuning on the precise RF frequency, which triggered the
launch of a new SRF design optimization for the LHeC. Furthermore,
beam stability studies showed that an RF frequency of 1.3 GHz would
limit the operational current in theRF systemand thus the performance
reach of the collider. Beam stability and RF power considerations led to
the choice of anRF frequency of 802MHzandfirst prototype structures
produced at the Thomas Jefferson National Accelerator Facility (JLab)
exceeded the design criteria in terms of Q0 and accelerating gradient
(18MV/m with a Q0 above 3 × 1010). The chosen SRF frequency is
being developed in synergy with the FCC SRF structures.

The initial goal of the LHeC was to provide a beam power in
excess of 600MW at the interaction point with a total wall plug
power consumption of 100MW for the electron beam. Later design
considerations aiming on pushing the performance reach beyond a
peak luminosity of 1034 cm−2 s−1 and minimizing the total
installation cost for the LHeC resulted in shorter linacs, a total
circumference of about 5.4 km (1/5th of the LHC circumferencewith
900m linac length) but with a slightly higher wall-plug power
consumption than the initial 100MW target. The updated LHeC
design features a peak current from the source of 20 mA and total
currents within the SRF cavities of more than 120mA (2 × 3 ×
20mA) [5]. Figure 2 shows the potential LHeC size and layout
options in relation to the LHC tunnel.

The current LHC planning foresees to extend operation until
about 2041 and foresees in total six running periods and five long
shutdowns. The nominal LHC operation started in 2010 and
extends over three running periods: Run 1 from 2010 until end
2012, Run 2 from 2015 until 2018 and Run three from 2022 until
2025 inclusively. Long Shutdown 1 lasted 2 years from 2013 until
2014 and was used for the consolidation of the inter-magnet splices
in order to allow the operation at nominal beam energy of 7 TeV.
The second Long Shutdown lasted 3 years and was used for the
repair of the diode installation that limited the magnet training
after LS1 and the implementation of the LHC Injector Upgrade
project. The third LHC run starts in 2022 and is scheduled to
extend until 2025 inclusive. A third Long Shutdown extending
from 2026 until 2028 will be used for the implementation of the
HL-LHC upgrade and the HL-LHC exploitation is assumed to start
with Run 4 in 2029. Assuming a 2 year long Long Shutdown 4, the
connection of LHeC accelerator complex and the installation of the
new LHeC detector could be envisaged during the Long Shutdown
4 in a configuration which may take alternating data on lepton-
hadron and on hadron-hadron, as has very recently been shown
[74]. For the estimate of the total LHeC performance reach of an
integrated luminosity of 1 ab−1 it is assumed that the LHeC
operates for two runs in parallel with the HL-LHC exploitation
followed by one run in a dedicated operation mode where the

FIGURE 4 | Resolving the proton structure: EIC marked in green with
spin resolution and the LHeC and FCC-eh colliders marked in red as potential
future colliders [76]. The resolving power is directly related to the maximum 1/
Q2 achievable at the respective facility. Note: Q2 is the square of the
momentum transferred by the electron to the proton.

Frontiers in Physics | www.frontiersin.org April 2022 | Volume 10 | Article 8864738

Brüning et al. Electron-Hadron Colliders
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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
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Plots taken from 
vol. 1 of FCC CDR: 
https://fcc-
cdr.web.cern.ch/
 

474 Page 130 of 161 Eur. Phys. J. C (2019) 79 :474

Fig. 15.8 The pair production cross section for colour octets of various spins

Fig. 15.9 Mass-dependent 2σ upper bounds on the leptoquark Yukawa coupling as expected at LHeC and at FCC-eh for an integrated luminosity
of 1 ab−1. An efficiency of 80% is assumed on signal reconstruction

15.3.3 FCC-eh: leptoquarks

Going to more exotic possibilities, leptoquark particles can arise in a number of BSM scenarios. In Sect. 14 leptoquarks
models connected to current flavour anomalies were discussed. However, other leptoquark scenarios could also potentially
exist at high energies. If a leptoquark interacts with the first generation then the FCC-eh provides a unique possibility to
search for it, through e-p collisions. Figure 15.9 shows the reach for an example model in which λLQ is the Yukawa coupling
between a scalar leptoquark coupled to an electron and a down-quark. MLQ is the leptoquark mass. Even for relatively small
Yukawa couplings, masses in the multi-TeV regime can be probed.

15.4 Summary

The preceding examples provide a small snapshot into the discovery capacity of the FCC programme for exotic BSM
signatures. This discovery reach goes far beyond more familiar frameworks such as supersymmetry and extends from new
resonances beyond the SM at high energies, down to extremely weakly coupled states at low masses below the weak scale.
The landscape of new physics signals pursued at the LHC has evolved significantly since the beginning of operation. So, too,
will the suite of discoverable new physics signatures possible at FCC, as theoretical and experimental ideas mature.
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Fig. 12.3 Projected regions in the Higgsino parameter space where more than the indicated number of one (top) or two (bottom) LLPs are observed
at the FCC-eh with a 60 GeV electron beam. Light shading indicates the uncertainty in the predicted number of events due to different hadronisation
and LLP reconstruction assumptions. The green region represents the 2σ sensitivity estimate in the presence of τ backgrounds. The black curves
are projected bounds from disappearing track searches, for the HL-LHC (optimistic and pessimistic). Figure and analysis details are found in [334]

12.3 Simplified models: an example

Since the initial proposal, a vast theoretical zoo of WIMP DM candidates has been proposed, and the original interpretation
has been broadened to include additional ‘mediator’ particles, beyond the EW gauge bosons, which facilitate the annihilation
of DM particles into SM particles. To capture the broad collider features of many specific DM models so-called ‘Simplified
Models’ have been developed. These models contain only the DM particle and a single mediator and take a variety of forms.

One commonly considered example that considered here contains neutral fermionic DM and a vector mediator, with
interactions of the form

L ⊃ −gq
∑

q

Z ′µ q̄γµq − gDM

2
Z ′µ χ̄γµγ 5χ . (12.3)

For such a model one can produce the DM particles, in association with a jet, through the vector mediator qq → gZ′ → gχχ .
This gives rise to a characteristic ‘missing energy’ signature, since the gluon, observed as a jet, recoils against the invisible
DM particles. One may also search for this class of models by searching for the new mediator itself, through resonant decays
back into quarks qq → Z′ → qq. The relative strength of discovery opportunity between these two channels depends on
the choices of coupling strengths in the models. Since the Z′ mediator exchange also dominates the annihilation of the DM
particles into SM particles one may, for a given choice of couplings, calculate the predicted DM abundance and compare the
preferred parameter ranges for a successful DM candidate with the collider searches.

Note that this model has only four free parameters: the DM mass mDM, the mediator mass mmed, the mediator coupling
to quarks gq, and the mediator coupling to DM gDM. For illustration, in the left panel of Fig. 12.4, gq and gDM are set to
specific values and the two mass parameters are varied. Monojet and mediator resonance searches are shown in green and
blue respectively. The preferred parameter space which generates the observed relic abundance is shown in red. One can see
from this figure that with FCC-hh the entire preferred mass range can be covered.

To illustrate this reach in a different parameter plane in the right panel of Fig. 12.4, gq and gDM are now varied independently
and the choice mDM = 0.45mmed is made. Finally, mmed is set to the values which reproduces the observed relic abundance.
One can see that for these choices, over the full range of coupling values the FCC-hh searches can access the parameter ranges
which generate the observed relic abundance.

In summary, it can be seen that with the FCC-hh one can discover the heavy mediator states responsible for connecting
the DM to the visible sector and, for this simplified model, cover essentially all of the parameter space of relevance.

12.4 Exploring the dark sector

There are additional classes of DM models which do not involve EW-charged particles, but which are still relevant for DM
searches at hadron colliders. These are mainly theoretical models where the DM may be in thermal equilibrium with the SM
at some point, due to interactions between the dark sector and the SM, but the relic abundance is not determined by the usual
freeze out mechanism. Popular examples include models of asymmetric DM (ADM), where the relic abundance is determined
by an asymmetry in DM versus anti-DM in the early universe [344,345], possibly related to the baryon asymmetry of the
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Fig. 13.1 Sensitivities of the
different signatures to the
active-sterile mixing and masses
of sterile neutrinos at the
FCC-ee. For details on the
signatures see Ref. [348]
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Fig. 13.2 Summary of heavy sterile neutrino search prospects at all FCC facilities. Solid lines are shown for direct searches and the dashed line
denotes an indirect constraint. These limits are taken from Ref. [348] where further details of the signatures and searches are provided

By directly diagonalising the mass matrix, or by integrating out N, one finds that the Majorana neutrino mass of Eq. (13.4)
is generated. Furthermore, the mixing angle between left and right handed neutrinos is ! ∼ λv/2M . The mass may thus be
correlated with the mixing angle as

!2 ≈ mν
M

! 10−11
( mν

0.1 eV

) (
10 GeV

M

)
. (13.7)

For right-handed neutrinos near the weak scale, the mixing angle is thus very small, leading to very challenging detection
prospects. Going beyond this simplest model, however, there are scenarios, known as ‘Symmetry Protected’ models (see e.g.
[206,353–357]), in which the mixing angle may be significantly enhanced while still generating small neutrino masses. In
these models one extends the field content further, to include neutral Dirac neutrinos, such that the action is of the form

LSP = λνHLN + MNcN . (13.8)

These interactions respect a conserved U(1)L symmetry and the left-handed SM neutrino may now have a large mixing with
the new sterile neutrinos, even though the model still predicts an exactly massless neutrino. Additional terms that break the
U(1)L symmetry can then generate the very light neutrino mass. In this way the mixing angle becomes uncorrelated with the
prediction for the light neutrino masses. The former can be large, while the latter is controlled by small U(1)L -breaking terms.
This setup significantly enhances detection prospects, since now for sterile neutrino masses in the mass range accessible
to colliders one may have large mixing angles that enable the additional pseudo-Dirac sterile neutrinos to be produced and
detected.

In this class of models, there are a variety of different search strategies to pursue. The search prospects at FCC-ee are
summarised in Fig. 13.1. Typically the heavy neutrino may be produced via electroweak processes, and then decay to final
states involving leptons. Sensitivity to heavy neutrinos is significantly enhanced below the Z boson mass threshold, since
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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.
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Plots taken from vol. 1 of FCC 
CDR: https://fcc-cdr.web.cern.ch/
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special FCC-ee run at	√" = VW 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 tt̅  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 
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Fig. 9.1 Left: projected 2σ
indirect reach solely from Higgs
coupling constraints on stops
from FCC-ee and FCC-hh [278].
Right: projected direct FCC-hh
2σ and 5σ discovery reach for
supersymmetric Higgsinos,
Winos, sleptons, stops, squarks,
and gluinos (see Ref. [279] for
details). HL-LHC projections
are only shown for coloured
sparticles and projections for
Higgsinos and Winos are
currently under investigation

and higher values, reducing their effectiveness in explaining the hierarchy between the EW and Planck scales. Nonetheless,
supersymmetry still maintains a forefront role in addressing the puzzles posed by the Higgs.

With regard to the Higgs mass, the most important supersymmetric partner particles are those that interact with the Higgs
boson most strongly. In practice, these are the top squarks (stops), EW gauginos, and Higgsinos. Thus if supersymmetry
plays some role in resolving the hierarchy problem these particles should show up near to the weak scale. One can search
for the presence of these particles indirectly, using high precision measurements at low energies. In particular, the leading
indirect effect of stops is that they modify some of the properties of the Higgs boson. The most notable modifications are to the
interactions between the Higgs boson and gluons and also between the Higgs boson and the photon. None of these interactions
exist at the classical level (the photon and the gluon being massless particles, they do not directly interact with the Higgs
boson), but they are generated by quantum corrections. This is why they are particularly sensitive to new strongly coupled
degrees of freedom like stops. At FCC-ee high precision measurements of these interactions can thus reveal the presence of
these particles. Furthermore, supersymmetry requires a minimal interaction strength between the stop and the Higgs boson,
thus the main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected indirect
constraints on stops from LHC Higgs measurements are shown alongside projected constraints at FCC-ee and FCC-hh. Since
the precision of Higgs coupling measurements is greatest at FCC-ee the latter constraints are dominated by the FCC-ee
measurements. Dedicated studies at FCC-hh, using e.g. H+jet production at high invariant mass, could further reveal the
structure of the indirect corrections to the Higgs interactions.

At high energies it is also possible to produce the supersymmetric partner particles directly. The experimental signatures
typically involve final states featuring jets and missing energy, however a plethora of dedicated searches are required to cover
the full suite of possible experimental signatures. In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is
shown for a variety of supersymmetric particles. Details of the phenomenological studies are presented in the extensive review
of BSM searches at FCC-hh, Ref. [279]. Further dedicated analyses have been carried out in the framework of the FCC-hh
detector performance studies. The study of the reach for Higgsino and Wino, in the context of DM searches, is presented
in Sect. 12. The search for stops is reviewed in the next section. The direct reach shown in Fig. 9.1 extends far beyond the
indirect precision Higgs coupling reach, in some cases to well above 10 TeV. As a result, the combined FCC projects could
comprehensively and unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-parity, is respected. Such
a symmetry is useful for stabilising dark matter candidates and/or forbidding observable proton decay. However, it is possible
that R-parity is violated in a manner that is consistent with such constraints. In models with R-parity violation it is possible
to have single, rather than pair, production of sparticles. This can be probed by multi-lepton and multijet signatures at the
FCC-hh. At the FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-t̃ Yukawa interaction can be probed at the level of λ131 ! 0.01.

9.2.1 Direct stop search at FCC-hh

A dedicated study of stop production at FCC-hh, which corroborates earlier phenomenological estimates of the reach [280],
exposes some of the detector challenges met when using hadronic decays of highly energetic top quarks, helping to define
the detector design criteria. Here the main findings of the detailed analysis of Ref. [281] are presented.
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Fig. 49: Relic neutralino surface defined by a thermal primordial freeze-out to abundance ⌦h2
' 0.12, with

all non-neutralino superpartners decoupled, and including Sommerfeld-enhancements to freeze-out annihilation
cross-sections. Regions inside the central boxes are excluded by LEP II [381]. We also show future direct detection
and indirect detection prospects. The compressed and charged track collider studies referred to as “Compr." and
“Tracks" are described in the text [378, 380].

about a factor of 7 higher than the estimated reach at the LHC. These mass reaches are important in terms
of complementarity with the other DM experiments. Depending on the DM profile, there is a possible
gap in coverage in the indirect detection experiments for a fiveplet mass of ⇠ 2.5 TeV, which will be
covered by a 100 TeV collider. In addition, the projected LZ results could reach a fiveplet with a mass up
to 4 TeV. With a possible higher mass reach than this, the 100 TeV collider can exceed direct detection
results without the question of the current relic abundance.

4.3.4 Weak Gauge Bosons 4: Thermal Relic Neutralino DM

Weakly interacting DM are one of the few physics scenarios which can feature an upper limit on the
particle masses. This argument is based mostly on a combination of the experimentally observed relic
density constraint and on the fact that the DM states interact weakly. In that spirit, the neutralino/chargino
sector of the MSSM is a way to interpolate between singlet, doublet, and triplet SU(2) representations of
the DM state. The question is to what degree a 100 TeV proton-proton collider, together with future direct
and indirect detection experiments, can cover the relic neutralino surface with all scalar superpartners,
i.e. squarks, sleptons, and the heavy Higgs boson decoupled to masses above 8 TeV. The main challenge
to collider searches are nearly mass degenerate (. 5% mass difference) states in the neutralino/chargino
sector which lead us to a dedicated analysis with very soft leptons and photons combined with extremely
hard initial state radiation jets at a 100 TeV hadron collider.

In Refs. [378,380] it is for example demonstrated how nearly pure bino DM, which freezes out to
the observed relic abundance through co-annihilation, can be uncovered by a 100 TeV hadron collider.
Figure 49 shows the main collider-related result: for almost pure wino DM as well as for bino-like co-
annihilating DM with small couplings to the Standard Model, a future 100 TeV hadron collider allows
for full coverage of the relic neutralino surface.

To define the relic neutralino surface the thermal relic abundances were calculated us-
ing DarkSE [382], which incorporates Sommerfeld-enhancements to the relic abundance code of
DarkSUSY [383]. In addition, the annihilation cross-section to nearly-pure wino freeze-out were checked
with MicrOMEGAs [384], modified to include Sommerfeld enhancement. MSSM mass spectra were gen-
erated with SuSpect [385], where loop corrections from decoupled SUSY particles were turned off, but
electroweakino charged-neutral electroweak custodial mass splittings were set before matrix diagonal-
ization, as described in Ref. [378].
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Full coverage of thermal surface in 
MSSM (image credit: arXiv:1606.00947 )

… between direct/indirect 
detection and collider searches…

Rebeca Gonzalez Suarez  (Uppsala University) - ZPW 2024
Truth-level decay length of the ALP

L. Rygaard

Axion-like particles
ALPs

• Unconstrained mass range (0.1 − 100 GeV)  accessible via e+e− → aγ and e+e−→ a, a → γγ. 
Sensitivity to couplings to < 10−4 TeV-1 


• At small coupling values → macroscopic decay lengths

27

First generation studies with 
FCC software available

extending current limits > than 3 orders of  magnitude

FCC feasibility Mid-term report - 
Deliverable #8, physics and Experiments

… between collider, non-collider 
searches + astrophysical constraints…

ALP sensitivity (FCC-ee focussed) shown 
in Rebeca’s slides yesterday.

https://arxiv.org/abs/1606.00947
https://indico.cern.ch/event/1341618/contributions/5702326/attachments/2777528/4840987/ZPW2024_RGS.pdf


Dr Sarah Williams: ZPW2024- BSM searches at FCC

Significance of Higgs self coupling

21

https://www.nature.com/articles/s42254-021-00341-2

𝑉 𝜙 =
1
2𝜇

!𝜙! +
1
4 𝜆𝜙

"

• On EWSB 𝜆 gives 3-higgs and 4-
higgs (self-) interaction vertices - 
accessed through di-Higgs 
production at the LHC and future 
colliders.

• Direct measurement could provide 
key understanding of EWPT and 
possible portal to new physics.  

Back to slide 26

https://www.nature.com/articles/s42254-021-00341-2
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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%).N. Arkani-Hamed et al. / Physics Reports 652 (2016) 1–49 13

Fig. 10. Parameter space with first order phase transition in the Z2 model [27]. Red shaded region: for m2
S < 0 (m2

S is denoted as µ2
S in this figure [27]),

it is possible to choose �S = /2 (in Eq. (12)) to get tree-induced two-step first-order electroweak phase transition. Orange contours: value of vc/Tc for
m2

S > 0. The orange shaded region indicates vc/Tc > 0.6, where a one-step transition can be sufficiently first-order for electroweak baryogenesis. Above
the green dashed line, singlet loop corrections generate a barrier between h = 0 and h = v even at zero temperature, but results in the dark shaded region
might not be reliable. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Left: Production rate for the VBF process at a 100 TeV collider. Right: S/
p
B of VBF process at the 100 TeV pp collider for an integrated luminosity

of 30 ab�1 [27].

We conclude that, even in this very worst case scenario, a 100 TeV pp collider allows us to probe the physics giving us
a first-order phase transition. Needless to say, even small modifications from this worst-case scenario can make detection
much easier. For instance, if the Z2 symmetry is broken by an even tiny amount so that a > 10�10, then S will decay as
S ! HH inside the detector. Direct S production will be much easier to see, giving a spectacular signal pp ! SS ! HHHH .
This should allow a 100 TeV pp collider to cover the allowed range ofmS up to 1 TeV. While a detailed study is left for future
work, an estimate of the reach for producing 100 events is shown in Fig. 13. Note that, while at fixed mass the cross section
at 100 TeV is at least⇠100 times larger than at the LHC, themass reach is⇠ 2.5 times greater, compared to the typical factor
of ⇠5 we are accustomed to. This is because both the production and decay vertices of the off-shell Higgs are suppressed
by factors of (v/E) at high energies, and the cross-section scales as v4/E6 rather than the usual 1/E2. These suppressions
would be absent with more physical Higgses in the final state. It would be interesting to see whether such final states with
large Higgs multiplicity can be seen at a 100 TeV pp collider.

We have seen in our simple examples something we expect to hold more generally for models that drive a first-order
phase transition: there should be large signals at a 100 TeV collider, either through the direct production of new states, or via
an O(1) deviation in the cubic Higgs self-coupling. Probing the electroweak transition does not need a 103 TeV pp collider;
100 TeV pp collisions are just right to robustly probe this physics.

14 N. Arkani-Hamed et al. / Physics Reports 652 (2016) 1–49

Fig. 12. Left: Shift in triple Higgs coupling in the Z2 singlet model. Right: Percentage shift in the e+e� ! ZH cross section, which is directly proportional
to �ZH .

Fig. 13. Rate of process pp ! SS ! HHHH at the LHC and a 100 TeV pp collider.

3. Naturalness of the electroweak scale

The notion of naturalness, as introduced by Ken Wilson and Gerard ’t Hooft in the 1970s [28,29], is deeply connected to
our understanding of the structure of effective field theory, strongly supported by analogies with condensedmatter physics.
Naturalness has been the dominant force driving our thinking about physics beyond the Standard Model for the past four
decades, suggesting a rich spectrum of new physics at the weak scale.

However, there have also been reasons to question this doctrine throughout this period. Most glaringly, naturalness
seems to fail spectacularly for the cosmological constant, though this involves mysteries of gravity and cosmology that
may not be relevant for particle physics. Within particle physics, there have also been a number of counter-indications to
naturalness, from the lack of indirect signals that might have been induced by new physics at the weak scale in low energy
flavor and CP violation to the absence of new states going back to LEP and the Tevatron. The absence of new physics at LHC
Run 1 continues this trend and appears to put naturalness under further pressure. Settling the ultimate fate of naturalness is
perhaps the most profound theoretical question of our time that is amenable to experimental tests, and will largely dictate
the future development of fundamental physics in this century.

We will begin with a brief overview of this set of ideas to put them in context and elucidate their importance. As
we will see, on top of what we learn from LHC14, a 100 TeV collider is certain to play a decisive role in unraveling this
physics.

https://arxiv.org/abs/1511.06495

https://arxiv.org/abs/1511.06495
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LHC journey 
so far

We are In the middle of an exciting journey with significant opportunities and challenges.
• How can we better work together to:

• Build/gather consensus?
• Overcome challenges (technical, financial, sociological)
• Balancing current and future projects?
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Some ideas from this workshop

• MC generators and theory predictions.

• Model building - are we missing topologies?

• Refining benchmarks

+ some you might have?

24
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Safer starting 
point?

If 
only..

Nextstep
Hopefully

Hopefully

Left: AI generated image of “fuzzy 
circular collider” (from 
https://gencraft.com/generate )

https://gencraft.com/generate
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(HL-) LHC 
discoveries?

21

3

Fig. 2 Chronology of the hot thermal phase of the early universe. The top scale shows the time after the Big Bang and the
bottom scale the corresponding post-inflationary reheating temperature [3].

Fig. 3 Variation of the number of elementary particles as a
function of time.

2.1 History of Particle Physics and Cosmology

Figure 3 shows the evolution of the number of elemen-
tary particles as a function of time. Three dramatic
changes can be seen: the first one begins at the time
of the ancient Greeks, who classified basic matter in
four categories (Earth, Air, Fire and Water) and cul-
minates when Mendeleev invented the periodic table of
elements. A second era opens at the beginning of XXth

century when Niels Bohr described the hydrogen atom
with two recently discovered particles: the proton 1 and
the electron [4,5]. He computed the radius of the atom
as:

a0 =
4⇡"0~2
mee

2
=

~
me c↵

⇠ O(10�10) m (1)

At this atomic scale, lots of new phenomena were dis-
covered and a new description of microscopic nature,
quantum mechanics, emerges in the 20’s. Later, thanks
to the development of detection technology, lots of new
particles were discovered first by studying cosmic rays
and then as decay products of colliding particles. Late
in the 60’s it was finally possible to make sense of all
these new particles with quantum field and gauge the-
ories. More specifically, the unification of electromag-
netism and weak interaction [6,7,8] including the Higgs
mechanism [9,10,11,12,13,14] allowed a coherent de-
scription of leptons [15]. Similar evolution took place
in the hadronic sector with the quark model [16] and
the description of the strong force [17,18,19]. Hence
the third era of elementary particles. Spectacularly all
particles discovered until then could be explained in
terms of these new elementary particles. The Model

1In fact the atomic nucleus at the time N. Bohr wrote his
paper.

FCC-ee 
discoveries?

FCC-eh/hh 
discoveries?

Integrated FCC programme exploits 
complementarities and synergies 
between ee/ep/pp collisions to 
maximise BSM sensitivity through:

1. Ultra-precise measurements of 
EW/top/higgs parameters in SM.

2. Conclusively 
probing new states 
required by a strong 
1st order EWPT.

3. Unique reach for 
less-than weakly 
coupled particles.

4. Thorough exploration of energy 
frontier.

Thank you for listening- any questions?
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FCC-ee physics runs ordered by energy
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Image credit: Christophe Grojean
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Table 1 The baseline FCC-ee operation model with four interaction points, showing the centre-of-mass

energies, instantaneous luminosities for each IP, integrated luminosity per year summed over 4 IPs

corresponding to 185 days of physics per year and 75% e�ciency, in the order Z, WW, ZH, tt̄. The luminosity

is assumed to be half the design value for machine commissioning and optimisation during the first two years at

the Z pole, the first two years at the WW threshold, and the first year at the tt̄ threshold. (Should the order of

the sequence be modified to either Z, ZH, WW, tt̄ or ZH, WW, Z, tt̄, the ZH stage would start with two years

at half the design luminosity followed by two years at design luminosity, while the WW stage would run

afterwards for only one year but at design luminosity.) The luminosity at the Z pole (the WW threshold) is

distributed as follows: 40 ab
�1

at 88GeV, 125 ab
�1

at 91.2GeV, and 40 ab
�1

at 94GeV (5 ab
�1

at 157.5GeV,

and 5 ab
�1

at 162.5GeV). The number of WW events include all
p
s values from 157.5GeV up.

Working point Z, years 1-2 Z, later WW, years 1-2 WW, later ZH tt̄p
s (GeV) 88, 91, 94 157, 163 240 340–350 365

Lumi/IP (1034 cm�2s�1) 70 140 10 20 5.0 0.75 1.20

Lumi/year (ab�1) 34 68 4.8 9.6 2.4 0.36 0.58

Run time (year) 2 2 2 0 3 1 4

1.45 106 HZ 1.9 106 tt̄
Number of events 6 10

12
Z 2.4 108 WW + +330kHZ

45k WW ! H +80kWW ! H

2

Updated for mid-term review 2023

CEPC Physics Program

11

CEPC	Operation	mode ZH Z W+W- ttbar

~	240 ~	91.2 ~	160 ~	360

Run time [years] 7 2 1 -

CDR	

(30MW)

L	/	IP	[×1034	cm-2s-1] 3 32 10 -

 [ab-1, 2 IPs] 5.6 16 2.6 -

Event yields [2 IPs] 1×106 7×1011 2×107 -

Run	time	[years] 10 2 1 5

Latest	

(50MW)

L	/	IP	[×1034	cm-2s-1] 8.3 192 27 0.83

 [ab-1, 2 IPs] 20 96 7 1

Event	yields	[2	IPs] 4×106 4×1012 5×107 5×105

Large physics samples: ~106 Higgs, ~1012 Z, ~108 W bosons, ~106 top quarks

Physics potential similar to FCC-ee, ILC, CLIC

Based on upgraded 
operation mode with 
50MW power, more 
comparable with FCC-ee 
(more details in slides by 
Jo#ao Guimar#aes da 
Costa in 2022 CEPC 
workshop).

https://indico.ihep.ac.cn/event/17020/contributions/117889/attachments/64239/74992/20221024-CEPC-Workshop-goodR.pdf
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Higgs coupling measurements 

Taken from briefing book for 2020 
ESU- improvements on Higgs 
coupling measurements in 
“kappa” framework:

• Red= linear e+e- collider 
colliders.

• Blue= circular e+e- machines.

• Orange= integrated FCC 
programme.

30
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FCC can also provide 𝟐𝝈 sensitivity to Higgs 
quartic coupling

38 CHAPTER 3. ELECTROWEAK PHYSICS

0 10 20 30 40 50
 [%]3κ68% CL bounds on 

CLIC
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FCC-ee/eh/hh
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under HH threshold

under HH threshold

di-Higgs single-Higgs

All future colliders combined with HL-LHC

50%
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50%
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5%
FCC-ee/eh/hh

25%
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 24%
     4IP
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     240FCC-ee

10%
1000ILC

36%
1000ILC

27%
 500ILC

38%
 500ILC

 49%
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 49%
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-7%+11%
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49%
3000CLIC
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1500CLIC

49%
1500CLIC

 50%
 380CLIC

Higgs@FC WG September 2019

Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

Sensitivity at 68% CL to “𝜅!”(𝜅")

Expand Higgs potential about minimum:

𝑉 ℎ =
1
2𝑚#

$ℎ$ +
1
3! 3𝜆#𝑚#ℎ! +

1
4! 𝜆#ℎ

%

Where

𝑚#
$ = 1&!' #

&#! #()
, 3𝜆#𝑚# = 1&!' #

&#! #()
, 𝜆#= 1&!' #

&#! #()

Extend SM using EFT where EW symmetry linearly realised 

ℒ = ℒ*+ + ,"
$-!

𝜕. 𝜙 $𝜕. 𝜙 $ − ,#"$
%&

-!
𝜙 /

→ 𝜅" =
𝜆#
𝜆#*+

= 1 + 𝑐/ −
3
2 𝑐0 .

𝑣$

Λ$

Higgs cubic self-interaction can be directly accessed 
through di-Higgs production!

Back to slide 26
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CLD (“CLIC-like Detector”)

Full silicon vertex-detector+ tracker
3D high-granularity calorimeter
Solenoid outside calorimeter

Silicon vertex detector
Short-drift chamber tracker.
Dual-readout calorimeter 
(solenoid inside)

IDEA (“Innovative Detector for 
Electron-positron Accelerator”)

We have exciting prospects to optimize detector design with LLP searches in mind!

See HECATE article for 
discussion on gains in 
sensitivity with additional 
instrumentation on the cavern 
walls Noble-liquid ECAL

(newest proposal)
 

Detector concepts at the FCC-ee

03Pantelis Kontaxakis

CLIC-like Detector (CLD) 
• Full silicon vertex-

detector+ tracker

• 3D HG calorimeter

• Solenoid outside 

calorimeter

Innovative Detector for an 
Electron-Positron Accelerator 

(IDEA) 
• Silicon vertex detector

• Short-drift chamber tracker

•Dual-readout calorimeter

Noble Liquid 
•HG noble liquid 

calorimeter

• LAr or Lar + Lead or 

Tungsten absorber

• Latest proposal

Consider IDEA detector for the upcoming studies
HG noble liquid ECAL.
LAr or LAr+lead 
absorber

https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09253-y
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• Use FCCAnalysis software to analyse centrally generated EDM4HEP 
files, though some signal files produced privately.

• Dedicated LLP tutorial prepared by Juliette Alimena enables full 
workflow.

• Current limitations include scalability of code and limited MC statistics 
(more on that later).

https://github.com/jalimena/LLPFCCTutorial/blob/main/README.md

