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• Many pathways 

• What may be happening in our field in the next 15 years

• Opportunities 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

Consensus particle physicist’s view of the 
road ahead: @LHC start in 2009
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Consensus particle physicist’s view 
of the road ahead: 2026
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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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• Neutrinos (JUNO, HyperK, DUNE etc) is a >$5B program

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

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

• Particle 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 “evidence for” possible by the time of the mature HL-LHC dataset:

• Higgs cousins of many types with many possible implications

• Higgs portal/s to the dark sector

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

• New heavy fermions, heavy gauge bosons, superpartners

• Evidence that Higgs boson is composite

• Higgs flavor violation, Higgs flavor anomalies, Higgs CP violation

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

Many discoveries or “evidence for” possible by the time of the mature HL-LHC dataset:

• Higgs cousins of many types with many possible implications

• Higgs portal/s to the dark sector

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

• New heavy fermions, heavy gauge bosons, superpartners

• Evidence that Higgs boson is composite

• Higgs flavor violation, Higgs flavor anomalies, Higgs CP violation

• 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 

• 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, ...

• Detection of neutrinoless double beta decay

• Mu2e discovery of CLFV

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

unresolved anomalies?

• Confirmed detection of an EDM? 

Neutrinos, Charged Lepton and Quark Flavor
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Dark Sector and Cosmic

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

more kinds of DM particles

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

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

interacting particles?

• Confirmed indirect DM signals? 

• Confirmed that dark energy is dynamical?

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

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

more kinds of DM particles

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

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

interacting particles?

• Confirmed indirect DM signals? 

• Confirmed that dark energy is dynamical?

• 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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“The electron–positron Future Circular Collider (FCC-ee) 
is recommended as the preferred option for the next 
flagship collider at CERN,” explains strategy secretary 
Karl Jakobs of the University of Freiburg. 

“A 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 
power.” 

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 France’s ambitions 

to remain in “first place” during a visit to 

the world’s 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
— Superb statistics achieved in only 15 years —  

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 particles of 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  increases Total Lumi by  1.7
-- 2IP assumed in all numbers below
-- 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, 104 W/hour,  

1500 Higgs/day, 1500 top/day 

B aseline scenario w ith 2IPs (from  CD R )
q N um bers of even ts in  15 years, tuned to m axim ise the physics outco m e

u Exact durations depend on a num ber of factors (to be studied by the FCCC in 2048-2063)

l O verall duration: Are the FCC-hh m agnets ready ? New  physics in FCC-ee data ? 

l Step duration: W hat is the actual lum inosity at each √s? How  m any IPs?  Alternative physics optim ization?

u Exact sequence of events is a m ulti-faceted issue (w hich can also be decided later)

l RF installation defines the easiest technical and funding profiles (low est √s ➝ highest √s)

l The overall physics outcom e, how ever,  is independent of the exact sequence

è Higgs and top final precisions need EW  and QCD m easurem ents at the Z pole and the W W  threshold; 

è Global electroweak EFT fit requires precise top m ass and Higgs couplings

l O nly tw o serious constraints

è Top m ust com e last (RF system  significant m odification, which cannot be easily undone); 

è s-channel H cannot com e before ZH (m H) and Z (RDP and m onochrom atisation m ust be run routinely)
8

Z H  m axim um         √s ~ 240 G eV 3 years 10 6      e+e- Z H

tt  threshold √s ~ 365 G eV 5 years 106       e+e- tt
Z  peak √s ~   91 G eV 4 years 5 x 1012     e+e- Z
W W  threshold+    √s 161 G eV 2 years > 10 8        e+e- W +W -

[s-channel H             √s =  125 G eV 5? years ~5000    e+e- H 125 ]

N ever done
N ever done

LEP  x 105

LEP  x 103

N ever done

2 MeV
5 MeV 

< 50 keV
< 200 keV
< 100 keV

√s uncertainty Event statistics (with 2 IPs, x1.7 for 4 IPs now official 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 Z’s per second

104 W’s 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 τ 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
— Superb statistics achieved in only 15 years —  

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 particles of the Standard Model 

Alain Blondel  FCC-ee Physics

Z peak Ecm :   91 GeV 4yrs 5  1012 e+e- Z   
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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  increases Total Lumi by  1.7
-- 2IP assumed in all numbers below
-- 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
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in each detector:  
105 Z/sec, 104 W/hour,  
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l O verall duration: Are the FCC-hh m agnets ready ? New  physics in FCC-ee data ? 

l Step duration: W hat is the actual lum inosity at each √s? How  m any IPs?  Alternative physics optim ization?

u Exact sequence of events is a m ulti-faceted issue (w hich can also be decided later)

l RF installation defines the easiest technical and funding profiles (low est √s ➝ highest √s)

l The overall physics outcom e, how ever,  is independent of the exact sequence

è Higgs and top final precisions need EW  and QCD m easurem ents at the Z pole and the W W  threshold; 

è Global electroweak EFT fit requires precise top m ass and Higgs couplings

l O nly tw o serious constraints

è Top m ust com e last (RF system  significant m odification, which cannot be easily undone); 

è s-channel H cannot com e before ZH (m H) and Z (RDP and m onochrom atisation m ust be run routinely)
8

Z H  m axim um         √s ~ 240 G eV 3 years 10 6      e+e- Z H

tt  threshold √s ~ 365 G eV 5 years 106       e+e- tt
Z  peak √s ~   91 G eV 4 years 5 x 1012     e+e- Z
W W  threshold+    √s 161 G eV 2 years > 10 8        e+e- W +W -
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Some examples of Higgs opportunities 

at FCC-ee

2
7
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• LHC 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

• FCC-ee programme:

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

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

Higgs Measurements: an exploration tool at FCC-ee

With σHZ and ΓH  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 confirmed by more detailed experimental studies [48–50] 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 specific503

flavour 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 benefit of the interplay505

between Higgs and elect roweak measurements, a specificity 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 (⇤), 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 fixed t o t he SM value due t o

lack of sensit ivity are shown wit h a dash (− ). 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 coll iders (240–365 GeV)

2 IPs / 4 IPs

W [%] 1.5⇤ 0.73 0.43 / 0.33

Z [%] 1.3⇤ 0.29 0.17 / 0.14

g [%] 2⇤ 1.4 0.90 / 0.77

γ [%] 1.6⇤ 1.4 1.3 / 1.2

Z γ [%] 10⇤ 10 10 / 10

c [%] – 2.0 1.3 / 1.1

t [%] 3.2⇤ 3.1 3.1 / 3.1

b [%] 2.5⇤ 1.1 0.64 / 0.56

µ [%] 4.4⇤ 4.2 3.9 / 3.7

⌧ [%] 1.6⇤ 1.1 0.66 / 0.55

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

BRunt (< %, 95% CL) 4⇤ 1.8 1.0 / 0.88

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

by the finite 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) fields, the interplay between the Higgs and elec-515

t roweak sectors is even deeper. Indeed, diboson e+ e− ! W+ W− 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 ⇤, significant ly above the elect roweak one, below which the part icles520

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

status of the global SMEFT fit is shown in Fig. 4. It projects the results of the fit 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

14

• Interplay 240 and 365 GeV runs
• Interplay Z-pole run and Higgs measurements
• Complementarity and synergy ee/hh:

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

Reaches 1‰ 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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• Outstanding discovery opportunity for light new particles that may be directly tied to 

mysteries in particle physics intimately connected to the Higgs sector

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

➢ Stability of the EW scale relative to the Planck scale, dynamics of EWSB

➢ Portals to Dark Sectors or Dark Matter candidates

➢ Strong CP-problem and light axion-like particles

• Also, Higgs properties are propitious to enable Higgs rare decays

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

phase space, or by loop factors. 

➢ As a result, its decay width is tiny ➔ ΓH ~ 4 MeV

➢ small couplings to BSM could have sizable BRs

                                L =
ζ
2

𝑠2 𝐻 2 

   can give BR(h➞ss) ~ O(10%) for ζ 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)

• One can also have some combinations of the above, e.g in 2HDM’s or SUSY + scalars

• 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)
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Higgs exotic decays: a rich variety of possibilities

31

Z. Liu et al. arXiv:1312.4992 ; arXiv:1612.09284

• Focus on 2-body Higgs decays to BSM particles with subsequent decays to BSM or SM particles

• These processes are well-motivated by SM + Scalar singlets, 2HDMs (+ Scalar), SUSY models, 

gauge SM extensions (e.g. dark photons), SM + Fermion/s (e.g. Heavy Neutral leptons),  etc.

https://arxiv.org/abs/1312.4992
http://arxiv.org/abs/arXiv:1612.09284
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Higgs exotic decays: a rich variety of possibilities

32

LHC’s strength

HL-LHC has large number of Higgs produced 
and great sensitivity to exotic decays into
leptons and photons

Z. Liu et al. arXiv:1312.4992 ; arXiv:1612.09284

• Focus on 2-body Higgs decays to BSM particles with subsequent decays to BSM or SM particles

• These processes are well-motivated by SM + Scalar singlets, 2HDMs (+ Scalar), SUSY models, 

gauge SM extensions (e.g. dark photons), SM + Fermion/s (e.g. Heavy Neutral leptons),  etc.

https://arxiv.org/abs/1312.4992
http://arxiv.org/abs/arXiv:1612.09284
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Higgs exotic decays: a rich variety of possibilities

33

LHC’s strength

HL-LHC has large number of Higgs produced 
and great sensitivity to exotic decays into
leptons and photons

Z. Liu et al. arXiv:1312.4992 ; arXiv:1612.09284

All the rest: challenging at the LHC 

due to missing energy and/or

hadronic background

FCC-ee will have great opportunities 

to cover these searches

• Focus on 2-body Higgs decays to BSM particles with subsequent decays to BSM or SM particles

• These processes are well-motivated by SM + Scalar singlets, 2HDMs (+ Scalar), SUSY models, 

gauge SM extensions (e.g. dark photons), SM + Fermion/s (e.g. Heavy Neutral leptons),  etc.

https://arxiv.org/abs/1312.4992
http://arxiv.org/abs/arXiv:1612.09284
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HL-LHC and FCC-ee coverage in selected Higgs Exotic Decay BRs

34

HL-LHC: from various studies and projections available in the literature 

FCC—ee are from arXiv:1612.09284  and 𝑒𝑒 → 𝑍𝐻 (except for the first channel, ℎ → 𝑖𝑛𝑣)

95% C.L. upper limit limit on BR( H → exotics)

Missing ET , e.g. in SUSY/DM models yields about 2-4 orders of magnitude improvement

H → 4 f, e.g. in extended Higgs sectors and/or Higgs portals yields about 2-3 orders of magnitude improvement 

Based on Zhang, Liu, Wang, 
1612.09284, with updates
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• A strong first order EWPT necessary for EW Baryogenesis →  

• The SM Higgs sector is not enough (Higgs boson is too heavy)

Higgs-Scalar Portal and the EW Phase Transition (EWPT): 

35

Higgs off

Higgs 

on

Higgs off

Higgs 
on

Higgs 

on

Electroweak Baryogenesis needs New Physics/New Scalars

• Simplest extensions involve singlet scalars 

 To enable a strong first-order EWPT, the singlet should induce a

 sufficiently large deformation to the early universe scalar potential,   

 hence, should have significant couplings to the Higgs 

• Many other SM extensions, e.g.

2HDMs

Models with Dark CP violation and gauged lepton/baryon number 

Models of EW non-restauration, with multiple singlets and possibly with an inert doublet)

Supersymmetric models with singlets (MSSM ruled out by Higgs precision)

Models with heavy Fermions, etc.
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Enhancing the EWPT strength through a Singlet Scalar

Scalar couples to the Higgs and affects the tree level potential  

The last case follows naturally in scenarios where, e.g., the singlet is the Higgs-like boson of 

a complex scalar in the dark sector that spontaneously breaks a dark gauge symmetry   

To determine phase transition pattern 

requires finite temperature potential 

We have separated out terms that explicitly break the Z2 symmetry:  
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FCC prospects to determine the EWSB thermal history

• Z2-symmetric (at T=0) scenario: Invisible Decays 

➢ Requires sizeable s2 |H|2 coupling for a 2-step strongly 1st order EWPT,  

[(0,0)→(0,vS) →(v,0)], that calls for a careful treatment of perturbativity 

➢ No S-H mixing – S is stable (invisible decays)

BR(H)inv bounds

(Missing ET) or

pp →VSS (AP) 

pp →SSjj  (VBF)

Universal shift in 

coupling via σ(ZH)
126 CHAPTER 8. BEYOND THESTANDARD MODEL
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to aheavy scalar singlet mixing with theSM

Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters

compatible with a strong first-order EW phase transition.

poses, Fig. 8.11 shows an example of the region compatible with a two-step phase transition,

where the singlet supports the Higgs in delivering a strong first-order phase transition [463].

Strongly first-order phase transitions are particularly interesting as they could also lead to size-

able gravitational wave signals at future experiments like LISA, linking discoveries at Earth-

based colliders with space interferometry (see Chapter 7). The case of a light singlet scalar,

with mass lower than 125 GeV, is discussed extensively in the section on feebly interacting

particles 8.6.
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Fig. 8.12: Direct and indirect sensitivity at 95% CL to heavy neutral scalars in minimal SUSY.

Another common extension of the SM Higgs sector is the addition of a second SU(2)

doublet, which naturally appears in supersymmetric extensions of theHiggssector or in models

with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two

CP-even scalarsh andH, one CP-odd scalar A and a charged scalar H
±

. The direct mass reach

of lepton colliders for these scalars is generally close to
p
s/ 2 independent of tanb , mainly

λHS = λm/2Low mass singlet: ms < mh/2

Kozaczuk, Ramsey-Musolf, Shelton ‘19

Current bounds 

imply mS < 20 GeV

Scenarios for EW baryogenesis based on EW symmetry non-restoration can also be 
tested via Higgs invisible decays M.C, Krause, Z. Liu, Y Wang’21

ms > mh/2

VBF pp→SSjj

37 03-25-2024
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Higgs Phenomenology in Singlet models with mixing  

Mixing between doublet and 
singlet states implies reduction in 
Higgs signal strengths compared to 
SM Higgs boson; equivalently one 
can observed deviations in HZZ 
coupling and Higgs self coupling

Circular e+e-HL-LHC

Higgs Exotic Decays:  H→ SS

• If singlet sufficiently light ➔ BR (H→SS) open

• Sizeable s2 |H|2 coupling needed for a strongly 1st order EWPT ➔ BR (H→SS) to be 

bounded from below

Specifics of Higgs exotic decays depend on Z2 symmetry breaking mechanism

➔ exotic Higgs decays are a potent probe of Singlet extensions with viable EW Baryogenesis
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Follows naturally in scenarios where the singlet is the Higgs-like boson of a complex 

scalar in the dark sector that spontaneously breaks a dark gauge symmetry   

• A firm prediction of a light scalar

• Higgs decays into a pair of light scalars 

• Higgs exotic decays complements the Higgs 
precision program

• Higgs exotic decays requires further studies of 

merged jets for lighter singlet masses 

• Also possible to have long-lived Higgs exotic 

decays in certain parameter space 

Higgs Exotic Decays into Singlets - Spontaneous Z2 Breaking Case- 

MC, Liu, Wang, 1911.10206 
Higgs trilinear coupling receives variations at most at the 20% level, 

hence contributions to di-Higgs production only detectable at FCC-hh. 

Model parameter first probed at FCC-ee through mixing



models with a 

strongly first order 
EWPT

40 Marcela Carena | BSM FCC-ee opportunities40

Exotic Higgs decays as a probe of viable EW Baryogenesis

H→ ss can lead to many final states with s 

inheriting Higgs-like hierarchical BR’s, 

mediated through mixing

Bounds on Br(h → ss) 

from Br(h → ss → XXYY)

and updated for HL-LHC 

projections 

4%

25.06.
2015

MC, Kozaczuk, Liu, Ou, Ramsey-Musolf, Shelton, Wang, Xie, 2203.08206 

Given the clean environment with low    
background at lepton colliders ➔ there is      

ample scope for future studies in exotic decays.
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What is behind the EWSB mechanism?

➢ Composite Higgs

Agashe et. al, hep-ph/0412089; Carena et. al, arXiv:0701055; 

Giudice et. al, arXiv:0703164;  Reviews: Panico and Wulzer, 

arXiv:1506.01961; Cacciapaglia et. al, arXiv:2002.04914

Higgs as a PNGB

It emerges as bound state of a new strongly interacting composite sector characterized by a 

strong coupling and a confinement scale (like ΛQCD but much higher)

Higgs is light because is a kind of pion of a new 

strongly interacting confining Composite Sector 

Mass protected by the global symmetries

Mass generated at one loop: explicit breaking of 

global symmetry due to SM couplings

Many new physics models allow for composite 

Higgs Boson/s

The global symmetry breaking vev is

Inspired by pions in QCD 
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FCC-ee sensitivity to Composite Higgs118 CHAPTER 8. BEYOND THESTANDARD MODEL
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,

FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,

CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/ `H = m⇤(orange

bars, left axis) and the tuning parameter 1/ e (blue bars, right axis), obtained by choosing the

weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.

Theinformation in Fig. 8.4 can beprojected into asinglenumber, asdisplayed in Fig. 8.5.

The orange bars show the maximumm⇤(or, equivalently, the minimum Higgs size `H ) a given

collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-

eter 1/ e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs

compositeness can address the naturalness problem, provided it emerges at a relatively low

scale, but the parameter m⇤is not the most appropriate measure of the degree of fine-tuning re-

quired to engineer thecorrect Higgsmassand EWSB scale. A better measure is(seee.g., [450])

1/ e > (mT / 500GeV)
2
> m

2
⇤/ g

2
⇤v

2
, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation

also displays the impact of fermionic top-partner searches on e. The discovery reach of these

particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These

correspond to a reach on 1/ e of 10, 16 and 88.

8.3 Supersymmetry

Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness

problem that can be extrapolated up to very high energies, in a consistent and calculable way.

FCC-ee sensitive to         5 TeV via 

modified Higgs self-interactions

FCC-ee sensitive to            12 TeV via 

other EW modifications

From probes of operators in the EFTCH

Other EW deviations scale like 

                      

Higgs has variations of its couplings to SM 

particles through elementary + composite 

sector mixing and sees the new strong 

force directly via modified self-interactions

Dim. 6 

Ops.
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FCC-ee Tera-Z confronting Composite Higgs

C. Grojean et. al, arXiv:1306.4655

• V(h) depends on the chosen global symmetry and on the fermion embedding

• Higgs couplings to W/Z determined by the global symmetries/gauge groups involved

• Higgs couplings to SM fermions depend on fermion embedding on those gauge groups

• Composite Higgs models generically imply significant contributions to the EW oblique 

parameters; main effects through modified Higgs couplings

• Full contributions are highly model dependent, but FCC-ee Tera-Z will provide some very 

strong constraints 

G. Panico and A. Wulzer, arXiv:1506.01961
arXiv:1905.0376

After EWSB → ξ = v/f
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• ALPs: light, gauge-singlet pseudoscalars, with derivative couplings to SM

                   + Higgs portal:

• ALPS many opportunities: address strong CP problem; provide a non-thermal DM candidate; 

can be portals to a dark sector and much more

• ALPS can couple to all SM particles with varying strength for a wide mass range 

At FCC-ee, besides production in H/Z decays: Z → γa; h → Za; h → aa;

Thanks to clean environment they can also be searched for in γ/Η/Ζ associated production

Feebly Interacting/Long-Lived Particles: ALPS at FCC-ee

With decays:

They can be searched for masses and decay lengths not explored  elsewhere



• Variety of signatures inside the detector, depending on life-time: 

If very long-lived, ALPS are detected as missing momentum; if somewhat shorter lifetime they 

can be detected in decays to gauge bosons, leptons and quarks

ALPS Discovery Potential at the FCC-ee

45

Projected sensitivity regions with runs 

at the Z-pole and at the ZH maximum, 

respectively

(left) e+e− → γa → 3γ,  Br(a → γγ) =1 and assuming cWW=0 that implies cγZ = - sw
2 cγγ

(right) e+e− → ha → bb l+l−. , Br(a → l+l−) =1 with chz= 0.72(0.1)(0.015)Λ/TeV  for solid 

(dashed) (dotted) contours. 

Sensitivity based on 4 expected signal events

Searches sensitive to ALPS’ decay 

lengths of up to 1.5 m (ECAL) 

Bauer, Heiles, Neubert,Thamm arXive: 1808.10323

e+e− → γa → 3γ
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Figur e 7: Left : Projected sensit ivity regions for searches for e+ e− ! ha ! b̄bγγ (upper panels) and

e+ e− ! ha ! b̄b̀ + `− (lower panels) for future e+ e− colliders, assuming that |Ce↵
Z h | = 0.72⇤/ TeV

and Br(a ! γγ) = 1 (upper panels) and Br(a ! `+ `− ) = 1 (lower panels). Right : Sensit ivity regions

for the example of the FCC-ee with |Ce↵
Z h | = 0.72⇤/ TeV (solid contour), |Ce↵

Z h | = 0.1⇤/ TeV (dashed

contour), and |Ce↵
Z h | = 0.015⇤/ TeV (dot ted contour), which corresponds to Br(h ! Za) = 34%, 1%

and Br(h ! Za) = 0.02%, respect ively. The const raints from Figure 4 are shown in the background.

The sensit ivity regions are based on 4 expected signal events.

product ion of muon and tau pairs. The ALP decays predominant ly into the heaviest lepton

that is kinemat ically accessible.

The graphical representat ion in Figure 7 is subopt imal, because it highlights the depen-

dence on one ALP coupling (|Ce↵
γγ | or |ce↵

`` |), while the dependence on the other coupling (Ce↵
Z h)

is only reflected by the di↵erent contours. In Figure 8 we show an alternat ive representat ion

of the results in the plane of the two relevant ALP couplings, but for fixed values of the ALP

mass. The sensit ivity reach of the FCC-ee and the three versions of the CLIC collider for an

16

FCCee
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Quantum information at FCC-ee 

Thinking about particle physics in the language of quantum information may yield new 

fundamental insights and pave the way for new physics discoveries

• There is a fascinating relationship between entanglement and symmetry, seen for example:

➢  in the Higgs sector (MC, Low, Wagner arXiv 2307:08112, +et al. arXiv 2505.00873), 

➢ SM fermion flavor mixing (Thaler and Trifinopoulos, arXiv:2410:23343).

• Using spin or flavor quantum numbers to define qubits, lots of recent work on how to extract 

quantum information from collider data ( talk by Fabio Maltoni)

• Measuring entanglement, concurrence, discord, trace distance, magic, etc at FCC-ee will 

give a different window into the BSM physics.

e.g. see arXiv:2504:00086
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Quantum information at FCC-ee 

• If we want to optimize the quantum information 
potential of FCC-ee, we should push for longitudinally 

polarized beams: useful but not in the baseline

• And if there are 4 detectors at FCC-ee, one of them 

should be QUOD: the QUantum Optimized Detector 

Superconducting nanowire single photon detectors 

(SNSPDs) repurposed and scaled up as charged 

particle detectors in the CERN test beam

• We also need more R&D towards adapting 
quantum sensor technology to collider detectors

e.g. see arXiv:2602:02719, Tao Han et al. and talk by Youle Su
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AI in the FCC era 

• Dramatic changes are coming to how we do theory and 

experiment

• The AI landscape is changing so fast that any specific predictions 

we make, may look naive and obsolete in a year or two

• For example, agentic AI only became available less than two 

years ago, but is already being applied aggressively by particle 

physicists (talk by Konstantin Matchev)
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Outlook

• The  broad HEP program is pursuing many pathways, profiting from rapid technology 

advancements in AI and quantum.

• FCC-ee is the bridge we can develop now to explore the dynamics behind the Higgs 

sector and provides many opportunities for BSM discoveries.  

• FCC-ee will connect to many other pathways for other HEP discoveries related to 

neutrinos, dark matter, cosmic, and flavor probes.

• We should be as ambitious as possible in                                                                       

designing the detectors/experiments for FCC-ee

• A successful FCC-ee paves the road for FCC-hh                                                                      

and gives momentum to a muon collider.



The maze has paths. Let's build the bridges to find them.
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Extras



Special strength in exploring the existence of a light sector with feeble interactions to the SM and the possible 

DM candidate/s

• Already discussed possible impact on Higgs exotic decays

• Of similar importance are the many opportunities to search for new particles in Z rare decays

    

    

FCC-ee handles to exposing the Dark Sector

Marcela Carena | BSM FCC-ee opportunities52

Z boson Exotic Decays exposing the Dark/Feeble Sector

• Fermionic DM in Higgs –scalar portals

• scalar DM in vector portals

• Inelastic Fermionic DM in vector portals 

• Magnetic and electric dipole operators 
      with inelastic fermionic DM

• Axion Like-Particles
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Figure 1. The Feynman diagram for exot ic Z decay Z ! s̃Z⇤ ! (χ̄χ) + `+ `− . Note the Z is produced on

shell and followed by a three-body decay s̃`+ `− , and the parentheses for χ̄χ indicates they are from the

decay of a resonance .
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Figure 2. The 95% C.L. sensit ivity for sin ↵ from exot ic Z decay Z ! s̃Z⇤ ! (χ̄χ) + `+ `− at Giga (Tera)

Z-factory, with yχ = 0.1(1) in the left (right ) panels. We also compare with limits from DM direct detect ion,

relic abundance, invisible Higgs BR from the LHC [87, 88] (BRh̃
inv < 0.23), the high luminosity (3 ab− 1) LHC

project ion (BRh̃
inv . 0.08− 0.16) [89, 90] and futuree+ e− collider (BRh̃

inv . 0.003) [4, 91] , current and future

Higgs global fit from (h current global fit ) [92, 93] with purple and magenta lines, low mass Higgs searches

in invisible channels (LEP-Zs-inv) [61, 94–96], and precision measurement of σ(Zh) (δσ(Zh)) [1, 4, 98]. The

dashed (solid) lines are for exist ing constraints (future prospects).

const raints of decay BR to physical variable sin↵. We have compare our analysis with LEP and

found good agreement . To be more specific, given “ LEP-Zs-inv” has also worked on Z pole with

an integrated luminosity 114 pb− 1, we normalize our result to the same luminosity and find the

const raint is similar to the LEP.

In the SM, Higgs can decay to diphoton or Zγ via top loop and W loop. Due to the mixing

between s̃ and h̃, the mono-photon process Z ! γ s̃ ! γ(χ̄χ) is possible. We have checked this

process following the cuts in sect ion IV.2 and found its const raint on sin↵ is about one order of

magnitude weaker than Z ! s̃Z⇤ ! (χ̄χ) + `+ `− . The main reason is mono-photon decay is

loop suppressed. Furthermore, mono-photon background is higher than `+ `− + /E background.

Therefore, we do not put the constraint from mono-photon in fig. 2.
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Figure 3. The Feynman diagrams for the 3-body decay process Z̃ ! Ã0SS⇤ ! (`− `+ ) /E from vector portal

model with scalar DM and the Higgs bremsst rahlung process Z̃ ! Ã0φ̃ ! (`− `+ )( /E ).
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Figure 4. The 95% C.L. sensit ivity for ✏as a funct ion of mÃ 0 from exot ic Z decay Z̃ ! (`+ `− ) /E . The

3-body decay channel Z̃ ! Ã0S⇤S ! (`+ `− ) /E is shown in the left panel, while the 2-body cascade decay

channel Z̃ ! Ã0φ̃ ! (`+ `− )( /E ) is shown in the right panel. We take gD = 0.1 and 1 , mS = 0.8mK̃ .

The const raints from exot ic Z decay are labeled as Giga (Tera) Z, and also we show an illust rat ive line for

LEP luminosity 114 pb− 1. We also show limits from relic abundance, direct detect ion and exist ing collider

searches for comparison.

with mS = 0.8mÃ 0 and mφ̃ = 1.7m
Ã 0

. Given that φ̃ has negligible coupling to SM sector, the relic

abundance, indirect detect ion and direct detect ion are similar to the left panel of fig. 4.

• Summary: As shown in fig. 4, LEP elect roweak precision test , LHC Drell-Yan, Babar radiat ive

return and LHCb di-muon inclusive searches can provide the direct constraints on ✏. For mÃ 0 < 10

GeV, Babar bounds ✏. 10− 3, while LHC Drell-Yan and LHCb provide complementary limits

✏& 5⇥10− 3 for mÃ 0 > 10 GeV. LEP elect roweak precision test is the weakest const raint among

the three.

The hint from the DM relic abundance and the const raints from direct detect ion and exot ic Z

decay rely on coupling gD . For a fixed mÃ0, DM annihilat ion cross-sect ion and direct detect ion

scat tering cross-sect ion are proport ional to g2
D . The coupling for the four point vertex Z̃µÃ

0µS⇤S

is proport ional to✏g2
D , while the coupling for three point vertex Z̃µÃ

0µφ̃ is proport ional to✏gDmÃ 0.

Therefore, the 3-body decay width is proport ional to g4
D , while the 2-body cascade decay width is
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and middle panels of fig. 6, we vary DM massmχ1 from 0 to 40 GeV. Since its mass is much smaller

than the required photon pT and MET, we expect the const raint to be similar asmχ1 = 10 GeV.

For mono-photon search at the LHC 14 TeV with 300 fb− 1, the corresponding limit is est imated

to be⇤MIDM & 8200 GeV [109], and labeled as “mono-γ” in fig. 6.

e+

e−

Z
χ2

χ1

χ1

γ

e+

e−
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γ
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Figure 5. The Feynman diagrams for the cascade decay process Z ! χ2χ1 ! χ1χ1γ from OM ID M and the

three-body process Z ! χ1χ1γ from ORayD M .
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Figure 6. The 95% C.L. sensit ivity for M  from exot ic Z decay Z ! /E + γ, for MIDM operator in the left

(middle) panels with di↵erent mass split t ing and for Rayleigh operator in the right panel. The constraints

are labeled as Giga Z and Tera Z for future Z-factory with λ = 4⇡ , and the LEP limit from [64] is shown. We

also compare the limits from DM direct detect ion, indirect detect ion searches, mono-photon, and mono-jet

searches at the LHC. For RayDM, the gamma-ray const raints from Fermi-LAT and CMB use long dashed

line for O
γ5

RayD M and dashed line for ORayD M . For collider limits, the two operators are similar and for

spin-independent direct detect ion limits, only ORayD M is constrained.

For the MIDM case, it is interest ing to note that , when mχ2 = mχ1 , the exot ic Z decay Z ! /Eγ

loses its sensit ivity at Z -factory, and also for mono-photon search at the LHC. The mono-jet search

will be bet ter than the mono-photon search in this case. Moreover, [109] pointed out that actually

the invisible decay width measurement of Z can beat the mono-jet search at the LHC 14 TeV with

3 ab− 1 integrated luminosity, which suggest M  & 226 GeV for mχ1,2 = 10 GeV. We have plot ted

the invisible Z width const raint in panel (a) of fig. 6.

Given the high center of mass energy at the LHC, it can search for the EW charged part icles

 and φ direct ly from Drell-Yan product ion and their subsequent cascade decays [114]. The Drell-

Yan search could be more restrict ive than mono object searches, but this conclusion is very model

dependent , see [114]. For example, when  and φ areSU(2)L singlet , or they decay dominant ly to

tau lepton and (or) gauge bosons, the sensit ivity from Drell-Yan is very poor, even at the LHC 14

TeV with 300 fb− 1.
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UV theories, such as string theory [30, 32, 34], and Supersymmetry [26–28]. It can be a portal

connect ing dark mat ter with the standard model sector [31], and ult ralight ALP is dark mat ter

candidate by coherent oscillat ing in the universe [115–117]. Recent ly the dynamics of ALP in the

universe has also been proposed to solve the Higgs hierarchy problem [118]. For our Z-factory

study, we are focusing on the mass range of ALP from 0.1 GeV to Z boson mass. Although we

focus on the case of ALP, our analysis and results in this sect ion can be applied to scalar easily.
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Figure 7. The Feynman diagram for the exot ic Z decay Z ! aγ ! (γγ)γ. The final state is 3γ and in case

ma is too small to separate the two photons, the final state is 2γ.
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Figure 8. The limit on ⇤aBB , ALP coupling to hypercharge field, from future Z-factory. The limits from

LEP I [119] γγ search, LEP II (OPAL) 2γ and 3γ searches [120], , LEP (L3) 3γ searche at Z pole [67],

ATLAS 3γ and Z ! 3γ [121, 122] search are t ranslated to limits on ⇤aBB following [123]. There are three

type of signals Z ! 2γ, 3γ and /Eγ, depending on ma . In /Eγ final state where a decay outside the detector,

we have set the detector length to be 6 meter and LEP limits on this final state from L3 collaborat ion [64]

has been plot ted.
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• TERA Z reach to Dark Sectors
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Z boson Exotic Decays exposing the Dark Sector

J. Liu, LT. Wang, XP. Wang, W. Xue,

  arXive:1712.07237   

Searches can provide unique probes for DM scenarios 

at future Z-factory, especially when missing energy 

and/or hadronic objects appears in the final states

03-25-2024
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HNL and a low scale seesaw at FCC-ee

• The thetas measure the strength of the active-sterile mixing

• Their relative contributions to      are constrained by neutrino oscillation experiments 

   

Abdullahi et. al, hep-ph/2203.08039

In a variety of “symmetry-protected 

seesaw” scenarios (e.g. nuMSM, 

inverse seesaw, linear seesaw), FCC-

ee programme, if it can see a HNL 

signal, could also measure these ratios

   

Feebly interacting/long-lived Particles: Heavy Neutral Leptons

03-25-2024

Allowed range for the relative magnitude of the HNL 

couplings to individual SM flavors with Nsterile = 2 

Relative flavor mixings consistent 

with  current neutrino oscillation data
Projected 90% CL contours for the relative 

mixings after 14 years of data taking at DUNE 

δ = −π/2 
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Present Constraints on low scale seesaw 

• EWP tests are sensitive to the thetas over a broad range of HNL masses, e.g. the 

Fermi constant extracted from muon decays now has a contribution

• NuTEV strongly constrains

• Strong limits from DELPHI direct search at the Z pole for   

   

03-25-2024

Antusch et. al, arXiv:1502.05915; arXiv:1612.02728

FCC-ee reach for low scale seesaw 
• EWP tests constraints for masses up to O(1000 TeV)

 

   • Below the Z-pole, direct 

searches, with & without 

displaced vertices, are 

sensitive almost all the 

way down to the naive 

”unprotected” seesaw 

values  

   

Production Decay
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Figure 2: Pictographic representat ion of the di↵erent heavy neutrino product ion and decay channels at leading order, including the dependency

of the act ive-sterile mixing parameters. These product ion and decay channels yield possible final states for sterile neutrino searches at di↵erent

collider types.

the t-channel, labelled with W t in fig. 2, whereX = `e
in the init ial state is the ant i part icle to `e = e− , e+

and Y = ⌫(wherewesuppressed the indicesof the light

neutrino mass eigenstates for simplicity). Another pro-

duct ion channel isdepicted by the diagram labelled Zs,

wheretheinit ial states {X ,X } aretheelectron positron

pair { `e, `e} . A sub-dominant channel isgiven by Higgs

boson decays into heavy and light neutrinos, given by

the diagram labelled h. The Higgs boson can be pro-

duced for instance via Higgs strahlung or WW boson

fusion. We note that its production from thee− e+ pair

is usually negligible, due to the smallness of the elec-

tron Yukawa coupling. The sub-dominant channel via

theHiggscan berelevant when theheavy neutrino mass

M is below the Higgs boson massmh .

• pp coll iders: The dominant product ion channels for

heavy neutrinos in proton-proton collisions are Drell-

Yan processes. In fig. 2 they are denoted by the dia-

gramslabelled W s, with {X ,X 0} = { qu , qd} or { qd, qu } ,

and Zs, with {X ,X } = { q, q} , where qu , qd, q are up-

type quarks, down-type quarks, and const ituents of the

proton, respect ively. A sub-dominant process at higher

order is given by Wγ fusion with init ial states { q, γ} ,

which is further suppressed by the photon’s parton dis-

tribution funct ion (PDF). Also at pp colliders, the pro-

duct ion of heavy neutrinos from diagram h are sub-

dominant. The Higgs boson can be produced, for in-

stance, via vector boson fusion (including gluons).

• e− p coll iders: The dominant product ion channel for

heavy neutrinos is given by the diagram W t in fig. 2.

In electron-proton collisions, X is a proton constituent

(e.g. a quark) and Y is the isospin partner of X . An-

other leading order product ion channel is given by Wγ

fusion, labelled W
(γ )
t , with X = γ and Y = W− which

is, contrary to the pp colliders, only suppressed by the

photon’s PDF. Furthermore, for M < mh the produc-

t ion via the Higgs boson is possible, when the latter is

produced via vector boson fusion, which is, however a

process of higher order.

2.2.2 Signal channels

For thehereconsidered sterileneutrino masses, all theheavy

neutrino masseigenstateswill decay according to thesecond

column of fig. 2. Also the Z,W and Higgs bosons decay

further into SM particles. The possible final states from

4



Marcela Carena | BSM FCC-ee opportunities56

FCC-ee reach for low scale seesaw 

• Same information combined with other experiments

Verhaaren et. al, hep-ph/2203.05502

FCC-ee with SHiP cover most of the allowed 

parameter space below the Z pole

favorable case:

C. Grojean

Heavy Neutral Leptons

26

generated for the case with a single HNL flavour mixing with the corresponding SM one. The sig-834

nal samples and all of the SM decays of the Z, as well as four-fermion processes yielding the same835

final state as the HNL decays were passed through a parametrised simulat ion of the IDEA detec-836

tor and analysed. Both semi-leptonic and fully leptonic decays of the HNL were studied for the837

long-lived analyses, whereas the prompt analyses concent rated on the decay HNL! `⌫j j which838

has the highest branching fract ion and allows full kinemat ic reconstruct ion of the neut rino decay.839

This work is documented in [86–88].840

The conclusion of these studies is that searches at the FCC-ee will enable the HNL discovery841

over a mass range beyond the reach of specialised detectors for LLPs searches being developed, and842

for much smaller couplings than the ones which will be covered by searches at the HL-LHC. For843

masses below 60-70GeV a large part of the area favoured by the seesaw model would be covered.844

As an example the expected parameter coverage of the analysis looking for the HNL! µ⌫j j is845

shown in Fig. 16 compared to exist ing and projected limits.846

F ig. 16 Discovery pot ent ial in t he mN − |U2
µN | plane. T he green full l ines labelled FCC-ee are from t he analysis

described in [87], and are solely based on t he decay channel HNL ! µ⌫j j . T he dashed green line bounds the area

wit h 4 HNL decays inside a FCC-ee det ect or wit h a displacement larger t han 0.4 mm, based on t he analyt ical

formulas in [89]. T he blue HL-LHC curve is a t heoret ical project ion of t he area which will be covered by t he AT LA S

experiment at t he HL-LHC from [90]. T he exist ing limit s from experiment al searches are given as shaded areas.

T he expect ed discovery pot ent ial of project ed dedicat ed long-lived part icle searches are t aken from t he web sit e

accompanying the paper [91].

2.2.4 Complement ar i t y and synergy between FCC-ee and FCC-hh847

The FCC-hh will complement and substant ially extend the FCC-ee physics reach in nearly all848

possible direct ions. Compared to the LHC, the 100 to 14 TeV cent re-of-mass energy increase can849

improve seven-fold the energy regime for direct explorat ion with the potent ial for observing new850

part icles at mass scales up to 40TeV, as shown in Fig. 17. Indirect ly, it will be sensit ive to energies851

well above its kinemat ic reach of 100TeV, for example in the tails of Drell-Yan dist ribut ions. Should852

any deviat ions from SM expectat ions be observed at FCC-ee, FCC-hh has the potent ial to pinpoint853

it s microscopic origin. Here we highlight some specific synergies between FCC-ee and FCC-hh in854

this regard.855

24

New analysis: 
HNL decays inside FCC-ee detector with a displacement larger than 0.4mm

(the search has been carried out for the first time with MC simulations in the μνjj final state, and seems to 
confirm the theoretical estimates we had before. This analysis can now be used for detector requirements).

Jan. 29 2024

New analysis:
HNL decays inside FCC-ee detector with a displacement larger 

than 0.4mm (the search has been carried out for the first time 

with MC simulations in the μνjj final state, and seems to

confirm the theoretical estimates we had before. This analysis 

can now be used for detector requirements

Grojean talk: 7th FCC Physics Workshop, Annecy 2024

03-25-2024
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Composite Higgs Models  
controls the masses of new vector-like fermion and 

gauge boson resonances

is a measure of the “size” of the composite Higgs

vector-like Q5/3

M.C., Da Rold, Ponton’14

New heavy states content and masses are model specific: 

depend on global symmetry pattern and fermion embedding

m*[GeV]• One/more of the lightest heavy fermions could be seen at LHC 

– Predictions and interpretations will be model dependent

– Discovery of such particles may point towards Composite Higgs, but how to learn more?

• Higgs has variations of its couplings to SM particles through elementary + composite sector 

mixing and sees the new strong force directly via modified self-interactions

                              dimension 6 operator

• Other EW deviations scale like 

                             e.g. dimension 6 operator  

CHMs generic predictions

D. Liu et. al, arXiv:1603:03064

de Blas et. al, arXiv:1905.03764

LHC bounds → m* > 1.4 TeV



Neutrinoless double beta decay (0νββ) is a lepton number 

violating process that, if observed, shows neutrinos are Majorana

The half-life for 0νββ is proportional to square of the “effective 

Majorana mass”

Neutrinoless double beta decay: Majorana phases and CP violation

Marcela Carena | The Many Mysteries of CP Violation58

• Here δ is the Dirac phase, and λ2 , λ3 are the two additional Majorana phases

• The inverted mass hierarchy is the most favorable case for the experiments; in this case 

• So experiments may be sensitive to the value of one of the Majorana phases

Venktesh Singh



• Various experimental constraints restrict fa to the range 109 – 1012 GeV

• The axion mass is then fixed:

Axion Searches

Marcela Carena | Pathways to discoveries in particle physics59

• Axion direct dark matter searches use 

resonant cavities inside magnets, trying to 

detect an axion converting to a single 

photon in the cavity

• Many other kinds of experiments and 

astrophysical observations have more 

general sensitivity to axions

• An axion can convert to two photons, with a coupling that is somewhat 
model dependent 
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