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ÅMany pathways 

ÅWhat may be happening in our field in the next 15 years

ÅOpportunities for the FCC-ee to advance our understanding of the field



Particle Physics: the road ahead

3
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Supersymmetry Higgs Boson

Strong Dynamics

Extra  Dimensions Dark Matter

New Forces

/ƻƴǎŜƴǎǳǎ ǇŀǊǘƛŎƭŜ ǇƘȅǎƛŎƛǎǘΩǎ ǾƛŜǿ ƻŦ ǘƘŜ 
road ahead: @LHC start in 2009
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/ƻƴǎŜƴǎǳǎ ǇŀǊǘƛŎƭŜ ǇƘȅǎƛŎƛǎǘΩǎ ǾƛŜǿ 
of the road ahead: 2026



Marcela Carena | Pathways to discoveries in particle physics6

How many of these bridges can we 
find or construct?
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How many of these bridges can we 
find or construct?

How to coordinate what we see 
from the different bridges?



Since the 1980s particle colliders have been our biggest and most important bridges.

They enable many discoveries! with the HL-LHC the latest and greatest 

Big Colliders for Big Science
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During the same period, new pathways started to be explored aggressively

Many successes in neutrinos, particle astrophysics, and cosmology have led to 

bigger and bigger bridges in these other pathways:

Big Science in particle physics is not just colliders anymore
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ÅNeutrinos (JUNO, HyperK, DUNE etc) is a >$5B program

ÅCosmic (Rubin/LSST, DESI, Simons, etc) is a >$1B program

ÅDirect DM detection future plans (XLZD, PandaX-30t, DarkSide-20k, multiple axion 
searches) could be a >$0.5B program

ÅParticle pheno theory has scaled and broadened too: > $2B per decade program



HEP 2041
what will/could be the landscape by 2041 
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Higgs/EWSB in the light of HL -LHC

Many discoveries or ñevidence forò possible by the time of the mature HL-LHC dataset:

Å Higgs cousins of many types with many possible implications

Å Higgs portal/s to the dark sector

Å Feebly-interacting particles, long-lived particles, MET signatures

Å New heavy fermions, heavy gauge bosons, superpartners

Å Evidence that Higgs boson is composite

Å Higgs flavor violation, Higgs flavor anomalies, Higgs CP violation

Å And more
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Higgs/EWSB in the light of HL -LHC

Many discoveries or ñevidence forò possible by the time of the mature HL-LHC dataset:

Å Higgs cousins of many types with many possible implications

Å Higgs portal/s to the dark sector

Å Feebly-interacting particles, long-lived particles, MET signatures

Å New heavy fermions, heavy gauge bosons, superpartners

Å Evidence that Higgs boson is composite

Å Higgs flavor violation, Higgs flavor anomalies, Higgs CP violation

Å And more

The items on the discovery list are all very challenging, so no surprise that they 

have not been discovered yet
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A powerful global program with potential for many surprises 

Å JUNO, HyperK, DUNE, and other neutrino expt. mature results, will determine the mass 

hierarchy and could discover CP violation, anomalies in oscillation physics, light and 

boosted dark matter, heavy neutral leptons, ...

Å Detection of neutrinoless double beta decay

Å Mu2e discovery of CLFV

Å Mature B physics results from BELLE II, LHCb, ATLAS/CMS, etc: discoveries and/or 

unresolved anomalies?

Å Confirmed detection of an EDM? 

Neutrinos, Charged Lepton and Quark Flavor
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Dark Sector and Cosmic

Å Broad program of direct dark matter searches will be done, could have discovered one or 

more kinds of DM particles

Å More clues on DM properties from Rubin/LSST, Simons, etc

Å Did accelerator-based experiments including HL-LHC see evidence of new feebly-

interacting particles?

Å Confirmed indirect DM signals? 

Å Confirmed that dark energy is dynamical?

Å Non-BSM sources of the Hubble tension ruled out: points to new forces or particles
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Dark Sector and Cosmic

Å Broad program of direct dark matter searches will be done, could have discovered one or 

more kinds of DM particles

Å More clues on DM properties from Rubin/LSST, Simons, etc

Å Did accelerator-based experiments including HL-LHC see evidence of new feebly-

interacting particles?

Å Confirmed indirect DM signals? 

Å Confirmed that dark energy is dynamical?

Å Non-BSM sources of the Hubble tension ruled out: points to new forces or particles

In every discovery scenario we will need new collider experiments to fill 

out the whole story 



European Strategy for Particle Physics:

FCC-ee
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ESPP web page: https://europeanstrategyupdate.web.cern.ch/

You are here
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άThe electronςpositron Future Circular Collider (FCC-ee) 
is recommended as the preferred option for the next 
flagship collider at CERNΣέ ŜȄǇƭŀƛƴǎ ǎǘǊŀǘŜƎȅ ǎŜŎǊŜǘŀǊȅ 
Karl Jakobs of the University of Freiburg. 

άA descoped FCC-ee is the preferred alternative option. 
Descoping scenarios include removing the top-quark 
run, constructing two rather than four interaction 
regions and experiments, and decreasing the RF-system 
ǇƻǿŜǊΦέ 

European Strategy Plan A and Plan B



EXTRAS
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FCC-ee final approval (2028) and start of physics run (~2047)
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Momentum growing for FCC -ee 

French President Emmanuel Macron 

spoke at CERN in Nov 2023 of Franceôs ambitions 

to remain in ñfirst placeò during a visit to 

the worldôs most powerful particle accelerator 

on the Franco-Swiss border, where a 

successor, even more powerful, is being studied.
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What about the U.S.? 

2025 National Academy study:



Physics opportunities at FCC -ee
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FCC-ee Run Plan

23/11/2018 Alain Blondel The FCCs 7

from the CDR
ñ Superb statistics achieved in only 15 years ñ  

LEP1 data accumulated in every 2 mn . Then exciting & diverse programme with different priorities every few years.

FCC-ee

Event statistics (2IP)

LEP x 105

LEP x 2.103

Never done
Never done
Never done

<100 keV
<300 keV

1 MeV
<< 1 MeV    

2 MeV

ECM errors:

04.02.22 6

Great energy range for the 
heavy particlesof the Standard Model 

Alain Blondel  FCC-ee Physics

Z peak Ecm :   91 GeV 4yrs 5  1012 e+e- Z   
WW threshold Ecm 161 GeV 2yrs >108      e+e- WW
ZH maximum       Ecm : 240 GeV 3yrs > 106     e+e- ZH
s-channel H         Ecm : mH (3yrs?)   O(5000) e+e- H  
tt   Ecm : 350 GeV 5yrs 106        e+e- tt

notes:
-- 4IP  increasesTotal Lumi by  1.7
-- 2IP assumed in all numbersbelow
-- order and duration of  Z/WW/ZH  

can be decided at a later stage
-- ee! H must be after both Z and ZH 

and before tt
To

ta
l

Z factory:
LEP x 105

ILC x 103

see back-ups for facility comparisons

(order of the different stages still subject to discussion/optimisation)

in each detector:  
105 Z/sec, 10 4 W/hour ,  

1500 Higgs/day, 1500 top/day 

Baseline scenario w it h 2IPs (f rom  CDR)
q Num bers of  event s in 15 years,  t uned t o m ax im ise t he physics out com e

u Exact  durat ions depend on a num ber of  fact ors (t o be st udied by t he FCCC in 2048-2063)

l Overall durat ion: Are t he FCC-hh magnet s ready ? New physics in FCC-ee dat a ? 

l St ep durat ion: What  is t he act ual lum inosit y at  each Џs? How many IPs?  Alt ernat ive physics opt im izat ion?

u Exact  sequence of  event s is a m ult i-facet ed issue (w hich can also be decided lat er)

l RF inst allat ion def ines t he easiest  t echnical and funding prof iles (lowest  Џs Ị highest  Џs)

l The overall physics out come, however,  is independent  of  t he exact  sequence

è Higgs and t op f inal precisions need EW and QCD measurement s at  t he Z pole and t he WW t hreshold; 

è Global elect roweak EFT f it  requires precise t op mass and Higgs couplings

l Only t wo serious const raint s

è Top must  come last  (RF syst em signif icant  modif icat ion, which cannot  be easily undone); 

è s-channel H cannot  come before ZH (m H) and Z (RDP and monochromat isat ion must  be run rout inely)
8

ZH m axim um         Џs ~ 240 GeV 3 years 106      e+e- ZH

t t   t hreshold Џs ~ 365 GeV 5 years 106       e+e- t t
Z peak Џs ~   91 GeV 4 years 5 x  1012     e+e- Z
WW t hreshold+    Џs 161 GeV 2 years > 108        e+e- W +W -

[s-channel H            Џs = 125 GeV 5? years ~5000    e+e- H125 ]

Never done
Never done

LEP x 105

LEP x 103

Never done

2 MeV
5 MeV 

< 50 keV
< 200 keV
< 100 keV

Џs uncert aint y Event statistics (with 2 IPs, x1.7 for 4 IPs now ofþcial baseline)
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FCC-ee Unique Opportunities for Precision and Exploration

factory
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In various running modes, 

FCC-ee produces:

105 Zôs per second

104 Wôs per hour

1500 Higgs per day

1500 tops per day

in each of 4 detectors

FCC-ee will have amazing capabilities: 

C. Grojean, CERN academic training lectures, 2025 TeraZ will provide ~1012 b pairs 

and 1.7 1011 Ű pairs

C. Grojean & P. Janot US FCC, Apr il  24, 202312

FCC-ee Run Plan

23/11/2018 Alain Blondel The FCCs 7

from the CDR
ñ Superb statistics achieved in only 15 years ñ  

LEP1 data accumulated in every 2 mn . Then exciting & diverse programme with different priorities every few years.

FCC-ee

Event statistics (2IP)

LEP x 105

LEP x 2.103

Never done
Never done
Never done

<100 keV
<300 keV

1 MeV
<< 1 MeV    

2 MeV

ECM errors:

04.02.22 6

Great energy range for the 
heavy particlesof the Standard Model 

Alain Blondel  FCC-ee Physics

Z peak Ecm :   91 GeV 4yrs 5  1012 e+e- Z   
WW threshold Ecm 161 GeV 2yrs >108      e+e- WW
ZH maximum       Ecm : 240 GeV 3yrs > 106     e+e- ZH
s-channel H         Ecm : mH (3yrs?)   O(5000) e+e- H  
tt   Ecm : 350 GeV 5yrs 106        e+e- tt

notes:
-- 4IP  increasesTotal Lumi by  1.7
-- 2IP assumed in all numbersbelow
-- order and duration of  Z/WW/ZH  

can be decided at a later stage
-- ee! H must be after both Z and ZH 

and before tt

To
ta
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Z factory:
LEP x 105
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105 Z/sec, 10 4 W/hour ,  

1500 Higgs/day, 1500 top/day 
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q Num bers of  event s in 15 years,  t uned t o m ax im ise t he physics out com e

u Exact  durat ions depend on a num ber of  fact ors (t o be st udied by t he FCCC in 2048-2063)
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l St ep durat ion: What  is t he act ual lum inosit y at  each Џs? How many IPs?  Alt ernat ive physics opt im izat ion?

u Exact  sequence of  event s is a m ult i-facet ed issue (w hich can also be decided lat er)

l RF inst allat ion def ines t he easiest  t echnical and funding prof iles (lowest  Џs Ị highest  Џs)

l The overall physics out come, however,  is independent  of  t he exact  sequence

è Higgs and t op f inal precisions need EW and QCD measurement s at  t he Z pole and t he WW t hreshold; 

è Global elect roweak EFT f it  requires precise t op mass and Higgs couplings

l Only t wo serious const raint s

è Top must  come last  (RF syst em signif icant  modif icat ion, which cannot  be easily undone); 

è s-channel H cannot  come before ZH (m H) and Z (RDP and monochromat isat ion must  be run rout inely)
8

ZH m axim um         Џs ~ 240 GeV 3 years 106      e+e- ZH

t t   t hreshold Џs ~ 365 GeV 5 years 106       e+e- t t
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Џs uncert aint y Event statistics (with 2 IPs, x1.7 for 4 IPs now ofþcial baseline)



Some examples of Higgs opportunities 

at FCC-ee

2
7
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ÅLHC and future HL-LHC measurements will confirm SM expectations at the 2-4 % level 

for couplings to gauge bosons, 3rd gen. fermions plus 2nd gen. charged leptons

ÅFCC-ee programme:

-- can measure Higgs production inclusively as a recoil in e+e-Ą HZ, yielding an       

    absolute measurement of the HZZ coupling and a model independent extraction of ũH

Higgs Measurements: an exploration tool at FCC -ee

With ůHZ and ũH  known, FCC-ee 

programme aims at measuring Higgs 

couplings (in non-rare decays) at 

percent to sub-percent level

C. Grojean

Higgs

24

FCC-ee = best  Higgs factory

what can be achieved at the HL-LHC. Deeper and broader than any other Higgs factory project498

considered at the moment , and in a record t ime, the FCC-ee will bring the Higgs programme into499

a sub-per-cent precision area (see Table 3 for a summary). These phenomenological project ions500

are now being conýrmed by more detailed experimental studies [48ï50] taking into account more501

realist ic detector set -ups. Further direct ions in the Higgs precision programme also need to be more502

systemat ically invest igated beyond what was done so far, in part icular in the context of speciýc503

þavour scenarios or considering BSM sources of CP violat ion. Progress is ant icipated on these504

fronts by the end of the feasibility study. In this document , instead, the beneýt of the interplay505

between Higgs and elect roweak measurements, a speciýcity of the FCC-ee, will be emphasised. It506

was not discussed in details in the FCC CDR [6, 7], but has been studied afterwards [46, 47]. The507

conclusions reached are summarised and further recent explorat ions performed are presented.508

T ab le 3 Expect ed 68%CL relat ive precision (%) of t he paramet ers for fut ure accelerat ors

beyond t he LHC era (t he HL-LHC dat a are combined wit h each of t he fut ure accelerat ors) . T he

corresponding 95%CL upper limit s on t he unt agged, BRunt , and invisible, BR i nv , branching rat ios

are also given. A s denot ed wit h an ast erisk (ᶎ), for t he HL-LHC numbers, a bound on | V | 1 is

applied since no direct access t o t he Higgs widt h is possible at hadron colliders. T his rest r ict ion is

l ift ed in t he combinat ion with t he lept on colliders, since the lat t er ones provide t he necessary access

t o t he Higgs widt h. Cases in which a part icular paramet er has been ýxed t o t he SM value due t o

lack of sensit ivity are shown wit h a dash (ī). Result s from Ref. [45], updat ing t he FCC-ee numbers

wit h t he 4-IPs scenario. T he linear collider column collect s t he best sensit ivity obt ained at eit her

250 or 380 GeV .

Coupling HL-LHC linear colliders (250 or 380 GeV ) circular colliders (240ï365 GeV)

2 IPs / 4 IPs

W [%] 1.5ᶎ 0.73 0.43 / 0.33

Z [%] 1.3ᶎ 0.29 0.17 / 0.14

g [%] 2ᶎ 1.4 0.90 / 0.77

ɔ [%] 1.6ᶎ 1.4 1.3 / 1.2

Zɔ [%] 10ᶎ 10 10 / 10

c [%] ï 2.0 1.3 / 1.1

t [%] 3.2ᶎ 3.1 3.1 / 3.1

b [%] 2.5ᶎ 1.1 0.64 / 0.56

µ [%] 4.4ᶎ 4.2 3.9 / 3.7

[%] 1.6ᶎ 1.1 0.66 / 0.55

BR i nv (< %, 95% CL) 1.9ᶎ 0.26 0.20 / 0.15

BRunt (< %, 95% CL) 4ᶎ 1.8 1.0 / 0.88

The interpretat ion of current Higgs-boson measurements at the LHC was so far not hindered509

by theýnite precision of the elect roweak measurements realised at LEP and SLC. With the FCC-510

ee target ing almost an order-of-magnitude increase in the precision of Higgs propert ies in the511

main channels, the current (experimental and theoret ical) precision on elect roweak quant it ies will512

become a limitat ion. The Z-pole run of the FCC-ee is inst rumental in avoiding contaminat ion from513

elect roweak coupling uncertaint ies in the Higgs characterisat ion. If the elect roweak symmetry is514

linearly realised on the Standard Model (SM) ýelds, the interplay between the Higgs and elec-515

t roweak sectors is even deeper. Indeed, diboson e+ eī ! W+ Wī product ion is then sensit ive to516

some of the same new-physics effects as Higgs product ion and decay processes, making both types517

of measurements complementary.518

We adopt the SMEFT framework t runcated to operators of dimension six. It assumes that519

new physics arises at a scale ᶎ, signiýcant ly above the elect roweak one, below which the part icles520

and symmet ries are the SM ones, with the Higgs embedded in a SU(2)L doublet . The current521

status of the global SMEFT ýt is shown in Fig. 4. It projects the results of theýt to the different522

dimension-six operators entering at leading order in elect roweak (including anomalous t riple gauge523

couplings, aTGCs, and boson-fermion couplings, Vff) and Higgs processes onto the sensit ivity to524

new-physics effects in effect ive couplings, see e.g. Ref. [47] for details. Compared to that reference,525

we also include the FCC-ee results in a scenario with four interact ion points (4 IPs), in which the526

dist ribut ion of running t ime across energies is kept the same, result ing in an increase of the total527

luminosity by a factor of 1.7 [51].528

The interplay between Higgs and elect roweak measurements is illust rated in Fig. 5, which shows529

the expected precision in the effect ive coupling determinat ion. The correlat ions between them are530

displayed as internal lines of variable thickness and are visibly reduced when including new Z-pole531

data (dark blue) in addit ion to current elect roweak measurements (light blue). The importance532

of Z-pole measurements is summarised in the next subsubsect ion, followed by a discussion of the533

importance of the diboson process for Higgs physics.534
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Å Interplay 240 and 365 GeV runs
Å Interplay Z-pole run and Higgs measurements
Å Complementarity and synergy ee/hh:

Å Rare production and decay channels
Å ttH/ttZ @ ee + ttH @ hh Ÿ top Yukawa
Å ttZ @ ee + HH @ hh Ÿ Higgs self-coupling

Reaches 1ϼ  in a record time and model-
independent way (contrary to HL-LHC * )

Jan. 29 2024

This assumes no-flavor violation couplings, but flavor violating channels should be explored 

Higgs rare/exotic decays bounded below the 1% level

(1.3% precision)
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ÅOutstanding discovery opportunity for light new particles that may be directly tied to 

mysteries in particle physics intimately connected to the Higgs sector

üEW symmetry breaking  process and its thermal history  [enabling EW Baryogenesis]

üStability of the EW scale relative to the Planck scale, dynamics of EWSB

üPortals to Dark Sectors or Dark Matter candidates

üStrong CP-problem and light axion-like particles

ÅAlso, Higgs properties are propitious to enable Higgs rare decays

üAll its SM decays are accidentally suppressed by small Yukawa couplings, by multibody 

phase space, or by loop factors. 

üAs a result, its decay width is tiny Č ũH ~ 4 MeV

üsmall couplings to BSM could have sizable BRs

                                L 
ɕ
ί Ὄ  

   can give BR(h ss) ~ O(10%) for ɕ as small as 0.01 ! 

Higgs Exotic Decays 
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Examples Scenarios for Higgs Exotic Decays

30

Higgs portals to new physics with suppressed SM couplings/ dark sector mediators

Portals                                     Couplings

Scalar    (dark Higgs)

Fermion (sterile neutrino;              

               SUSY neutralino)

Vector (dark Z, dark photon)

pseudoscalar (axion-like 

particles)

Å One can also have some combinations of the above, e.g in 2HDMôs or SUSY + scalars

Å Beyond considering new particles with prompt decays also studies for long-lived new 

particles (displaced or invisible decays) are to be explored

(Higgs exotic decay through Z-ZD mixing)


