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Outline

• Knowns and unknowns of the HEP landscape now
• What may be happening in our field in the next two decades
• Opportunities for the FCC-ee to advance our understanding of the field
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• The Standard Model describes the right degrees of freedom for quarks and leptons, and 
for the particles that carry the forces among them. 

• It uncovers nature’s most fundamental symmetries governing those interactions at high 
accuracy up to several TeV energies

     
   

The Particle Physics Landscape
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• Many particle physics topics are NOT described by the SM 
     - they were not meant to be - not even neutrino masses -
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• Why Electroweak Symmetry Breaking occurs? 
• What is the history of the Electroweak Phase Transition? 
• The reason for the Hierarchy in Fermion Masses and their Flavor Structure 
• The Nature of Dark Matter 
• The origin of the Matter-Antimatter Asymmetry 
• The generation of Neutrino Masses 
• What is the nature of Dark Energy?
• What are the quantum properties of Gravity and the quantum origins of Spacetime?
• What caused Cosmic Inflation after the Big Bang?
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Mysteries of Particle Physics unanswered in the Standard Model

The SM is silent about all the above BUT,
The powerful global HEP experimental program already underway could provide 
decisive clues to help us decipher many of these mysteries in the next two decades
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Higgs Couplings Preamble
ATLAS-CONF-2021-053

Invisible branching fraction
Brinv <  11% ATLAS-CONF-2020-052@95% CL

The larger and excellent Run 2 data sample brought many more 
opportunities…
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• Its discovery and subsequent study of its properties at the LHC has provided a first portrait of 
the electroweak symmetry breaking mechanism 

The Great Success of the Higgs boson at the LHC 
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uncertainties using the dataset: at the time of discovery ( July 2012)2,3; 
for the full Run 1 (end of 2012)35; for results presented in this paper; and 
expected to be accumulated by the end of the HL-LHC running69, cor-
responding to L = 3, 000 fb−1. The statistical uncertainties have been 
scaled by L1/ , the experimental systematic ones by L1/  where pos-
sible, or fixed at values suggested in ref. 69, whereas the theoretical 
uncertainties have been halved.

A sizeable improvement is expected after HL-LHC operation. The 
H → µµ measurements were not available for the first two datasets owing 
to the lack of sensitivity. The evolution of several signal-strength meas-
urements µ are shown in Extended Data Fig. 7.

If new particles exist with masses smaller than mH, other decay chan-
nels may be open. Examples of such decays could be into new neutral 
long-lived particles or into dark-matter particles, neither leaving a 
trace in the CMS detector. We refer to these as ‘invisible’ Higgs boson 
decays, which could be inferred from the presence of large pT

miss in the 
direction of the Higgs boson momentum. The events are selected based 
on other particles accompanying the Higgs boson. Dedicated searches 
for such decays70–72 yielded B < 0.16Inv.  at 95% CL, where Inv.B  is the 
branching fraction to invisible decays.

Results from the search for Higgs boson pair 
production
The cross-section for Higgs boson pair production in the SM is 
extremely small, thus escaping detection at the LHC so far. The results of 
the search are therefore expressed as an upper limit on the production 
cross-section. Figure 5 (left) shows the expected and observed limits 
on Higgs boson pair production, expressed as ratios with respect to the 
SM expectation, in searches using the different final states and their 
combination. With the current dataset, and combining data from all 
currently studied modes and channels, the Higgs boson pair produc-
tion cross-section is found to be less than 3.4 times the SM expecta-
tion at 95% CL. Figure 5 (right) shows the evolution of the limits from 
the three most sensitive modes and the overall combination for: the 
first comprehensive set of measurements using early LHC Run 2 data 
(35.9 fb−1)73, the present measurements using the full LHC Run 2 data 
(138 fb−1) and the projections for the HL-LHC (3,000 fb−1)69. The HL-LHC 

projections are also expressed as limits, assuming that there is no Higgs 
boson pair production. The fact that the combined limit is expected to 
be below unity shows that the sensitivity is sufficient to establish the 
existence of the SM HH production.

Figure 6 presents the expected and observed experimental limits 
on the HH production cross-section as functions of the Higgs boson 
self-interaction coupling modifier κλ and the quartic VVHH coupling 
modifier κ2V. Cross-section values above the solid black lines are 
experimentally excluded at 95% CL. The red lines show the predicted 
cross-sections as functions of κλ or κ2V, which exhibit a characteristic 
dip in the vicinity of the SM values (κ = 1) owing to the destructive inter-
ference of the contributing production amplitudes, as highlighted in 
‘Higgs boson pair production’. The experimental limits on the Higgs 
boson pair production cross-section (black lines) also show a strong 
dependence on the assumed values of κ. This is because the interfer-
ence between different subprocesses, besides changing the expected 
cross-sections, also changes the differential kinematic properties of 
the two Higgs bosons, which in turn affects strongly the efficiency for 
detecting signal events. With the current dataset, we can ascertain at 
the 95% CL that the Higgs boson self-interaction coupling modifier κλ 
is in the range of −1.24 to 6.49, whereas the quartic κ2V coupling modi-
fier is in the range of 0.67 to 1.38. Figure 6 (right) shows that κ2V = 0 is 
excluded, with a significance of 6.6 s.d., establishing the existence of 
the quartic coupling VVHH depicted in Fig. 1n.

Current knowledge and future prospects
The discovery of the Higgs boson in 2012 completed the particle con-
tent of the SM of elementary particle physics, a theory that explains 
visible matter and its interactions in exquisite detail. The completion 
of the SM spanned 60 years of theoretical and experimental work. In 
the ten years following the discovery, great progress has been made 
in painting a clearer portrait of the Higgs boson.

In this paper, the CMS Collaboration reports the most up-to-date 
combination of results on the properties of the Higgs boson, based on 
data corresponding to an L of up to 138 fb−1, recorded at 13 TeV. Many 
of its properties have been determined with accuracies better than 
10%. All measurements made so far are found to be consistent with the 
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Fig. 6 | Limits on the Higgs boson self-interaction and quartic coupling. 
Combined expected and observed 95% CL upper limits on the HH production 
cross-section for different values of κλ (left) and κ2V (right), assuming the SM 
values for the modifiers of Higgs boson couplings to top quarks and vector 
bosons. The green and yellow bands represent the 1-s.d. and 2-s.d. extensions 

beyond the expected limit, respectively; the red solid line (band) shows the 
theoretical prediction for the HH production cross-section (its 1-s.d. 
uncertainty). The areas to the left and to the right of the hatched regions are 
excluded at the 95% CL.

31 11. Status of Higgs Boson Physics

Figure 11.4: Combined measurements by ATLAS and CMS of the products ‡ · BR, normalised
to the SM predictions, for the five main production and five main decay modes.

higgs:fig:MuGeneral

compatibility of the signal with the SM Higgs boson. Indeed, it is sensitive to any deviation from1184

the SM Higgs boson couplings provided that these deviations do not cancel overall. The full Run 11185

combination determines the global signal strength to be1186

µ = 1.09 ± 0.11 = 1.09 ± 0.07 (stat.) ± 0.04 (expt.) ± 0.03 (th.bkg.) ± 0.07 (th. sig.), (11.13)

where the statistical, experimental uncertainties as well as the theoretical uncertainties on the1187

background and on the signal are reported separately. The ATLAS Run 2 combination of the1188

global signal strength yields [198]:1189

µ = 1.06 ± 0.07 = 1.06 ± 0.04 (stat.) ± 0.03 (exp.) ± 0.02 (th.bkg.) +0.05
≠0.04 (th. sig.), (11.14)

while the CMS Run 2 combination yields [199]:1190

µ = 1.02 +0.07
≠0.06 = 1.02 ± 0.04 (stat.) ± 0.04 (th) ± 0.04 (exp.). (11.15)

DRAFT 30th August, 2023 1:03pm- Not for public distribution
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The measured coupling modifiers of the Higgs boson to fermions and heavy gauge bosons, observed by the

CMS Collaboration, as functions of fermion or gauge boson mass, where v is the vacuum expectation value

of the Higgs field. For gauge bosons, the square root of the coupling modifier is plotted, to keep a linear

proportionality to the mass, as predicted in the SM. The p-value with respect to the SM prediction is 37.5%.

Taken from The CMS Collaboration, “A portrait of the Higgs boson by the CMS experiment ten years after

the discovery,” Nature 607, no. 7917, 60-68 (2022) [arXiv:2207.00043 [hep-ex]].

The LHC favors a 
SM-like Higgs boson 

+ higher order  
EFT operators 
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Motivations
o Probe the Higgs trilinear coupling
o VBF HH also sensitive to %2! (HHVV)
o Probe also potential BSM terms

Analysis feature & main selection
o Two AK8 jets, utilize 

DNN “ParticleNet”
X->bb tagger
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ATLAS Higgs self-coupling results
• Higgs self-interaction can be measured via HH production

• 103 times more rare than single Higgs processes

• Allows us to probe the shape of the Higgs potential


• Many different channels analyzed

• Sensitivity better than 3x the SM

https://physics.aps.org/articles/v8/108

22

Phys. Lett. B 843 (2023) 137745
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• Combination of searches in 
bbττ, bbγγ and bbbb final 
states


• mX range: 251 GeV to 3 TeV


• Complementary sensitivity 
ranges of the three searches


• mX = 1.1 TeV


• 3.2 (2.1) local (global) 
significance

X→HH
Higgs boson pair production

14

bbγγ bbττ bbbb

DiHiggs overview: Marco Valente, Wed 10:30am

Karsten Köneke/26
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HH → bbττ and HH → bbbb

23

• Combine large BR & good signatures
- BRSM(HH → bbττ) = 7.4%  ⇒  ~320 events in 138 fb-1  
- BRSM(HH → bbbb) = 33%  ⇒  ~1400 events in 138 fb-1

bbττ bbbb boosted

σggF+VBF  
/σSM

<3.3 (5.2) <9.9 (5.1)

σVBF/σSM <124 (154) <728 (409)

0.62 < κ2V < 1.41  
(0.66 < κ2V < 1.37) @ 95% CL

HH

1428th February 2020 Katharine Leney

All HH decay 
modes covered, 

either by 
targeted 

analyses, or by 
multilepton 

analysis (covering 
multi-𝓁/τ/γ final 

states).
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Self-coupling, λ 
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VVHH coupling, c2V St
an

da
rd

 M
od

el
BS

M

Also X→SH (S = scalar, m≠125 GeV)

Close links with 
LHC-HH group 

re theory 
developments, 
and benchmark 

BSM models

-1.8 < κλ < 8.8  
(-3 < κλ < 9.9)  

@ 95% CL

   CMS-B2G-22-003 (submitted to PRL)

   CMS-PAS-HIG-20-010

⇒Currently best observed (expected) κλ limits from      bbττ+bbγγ combination: -1.0 < κλ < 6.6 (-1.2 < κλ < 7.2) 

⇒      bbγγ observed (expected) κλ limits: -3.3 < κλ < 8.5 (-2.5 < κλ < 8.2) [JHEP 03 (2021) 257]
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Precision Higgs measurements at the HL-LHC: 
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HL-LHC (3 ab-1 @ 14TeV): 
Expected ~ 2-4%  precision for most Higgs couplings  
Higgs self-coupling only at 50% accuracy 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
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Figure 1. Projected uncertainties on ki, combining
ATLAS and CMS: total (grey box), statistical (blue),
experimental (green) and theory (red). From Ref. [2].

These coupling measurements assume the absence of sizable
additional contributions to GH . As recently suggested, the patterns
of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to GH .
Measuring the off-shell four-fermion final states, and assuming
the Higgs couplings to gluons and ZZ evolve off-shell as in the
SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (kV  1), will constrain GH with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
channels, some of which were not considered in previous projections: 2b2g , 2b2t , 4b, 2bWW, 2bZZ. Assuming the SM Higgs

Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on
the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].
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With 30 times more data at slightly higher energies 
A powerful tool to explore new physics needed to 

explain many particle physics topics
This could include other Higgs bosons, new particles, 

new forces, and connections with invisible sectors
 



• In the SM, the Higgs potential is fixed by hand to give EWSB
     

• The SM Higgs potential is unstable 
     – catastrophic runaway at some point

• Scalar’s masses are associated with quadratic divergences 

The Higgs sector open questions
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• With mH = 125 GeV, its mass maximally allow us explore its interactions with SM particles 
• The Higgs field can give mass to all known matter particles, but calls for an explanation of           

the mass hierarchies 
•  It hints at but does not explain Baryogenesis, Dark Matter/Sector portals, and possibly Inflation

v The Higgs boson existence makes the SM by itself self consistent up to very high energies

Trusting the SM up to the Planck scale
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• Can help explain the dynamics of the Higgs potential – hence EWSB -
• Can help stabilize the SM Higgs potential
• Can be portals for Dark Matter
• Can play a role in generating light fermion masses 

• Provide a strong first order EW phase transition
• Provide new sources of CP violation

• Additional scalars, although associated to quadratic divergences - as the Higgs itself-
   can also connect with quartic divergences and explanations of Dark Energy and Inflation 
    

More scalars beyond the Higgs boson, motivated by many puzzles

Marcela Carena | BSM FCC-ee opportunities7

Electroweak 
Baryogenesis ?

03-25-2024
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Entering a new era in exploring the Dark Sector

Portal

Need a broad program for discovery and 
characterization of the dark sector, and to 
understand how it connects to the other 
unknowns of HEP

Snowmass Cosmic Frontier Report, arXiv:2211.09978

Portal can be the Higgs boson itself or New Messengers: e.g. Dark photon, Dark Higgs, Heavy 
Neutral Leptons, Axion-like particles, whose dynamics is not fixed by SM dynamics 
à New Forces and New Symmetries 
à Multiple new dark sector states, incl. DM

Interesting, distinctive phenomenology
Long-Lived Particles
Feebly interacting particles (FIP’s)

03-25-2024
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Neutrinos at many energy scales

• The origin of the tiny neutrino masses and of neutrino mixings is         
a great mystery

• The dominant paradigm for explaining neutrino masses requires   
the existence of new heavy electroweak singlet leptons

     But the energy scale of these heavy neutral leptons is not specified

• Neutrino CP violation could be the origin of the matter-antimatter 
asymmetry through leptogenesis

• Low-scale leptogenesis is a viable possibility

• Heavy neutral leptons more generally could be connected to     
other mysteries, e.g. can be portals to the dark sector

   03-25-2024



Marcela Carena | BSM FCC-ee opportunities10

HEP 2045
what will/could be the landscape by 2045 
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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

Marcela Carena | BSM FCC-ee opportunities03-25-2024
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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

Marcela Carena | BSM FCC-ee opportunities

The items on the discovery list are all very challenging, 
so no surprise that they have not been discovered yet

03-25-2024
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A powerful global program with potential for many surprises 

Marcela Carena | BSM FCC-ee opportunities

• DUNE, HyperK, and other neutrino expt. mature results, could discover CP violation, 
anomalies in oscillation physics, light and boosted dark matter, heavy neutral leptons, ...

• Muon g-2 unambiguous endgame, Mu2e discovery of CLFV? Muon or electron EDMs?

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

• Lattice and perturbative QCD accuracy at the sub-percent level for all SM predictions 

Neutrinos, Charged Lepton and Quark Flavor

03-25-2024
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Dark Sector and Cosmic
• G2 and G3 direct dark matter searches will be done, could have discovered one or more 

kinds of DM particles

• A full and varied slate of dark matter new initiatives for light DM completed: any discovery? 

• Fixed target accelerator-based experiments completed: did we discover anything?

• Confirmed indirect DM signals? 

• Rubin/LSST will be completed, CMB-S4  completed or nearly so, next-generation 
spectroscopic survey will be in operation: discoveries about early universe physics, dark 
energy, dark matter? 

Marcela Carena | BSM FCC-ee opportunities

In every discovery scenario we will need new 
collider experiments to fill out the whole story! 

03-25-2024
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FCC-ee Unique Opportunities for Precision and Exploration

C. Grojean

FCC - PED Feasibility Study: Physics Case

23

FCC-ee: a great Higgs factory, and so much more

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

Jan. 29 2024

C. Grojean & P. Janot US FCC, April 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   
WW threshold Ecm ³ 161 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 : ³ 350 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
tal

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 

Baseline scenario with 2IPs (from CDR)
q Numbers of events in 15 years, tuned to maximise the physics outcome

u Exact durations depend on a number of factors (to be studied by the FCCC in 2048-2063)
l Overall duration: Are the FCC-hh magnets ready ? New physics in FCC-ee data ? 
l Step duration: What is the actual luminosity at each √s? How many IPs?  Alternative physics optimization?

u Exact sequence of events is a multi-faceted issue (which can also be decided later)
l RF installation defines the easiest technical and funding profiles (lowest √s ➝ highest √s)
l The overall physics outcome, however,  is independent of the exact sequence

è Higgs and top final precisions need EW and QCD measurements at the Z pole and the WW threshold; 
è Global electroweak EFT fit requires precise top mass and Higgs couplings

l Only two serious constraints
è Top must come last (RF system significant modification, which cannot be easily undone); 
è s-channel H cannot come before ZH (mH) and Z (RDP and monochromatisation must be run routinely) 8

ZH maximum        √s ~ 240 GeV 3 years 106      e+e-➝ ZH
`tt  threshold √s ~ 365 GeV 5 years 106       e+e-➝`tt
Z peak √s ~   91 GeV 4 years 5 x 1012     e+e-➝ Z
WW threshold+    √s ³ 161 GeV 2 years > 108        e+e-➝ W+W-

[s-channel H            √s = 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

√s uncertainty Event statistics (with 2 IPs, x1.7 for 4 IPs now official baseline)

TeraZ will provide 
~1012 b pairs and 1.7 1011 τ pairs
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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-à HZ, yielding an       
    absolute measurement of the HZZ coupling and a model independent extraction of ΓH

Higgs Measurements: an exploration tool at FCC-ee

Marcela Carena | BSM FCC-ee opportunities16
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Table 4.2 Precision determined in the κ framework of the Higgs boson
couplings and total decay width, as expected from the FCC-ee data,
and compared to those from HL-LHC [18] and other e+e− colliders
exploring the 240-to-380 GeV centre-of-mass energy range. All num-
bers indicate 68% CL sensitivities, except for the last line which gives
the 95% CL sensitivity on the “exotic” branching fraction, accounting
for final states that cannot be tagged as SM decays. The FCC-ee accu-
racies are subdivided in three categories: the first sub-column give the

results of the model-independent fit expected with 5 ab−1 at 240 GeV,
the second sub-column in bold – directly comparable to the other col-
lider fits – includes the additional 1.5 ab−1 at

√
s = 365 GeV, and the

last sub-column shows the result of the combined fit with HL-LHC.
The fit to the HL-LHC projections alone (first column) requires two
additional assumptions to be made: here, the branching ratios into cc̄
and into exotic particles are set to their SM values

Collider HL-LHC ILC250 CLIC380 LEP3240 CEPC250 FCC-ee240+365

Lumi (ab−1) 3 2 1 3 5 5240 + 1.5365 +HL-LHC

Years 25 15 8 6 7 3 + 4

δ#H/#H (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1

δgHZZ/gHZZ (%) 1.5 0.3 0.60 0.32 0.25 0.2 0.17 0.16

δgHWW/gHWW (%) 1.7 1.7 1.0 1.7 1.4 1.3 0.43 0.40

δgHbb/gHbb (%) 3.7 1.7 2.1 1.8 1.3 1.3 0.61 0.56

δgHcc/gHcc (%) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18

δgHgg/gHgg (%) 2.5 2.2 2.6 2.1 1.5 1.6 1.01 0.90

δgHττ/gHττ (%) 1.9 1.9 3.1 1.9 1.5 1.4 0.74 0.67

δgHmm/gHµµ (%) 4.3 14.1 n.a. 12 8.7 10.1 9.0 3.8

δgHγγ/gHγγ (%) 1.8 6.4 n.a. 6.1 3.7 4.8 3.9 1.3

δgHtt/gHtt (%) 3.4 – – – – – – 3.1

BREXO (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

In addition to the unique electroweak precision measurement programme presented earlier, the FCC-ee provides the best
model-independent precisions for all couplings accessible from Higgs boson decays among the e+e− collider projects at the
EW scale. With larger luminosities delivered to several detectors at several centre-of-mass energies (240, 350, and 365 GeV),
the FCC-ee improves on the model-dependent HL-LHC precision by an order of magnitude for all non-rare decays, and is
therefore able to test the Higgs boson at the one-loop level of the SM, without the need of a costly e+e− centre-of-mass energy
upgrade. The FCC-ee also determines the Higgs boson width with a precision of 1.3%, which in turn allows the HL-LHC
measurements to be interpreted in a model-independent way as well. Other e+e− colliders at the EW scale are limited by
the precision with which the HZ or the WW fusion cross sections can be measured, i.e., by the luminosity delivered either at
240–250 GeV, or at 365–380 GeV, or both.

4.2.2 The top Yukawa coupling and the Higgs self-coupling

Several Higgs boson couplings are not directly accessible from its decays, either because the masses involved, and therefore
the decay branching ratios, are too small to allow for an observation within 106 events – as is the case for the couplings to
the particles of the first SM family: electron, up quark, down quark – or because the masses involved are too large for the
decay to be kinematically open – as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling.
Traditionally, bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
measurement of the tt̄H and HH production cross sections, which require significantly higher centre-of-mass energy, either
in e+e− or in proton–proton collisions. The tt̄H production has already been detected at the LHC with a significance larger
than 5σ by both the ATLAS [79] and CMS [80] collaborations, corresponding to a combined precision of the order of 20%
on the cross section and which constitutes the first observation of the top-quark Yukawa coupling. The role FCC-ee can play
in measuring the Higgs self-coupling is discussed in detail in Sect. 10.

The precise determination of the top Yukawa coupling to ± 5% is often used as another argument for e+e− collisions at
a centre-of-mass energy of 500 GeV or above. This coupling will, however, be determined with a similar or better precision
already by the HL-LHC (± 3.4%, model dependent), and constrained to ± 3.1% through a combined model-independent fit
with FCC-ee data (Table 4.2). The FCC-ee also has access to this coupling on its own, through its effect at quantum level on
the tt̄ cross section just above production threshold,

√
s = 350 GeV. Here too, the FCC-ee measurements at lower energies

are important to fix the value of the strong coupling constant αS (Sect. 3.2). This precise measurement allows the QCD effects
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In addition to the unique electroweak precision measurement programme presented earlier, the FCC-ee provides the best
model-independent precisions for all couplings accessible from Higgs boson decays among the e+e− collider projects at the
EW scale. With larger luminosities delivered to several detectors at several centre-of-mass energies (240, 350, and 365 GeV),
the FCC-ee improves on the model-dependent HL-LHC precision by an order of magnitude for all non-rare decays, and is
therefore able to test the Higgs boson at the one-loop level of the SM, without the need of a costly e+e− centre-of-mass energy
upgrade. The FCC-ee also determines the Higgs boson width with a precision of 1.3%, which in turn allows the HL-LHC
measurements to be interpreted in a model-independent way as well. Other e+e− colliders at the EW scale are limited by
the precision with which the HZ or the WW fusion cross sections can be measured, i.e., by the luminosity delivered either at
240–250 GeV, or at 365–380 GeV, or both.

4.2.2 The top Yukawa coupling and the Higgs self-coupling

Several Higgs boson couplings are not directly accessible from its decays, either because the masses involved, and therefore
the decay branching ratios, are too small to allow for an observation within 106 events – as is the case for the couplings to
the particles of the first SM family: electron, up quark, down quark – or because the masses involved are too large for the
decay to be kinematically open – as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling.
Traditionally, bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
measurement of the tt̄H and HH production cross sections, which require significantly higher centre-of-mass energy, either
in e+e− or in proton–proton collisions. The tt̄H production has already been detected at the LHC with a significance larger
than 5σ by both the ATLAS [79] and CMS [80] collaborations, corresponding to a combined precision of the order of 20%
on the cross section and which constitutes the first observation of the top-quark Yukawa coupling. The role FCC-ee can play
in measuring the Higgs self-coupling is discussed in detail in Sect. 10.

The precise determination of the top Yukawa coupling to ± 5% is often used as another argument for e+e− collisions at
a centre-of-mass energy of 500 GeV or above. This coupling will, however, be determined with a similar or better precision
already by the HL-LHC (± 3.4%, model dependent), and constrained to ± 3.1% through a combined model-independent fit
with FCC-ee data (Table 4.2). The FCC-ee also has access to this coupling on its own, through its effect at quantum level on
the tt̄ cross section just above production threshold,

√
s = 350 GeV. Here too, the FCC-ee measurements at lower energies

are important to fix the value of the strong coupling constant αS (Sect. 3.2). This precise measurement allows the QCD effects
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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
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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 time, the FCC-ee will bring the Higgs programme into499

a sub-per-cent precision area (see Table 3 for a summary). These phenomenological projections500

are now being confirmed by more detailed experimental studies [48–50] taking into account more501

realistic detector set-ups. Further directions in the Higgs precision programme also need to be more502

systematically investigated beyond what was done so far, in particular in the context of specific503

flavour scenarios or considering BSM sources of CP violation. Progress is anticipated on these504

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

between Higgs and electroweak 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 explorations performed are presented.508

Table 3 Expected 68%CL relative precision (%) of the  parameters for future accelerators
beyond the LHC era (the HL-LHC data are combined with each of the future accelerators). The
corresponding 95%CL upper limits on the untagged, BRunt, and invisible, BRinv, branching ratios
are also given. As denoted with an asterisk (⇤), for the HL-LHC numbers, a bound on |V |  1 is
applied since no direct access to the Higgs width is possible at hadron colliders. This restriction is
lifted in the combination with the lepton colliders, since the latter ones provide the necessary access
to the Higgs width. Cases in which a particular parameter has been fixed to the SM value due to
lack of sensitivity are shown with a dash (�). Results from Ref. [45], updating the FCC-ee numbers
with the 4-IPs scenario. The linear collider column collects the best sensitivity obtained at either
250 or 380 GeV.

Coupling HL-LHC linear colliders (250 or 380 GeV) circular colliders (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
� [%] 1.6⇤ 1.4 1.3 / 1.2
Z� [%] 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

BRinv (<%, 95% CL) 1.9⇤ 0.26 0.20 / 0.15
BRunt (<%, 95% CL) 4⇤ 1.8 1.0 / 0.88

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

by the finite precision of the electroweak measurements realised at LEP and SLC. With the FCC-510

ee targeting almost an order-of-magnitude increase in the precision of Higgs properties in the511

main channels, the current (experimental and theoretical) precision on electroweak quantities will512

become a limitation. The Z-pole run of the FCC-ee is instrumental in avoiding contamination from513

electroweak coupling uncertainties in the Higgs characterisation. If the electroweak symmetry is514

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

troweak sectors is even deeper. Indeed, diboson e
+
e
�

! W
+
W

� production is then sensitive to516

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

of measurements complementary.518

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

new physics arises at a scale ⇤, significantly above the electroweak one, below which the particles520

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 electroweak (including anomalous triple gauge523

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

new-physics effects in effective 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 interaction points (4 IPs), in which the526

distribution of running time across energies is kept the same, resulting in an increase of the total527

luminosity by a factor of 1.7 [51].528

The interplay between Higgs and electroweak measurements is illustrated in Fig. 5, which shows529

the expected precision in the effective coupling determination. The correlations between them are530

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

data (dark blue) in addition to current electroweak measurements (light blue). The importance532

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

importance of the diboson process for Higgs physics.534
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• 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 

03-25-2024

Higgs rare/exotic decays bounded below the 1% level



• Outstanding discovery opportunity for light new particles that may be directly tied to 
mysteries in particle physics intimately connected to the Higgs sector
Ø EW symmetry breaking  process and its thermal history  [enabling EW Baryogenesis]
Ø Stability of the EW scale relative to the Planck scale, dynamics of EWSB
Ø Portals to Dark Sectors or Dark Matter candidates
Ø Strong CP-problem and light axion-like particles

• Also, Higgs properties are propitious to enable Higgs rare decays
Ø All its SM decays are accidentally suppressed by small Yukawa couplings, by multibody 

phase space, or by loop factors. 
Ø As a result, its decay width is tiny è ΓH ~ 4 MeV
Ø small couplings to BSM could have sizable BRs

                                L = ζ
!
𝑠! 𝐻 !	

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

Portals                                     Couplings

Scalar    (dark Higgs)
<latexit sha1_base64="R6Sq8RBx4TicIgRLO+3jUCt2IKQ="></latexit>

yNNHL;


M
(NN+N

†
N

†)|H|2Fermion (sterile neutrino;              
               SUSY neutralino)
Vector (dark Z, dark photon)

pseudoscalar (axion-like 
particles)
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Bµ⌫Z

µ⌫
D

• 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)

Figure 3. Due to its minimality, the model is highly testable [67,
68]. In particular, leptogenesis constrains the flavor mixing
pattern beyond the experimental fits shown in Figure 1, which
can be tested by comparing flavored branching ratios in displaced
decays. Finally, if accessible, HNL oscillations in the detectors are
sensitive to the HNL mass splitting [44], which is a crucial
parameter for leptogenesis.

Dark matter: HNLs with sufficiently small masses and
mixing angles could be viable DM candidates [133].
Constraints on the HNL lifetime and from indirect searches
restrict the range of masses and mixings to values that are
inaccessible to direct searches at colliders, cf [134, 135]. for
reviews. However, FCC-ee can indirectly probe sterile
neutrino SM scenarios by searching for signatures of other
particles that were involved in the DM production.

HNLs can be resonantly produced in the early Universe
through their mixing-suppressed weak interactions if the
lepton asymmetry at temperatures around the quantum
chromodynamics (QCD) crossover greatly exceeded the
BAU [136–139]. In the ]MSM, this large lepton asymmetry
can be generated by heavier HNLs that are also responsible for
the BAU and neutrino masses [140]. The first parameter space
studies [141–143] suggest that this is possible only for
comparably small mixing angles, possibly making FCC-ee
or a similar machine the only facility at which these HNLs
could be discovered. If the HNLs have additional gauge
interactions (cf. e.g., [144–149]), the extended gauge sector
can be probed directly or indirectly at FCC-ee. If the DM is
produced via the decay of a singlet [150–152] or charged [153,
154] scalar during freeze-out or freeze-in [155, 156], precision
studies of the SM Higgs and of the portal can shed light on the
mechanism. Most of these possibilities have not been studied
in detail to date.

2.2 Axion-like particles

Many models that address open, fundamental problems of
the SM are governed by global symmetries. If an approximate
global symmetry is spontaneously broken, a pseudo Nambu-
Goldstone boson appears in the theory that is light compared to
the symmetry breaking scale. If this pseudo Nambu-Goldstone
boson is a pseudoscalar, it is often referred to as an axion-like
particle or ALP. The ALP’s lightness singles it out as a uniquely
promising experimental target that could open a first window
onto high-scale new physics beyond the SM.

ALPs appear in many models that address open,
fundamental problems in the SM. The most prominent
example is the QCD axion, which was introduced in the
1980s to solve the strong CP problem [157–160] and found
to simultaneously account for the observed DM relic
abundance [161, 162]. QCD axions are typically very
light, and these models are plagued by the “axion quality”

problem, in which quantum gravity corrections destabilize
the minimum of the axion potential, thereby reintroducing
the strong CP problem [163–166]. Heavy-axion solutions
to the strong CP problem circumvent this issue and so
motivate ALPs with MeV-to-TeV scale masses [167–175].
ALPs in this mass range could also result from the
breaking of global symmetries in low scale supersymmetric
[176–178] or composite Higgs models [179–182].
Phenomenologically, they can also lead to successful EW
baryogenesis [183].

An ALP dominantly couples to SM particles via dimension-5
operators,
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where Ga
μ] is the field-strength tensor of SU(3)c, while Fμ], Zμ]

and W+
μ] describe the photon, Z, and W boson in the broken

phase of EW symmetry. The dual field-strength tensors are
denoted by ~F

μ] ! 1
2ϵμ]αβFαβ, etc., (with ϵ0123 = 1); αs and α are

the QCD coupling and fine-structure constants, respectively;
sw and cw denote the sine and cosine of the weak mixing angle;
and the sum runs over all fermion mass eigenstates ψ. The
suppression scale f is related to the new physics scale Λ via Λ =
4πf, and to the axion decay constant fa by fa = −f/(2cGG). The
ALP dominantly interacts with the Higgs boson via
dimension-6 and -7 operators,

LH
eff !

cah
f2

zμa( ) zμa( )H†H + cZh
f3

zμa( ) H† iDμ H + h.c.( )H†H.

(3)

At FCC-ee, ALPs are predominantly produced in association
with a photon, Z boson, or Higgs boson, as shown in the
Feynman diagrams in Figure 5, or via exotic Z and Higgs
decays. Resonant production of an ALP, e.g., e+e− → a, is
possible but suppressed by m2

e /(4πf)2. ALP production in
vector boson fusion has been considered in Ref. [184] and
detection prospects in light-by-light scattering in Refs. [185, 186].

The differential cross sections for associated γa/Za/ha
production are given by [187, 188].

dσ e+e− → γa( )
dΩ ! αα2 s( )

128π3

s2

f2
1 − m2

a

s
( )3

1 + cos2 θ( )
× |Vγ s( )|2 + |Aγ s( )|2( ), (4)

dσ e+e− → Za( )
dΩ ! αα2 s( )

128π3

s2

f2
λ
3
2 xa, xZ( ) 1 + cos2 θ( )

× |VZ s( )|2 + |AZ s( )|2( ), (5)
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Higgs Exotic Decays: a rich variety of possibilities

Marcela Carena | BSM FCC-ee opportunities19

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.

03-25-2024
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• 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.

Higgs exotic decays: a rich variety of possibilities
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LHC’s strength
HL-LHC has large number of Higgs produced 
(0.2 Billion), having great sensitivity to exotic
decays into leptons and photons

Z. Liu et al. arXiv:1312.4992 ; arXiv:1612.09284
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Higgs exotic decays: a rich variety of possibilities
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LHC’s strength
HL-LHC has large number of Higgs produced 
(0.2 Billion), having 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
(HL-)LHC will provide valuable first-
hand information on these 
challenging channels 
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.
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HL-LHC and FCC-ee coverage in selected Higgs Exotic Decay BRs
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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 à exotics)

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

03-25-2024



• A strong first order EWPT necessary for EW Baryogenesis à  
• The SM Higgs sector is not enough (Higgs boson is too heavy)

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

Marcela Carena | BSM FCC-ee opportunities23

Higgs off

Higgs 
on

Higgs off

Higgs 
on

Higgs 
on
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v(Tc)/Tc � 1

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.

03-25-2024
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Enhancing the EWPT strength through a Singlet Scalar
Scalar couples to the Higgs and affects the tree level potential  

<latexit sha1_base64="a+g4iwRb29A4AackbWBQN/Ww/h0="></latexit>
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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 
Precision calculations of the full potential is an area of intense theoretical activity 

03-25-2024

We have separated out terms that explicitly break the Z2 symmetry:  



Phenomenology of SM plus Singlet models  
• Z2-symmetric (at T=0) scenario: Invisible Decays 

Ø Requires sizeable s2 |H|2 coupling for a 2-step strongly 1st order EWPT,  
[(0,0)à(0,vS) à(v,0)], that calls for a careful treatment of perturbativity 

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

BR(H)inv bounds
    (Missing ET)

126 CHAPTER 8. BEYOND THE STANDARD MODEL
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
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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-τ+τ →HL-LHC, A 

FCC-hh

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 the Higgs sector or in models
with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two
CP-even scalars h and H, 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 ppàSSjj
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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

474 Page 112 of 161 Eur. Phys. J. C (2019) 79 :474
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Fig. 11.2 Singlet-like scalar pair production as a signature of the
EWPT in the xSM. Left: FCC-hh sensitivity to pp → h2 h2 → 2j 3ℓ 3ν
for a given h2 mass and mixing angle. Here, λ221 and b3 are the
h2 h2 h1 and singlet cubic couplings, respectively. Darker (lighter)
shaded regions indicate 5σ (2σ ) sensitivity assuming 30 ab−1 integrated
luminosity. Coloured points feature a strong first-order EWPT. Also
shown for comparison are the sensitivity projections for h1 self-coupling
measurements (dashed contours) and precision measurements of the ZH

production cross-section (solid red contours). From Ref. [325]. Right:
FCC-hh sensitivity to pp → h2 h2 jj in the xSM with a Z2 symme-
try. h2 escapes the detector as missing energy. mS is the singlet mass
and λHS is the Higgs portal coupling. Lighter shaded regions indicate
points compatible with a strong first-order EWPT, and the labelled con-
tours indicate the expected FCC-hh sensitivity given 30 ab−1 integrated
luminosity. From Ref. [322]

Fig. 11.3 First order EWPT-viable parameter choices for the singlet extended Standard Model. Allowed region (brown) is bounded by constraints
from EW precision tests. Horizontal and vertical axes give cosine of the doublet-singlet mixing angle and singlet-like scalar mass, respectively.
Vertical lines give prospective sensitivities of the HL-LHC and the FCC-ee (“Circ e+e−”). Adapted from Ref [314]

of the A0 → Z H0 decay and that a nearly definitive probe of this possibility could be achieved with the LHC [332,333].
Alternatively, the existence of a scalar EW triplet with vanishing hypercharge could lead to EWSB through either a single
transition to the Higgs phase or through a succession of transitions [309]. Recent results that exploit non-perturbative methods
have shown how a precise measurement of the Higgs di-photon decay rate could probe the nature of the transition in this
scenario [331]. Figure 11.5 illustrates this possibility. The horizontal and vertical axes give the triplet mass and coupling
to Higgs boson, respectively. The light blue and green regions correspond to a cross-over transition and first order phase
transition, respectively. The dashed lines indicate the relative reduction in the Higgs diphoton decay rate relative to SM
Higgs expectations. When combined with knowledge of the triplet mass, a precise measurement of the diphoton decay rate
would indicate whether the transition is first order or crossover. For a 5σ observation, a measurement of $(H → γγ) at the
anticipated FCC precision would be needed. In addition to such a measurement at the FCC, the very small (radiative) mass

123

Circular e+e-HL-LHC

Eur. Phys. J. C (2019) 79 :474 Page 113 of 161 474

Fig. 11.4 Parameter space scan for a singlet model extension of the Standard Model. The points indicate a first order phase transition. These points
lead to signals observable at future colliders. Upper panel: correlation between changes in the HZZ coupling (vertical axis) and the HHH coupling
scaled to its SM value (horizontal axis). Lower panel: correlation between critical temperature Tc (vertical axis) and the HHH coupling scaled to
its SM value (horizontal axis). SM prediction for the latter is indicated as g111/gSM

111 = 1. Adapted from Refs. [324,330]

Fig. 11.5 EW phase diagram for the real triplet extension of the SM scalar sector. Horizontal axis gives the triplet mass and vertical axis indicates
the triplet-Higgs coupling. Light blue and green regions correspond to cross-over and first order transitions. Dark green (“DR breaks down”) and
grey regions indicate parameter choices for which the present non-perturbative computations are not applicable. Dashed lines indicate relative shift
in the Higgs diphoton decay rate. From Ref. [331]

splitting between the charged and neutral components of the triplet !m" = 166 MeV could allow one to directly probe
the scalar EW triplet scenario through disappearing track searches. In addition, the FCC-eh would have unique capabilities
to reconstruct the very soft visible decay products of the charged state [334], yielding yet another important probe of this
scenario.

123

Higgs Exotic Decays:  Hà SS
• If singlet sufficiently light è BR (HàSS) open
• Sizeable s2 |H|2 coupling needed for a strongly 1st order EWPT è BR (HàSS) to be 

bounded from below

Specifics of Higgs exotic decays depend on Z2 symmetry breaking mechanism

è exotic Higgs decays are a potent probe of Singlet extensions with viable EW Baryogenesis

03-25-2024
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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

03-25-2024
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Exotic Higgs decays as a potent probe of viable EW Baryogenesis
Hà SS can lead to many final states with S inheriting 
Higgs-like hierarchical BR’s, mediated through mixing

8
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FIG. 3: Current bounds (left panel) on exotic Higgs decays h ! ss ! XXY Y and corresponding

projections (right panel) at the HL-LHC. The horizontal dotted line is the current and future

projection of upper limit for the exotic Higgs branching ratio from global fits to Higgs properties

(16% and 4% respectively).

projections are derived using the simple assumption that all uncertainties can be taken to scale as

1/
p

L. Searches in these individual final states exclude regions above the lines. We can see that

the µµµµ channel provides a strong limit on Br(h ! ss ! XXY Y ) to around 10�6-10�5 across

the scalar mass. The ���� channel also makes a stringent ⇠ 10�5 bound. The constraints from

bbµµ and µµ⌧⌧ channels are a bit weaker, around 10�4
� 10�3, but still stronger than the bb⌧⌧ ,

⌧⌧⌧⌧ and ��jj bounds which are around 10�2
�10�1. The current bbbb bounds are typically higher

than the allowed maximal exotic branching ratio (16%), but the HL-LHC projections can reach a

few percent. On the other hand, the µµµµ channel can touch 10�7 at the HL-LHC.

The bounds on Br(h ! ss) can be derived from those on Br(h ! ss ! XXY Y ) once the

s ! XX/Y Y branching ratios are given. Assuming the s decay branching ratios are dominated

by the h-s mixing (see Fig. 2), the bounds on Br(h ! ss) are given in Fig. 4. We can see that the

hierarchies of various channels are significantly a↵ected compared to those in Fig. 3. For ms . 10

GeV, the strongest bounds are still from the µµ-relevant channels, e.g. µµµµ for ms . 3.5 GeV

and µµ⌧⌧ for 3.5 GeV . ms . 10 GeV, respectively. For ms & 10 GeV, bb is the main decay

channel of s, making bb-relevant channels most sensitive. As a result, the most stringent bounds

for 10 GeV . ms < 62.5 GeV is bbµµ and bb⌧⌧ .

In Fig. 4 we show the projected reach of the ⇠ 240 GeV e
+
e
� colliders with an integrated

luminosity of 5 ab�1 for the ⌧⌧⌧⌧ [36] and bbbb [16] channels. The projections for qqqq/gggg and

Considering LHC current bounds on exotic H decays:

Bounds on Br(h → ss) 
from  Br(h → ss → XXYY)
and updated for HL-LHC 
projections 

Besides the 4b’s final state, the rest 
involves at least a pair of EW states

SFOEWPT

4%

MC, Kozaczuk, Liu, Ou, Ramsey-Musolf, 
Shelton, Wang, Xie, 2203.08206 
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What is behind the EWSB mechanism?
Ø Radiative breaking: is the EW phase transition a quantum phase transition ?
e.g. Supersymmetry, provides dynamical radiative EWSB mainly governed by the mass 
difference between top-quarks and it super-partners

Current LHC program has a long way ahead in the search for SUSY
• Colored SUSY particles, squarks & gluinos, have the highest σ’s at hadron colliders.
• Given the Higgs mass value, simplest SUSY models imply stops should be in the TeV range

 

8.3. SUPERSYMMETRY 121

ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
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All Colliders: Top squark projections
(R-parity conserving SUSY, prompt searches)

ILC 500: discovery in all scenarios up to kinematic limit
�

s/2

(*) indicates projection of existing experimental searches

(**) extrapolated from FCC-hh prospects

� indicates a possible non-evaluated loss in sensitivity

Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
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All Colliders: Top squark projections
(R-parity conserving SUSY, prompt searches)

ILC 500: discovery in all scenarios up to kinematic limit
�

s/2

(*) indicates projection of existing experimental searches

(**) extrapolated from FCC-hh prospects

� indicates a possible non-evaluated loss in sensitivity

Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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Hadron Colliders: gluino projections
(R-parity conserving SUSY, prompt searches)

(*): extrapolated from HL- or HE-LHC studies

(**): extrapolated from FCC-hh prospects

Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139, 448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].
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Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
1 and

fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-

Top-squark projections: R-parity conserving SUSY, prompt 
searches. 5σ discovery is 5–10% lower for each process
       - FCC-hh will have reach in the 10 TeV range -

FCC-ee has potential in exotic H/Z decays searching for singlet-like scalars in extended SUSY 
scenarios and 
possible exploration of current hints of mild (2σ) excesses at LHC in the compressed 
electroweakino region with mχ02 ~ 150 GeV  and Δm(χ02-χ01) ~ 20 – 25 GeV 
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What is behind the EWSB mechanism?
Ø 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

03-25-2024

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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f =
m⇤
g⇤
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Composite Higgs Models  

31 20

controls the masses of new vector-like fermion and 
gauge boson resonances

is a measure of the “size” of the composite Higgs
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vector-like Q5/3

M.C., Da Rold, Ponton’14
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New heavy states content and masses are model specific: 
depend on global symmetry pattern and fermion embedding

<latexit sha1_base64="MySEYVh+uWr0j/ThGaLtf0IvGSs=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoMgHuKuKHoMePEYwTWBZAmzk9lkyDyWmVkhLPkGLx4U8eoHefNvnCR70MSChqKqm+6uOOXMWN//9korq2vrG+XNytb2zu5edf/g0ahMExoSxZVux9hQziQNLbOctlNNsYg5bcWj26nfeqLaMCUf7DilkcADyRJGsHVSGJyL3lmvWvPr/gxomQQFqUGBZq/61e0rkgkqLeHYmE7gpzbKsb aMcDqpdDNDU0xGeEA7jkosqIny2bETdOKUPkqUdiUtmqm/J3IsjBmL2HUKbIdm0ZuK/3mdzCY3Uc5kmlkqyXxRknFkFZp+jvpMU2L52BFMNHO3IjLEGhPr8qm4EILFl5fJ40U9uKr795e1hl/EUYYjOIZTCOAaGnAHTQiBAINneIU3T3ov3rv3MW8tecXMIfyB9/kDyN2N9A==</latexit>

1/m⇤

Marcela Carena | BSM FCC-ee opportunities

m*[GeV]

03-25-2024

• 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
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LHC bounds à m* > 1.4 TeV
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FCC-ee sensitivity to Composite Higgs
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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.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (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 the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, 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

32 21
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FCC-ee sensitive to            12 TeV via 
other EW modifications
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Higgs Compositeness? 
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FCC-ee Tera-Z confronting Composite Higgs

Marcela Carena | BSM FCC-ee opportunities

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

03-25-2024

After EWSB à ξ = v/f



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
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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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e�

e+

Z

Z⇤

s̃

l�

l+

�

�̄

Figure 1. The Feynman diagram for exotic Z decay Z ! s̃Z⇤
! (�̄�) + `+`�. Note the Z is produced on

shell and followed by a three-body decay s̃`+`�, and the parentheses for �̄� indicates they are from the
decay of a resonance .

Figure 2. The 95% C.L. sensitivity for sin↵ from exotic Z decay Z ! s̃Z⇤
! (�̄�) + `+`� at Giga (Tera)

Z-factory, with y� = 0.1(1) in the left (right) panels. We also compare with limits from DM direct detection,

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

projection (BRh̃
inv . 0.08�0.16) [89, 90] and future e+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 �(Zh) (��(Zh)) [1, 4, 98]. The
dashed (solid) lines are for existing constraints (future prospects).

constraints 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
constraint is similar to the LEP.

In the SM, Higgs can decay to diphoton or Z� via top loop and W loop. Due to the mixing
between s̃ and h̃, the mono-photon process Z ! �s̃ ! �(�̄�) is possible. We have checked this
process following the cuts in section IV.2 and found its constraint on sin↵ is about one order of
magnitude weaker than Z ! s̃Z⇤

! (�̄�) + `+`�. 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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Ã�

�̃ S⇤

S

l�

l+

Figure 3. The Feynman diagrams for the 3-body decay process Z̃ ! Ã0SS⇤
! (`�`+)/E from vector portal

model with scalar DM and the Higgs bremsstrahlung process Z̃ ! Ã0�̃ ! (`�`+)(/E).

Figure 4. The 95% C.L. sensitivity for ✏ as a function of mÃ0 from exotic 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 ! Ã0�̃ ! (`+`�)(/E) is shown in the right panel. We take gD = 0.1 and 1 , mS = 0.8mK̃ .
The constraints from exotic Z decay are labeled as Giga (Tera) Z, and also we show an illustrative line for
LEP luminosity 114 pb�1. We also show limits from relic abundance, direct detection and existing collider
searches for comparison.

with mS = 0.8m
Ã0 and m

�̃
= 1.7m

Ã0 . Given that �̃ has negligible coupling to SM sector, the relic
abundance, indirect detection and direct detection are similar to the left panel of fig. 4.

• Summary: As shown in fig. 4, LEP electroweak precision test, LHC Drell-Yan, Babar radiative
return and LHCb di-muon inclusive searches can provide the direct constraints on ✏. For m

Ã0 < 10
GeV, Babar bounds ✏ . 10�3, while LHC Drell-Yan and LHCb provide complementary limits
✏ & 5 ⇥ 10�3 for m

Ã0 > 10 GeV. LEP electroweak precision test is the weakest constraint among
the three.

The hint from the DM relic abundance and the constraints from direct detection and exotic Z
decay rely on coupling gD. For a fixed m

Ã0 , DM annihilation cross-section and direct detection

scattering cross-section are proportional to g2
D
. The coupling for the four point vertex Z̃µÃ0µS⇤S

is proportional to ✏g2
D
, while the coupling for three point vertex Z̃µÃ0µ�̃ is proportional to ✏gDmÃ0 .

Therefore, the 3-body decay width is proportional to g4
D
, while the 2-body cascade decay width is

17

and middle panels of fig. 6, we vary DM mass m�1 from 0 to 40 GeV. Since its mass is much smaller
than the required photon pT and MET, we expect the constraint to be similar as m�1 = 10 GeV.
For mono-photon search at the LHC 14 TeV with 300 fb�1, the corresponding limit is estimated
to be ⇤MIDM & 8200 GeV [109], and labeled as “mono-�” in fig. 6.

e+

e�

Z
�2

�1

�1

�

e+

e�

Z

�

�1

�1

Figure 5. The Feynman diagrams for the cascade decay process Z ! �2�1 ! �1�1� from OMIDM and the
three-body process Z ! �1�1� from ORayDM.

Figure 6. The 95% C.L. sensitivity for M from exotic Z decay Z ! /E + �, for MIDM operator in the left
(middle) panels with di↵erent mass splitting and for Rayleigh operator in the right panel. The constraints
are labeled as Giga Z and Tera Z for future Z-factory with � = 4⇡, and the LEP limit from [64] is shown. We
also compare the limits from DM direct detection, indirect detection searches, mono-photon, and mono-jet
searches at the LHC. For RayDM, the gamma-ray constraints from Fermi-LAT and CMB use long dashed
line for O�5

RayDM and dashed line for ORayDM. For collider limits, the two operators are similar and for
spin-independent direct detection limits, only ORayDM is constrained.

For the MIDM case, it is interesting to note that, when m�2 = m�1 , the exotic Z decay Z ! /E�
loses its sensitivity at Z -factory, and also for mono-photon search at the LHC. The mono-jet search
will be better 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 m�1,2 = 10 GeV. We have plotted
the invisible Z width constraint in panel (a) of fig. 6.

Given the high center of mass energy at the LHC, it can search for the EW charged particles
 and � directly from Drell-Yan production and their subsequent cascade decays [114]. The Drell-
Yan search could be more restrictive than mono object searches, but this conclusion is very model
dependent, see [114]. For example, when  and � are SU(2)L singlet, or they decay dominantly to
tau lepton and (or) gauge bosons, the sensitivity from Drell-Yan is very poor, even at the LHC 14
TeV with 300 fb�1.

19

UV theories, such as string theory [30, 32, 34], and Supersymmetry [26–28]. It can be a portal
connecting dark matter with the standard model sector [31], and ultralight ALP is dark matter
candidate by coherent oscillating in the universe [115–117]. Recently 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 section can be applied to scalar easily.

e�

e+

Z
a

�

�

�

Figure 7. The Feynman diagram for the exotic Z decay Z ! a� ! (��)�. The final state is 3� and in case
ma is too small to separate the two photons, the final state is 2�.

Figure 8. The limit on ⇤aBB, ALP coupling to hypercharge field, from future Z-factory. The limits from
LEP I [119] �� search, LEP II (OPAL) 2� and 3� searches [120], , LEP (L3) 3� searche at Z pole [67],
ATLAS 3� and Z ! 3� [121, 122] search are translated to limits on ⇤aBB following [123]. There are three
type of signals Z ! 2�, 3� and /E�, depending on ma. In /E� 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 collaboration [64]
has been plotted.
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• TERA Z reach to Dark Sectors
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Z boson Exotic Decays exposing the Dark Sector
22

exotic decays topologies nres models

Z ! /E + �

Z ! �1�2,�2 ! �1� 0 1A: 1
⇤1A

�̄2�µ⌫�1Bµ⌫ (MIDM)

Z ! ��̄� 0 1B: 1
⇤3
1B

�̄�Bµ⌫Bµ⌫ (RayDM)

Z ! a� ! (/E)� 1 1C: 1
4⇤1C

aBµ⌫B̃µ⌫ (long-lived ALP)

Z ! A0� ! (�̄�)� 1 1D: ✏µ⌫⇢�A0
µB⌫@⇢B� (WZ terms)

Z ! /E + ��

Z ! �dA0 ,�d ! (��), A0
! (�̄�) 2 2A: Vector portal

Z ! �H�A, �H ! (��), �A !

(�̄�)
2 2B: 2HDM extension

Z ! �2�1, �2 ! �1�, � ! (��) 1 2C: Inelastic DM

Z ! �2�2, �2 ! ��1 0 2D: MIDM

Z ! /E + `+`�

Z ! �dA0, A0
! (`+`�), �d !

(�̄�)
2 3A: Vector portal

Z ! A0SS ! (``)SS 1 3B: Vector portal

Z ! �(Z⇤/�⇤) ! �`+`� 1 3C: Long-lived ALP, Higgs portal

Z ! �2�1 ! �1A0�1 ! (`+`�)/E 1 3D: Vector portal and Inelastic DM

Z ! �2�1, �2 ! �1`+`� 0 3E: MIDM, SUSY

Z ! �̄�`+`� 0 3F: RayDM, slepton, heavy lepton mixing

Z ! /E + JJ

Z ! �dA0
! (�̄�)(jj) 2 4A: Vector portal

Z ! �dA0
! (bb)(�̄�) 2 4B: Vector portal + Higgs portal

Z ! �2�1 ! bb�1 + �1 ! bb /E 0 4C: MIDM

Z ! (JJ)(JJ)

Z ! �dA0,�d ! jj, A0
! jj 2 5A: Vector portal + Higgs portal

Z ! �dA0,�d ! bb̄, A0
! jj 2 5B: vector portal + Higgs portal

Z ! �dA0,�d ! bb̄, A0
! bb̄ 2 5C: vector portal + Higgs portal

Z ! ��� Z ! �� ! (��)� 1 6A: ALP, Higgs portal

Table I. Classification of exotic Z decay channels by particles in final states and number of resonances
(nres). The � and �1 are fermionic DM, �2 is an excited state of DM, and S denotes scalar DM. The
final state J represents either light flavor jet j or heavy flavor jet b. A0 is the dark photon, and the �
is intermediate scalars. The parentheses () indicates a resonance in the final states. The details of these
models are discussed in the text.

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
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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 à γa; h à Za; h à 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

Marcela Carena | BSM FCC-ee opportunities36

Figure 3. Due to its minimality, the model is highly testable [67,
68]. In particular, leptogenesis constrains the flavor mixing
pattern beyond the experimental fits shown in Figure 1, which
can be tested by comparing flavored branching ratios in displaced
decays. Finally, if accessible, HNL oscillations in the detectors are
sensitive to the HNL mass splitting [44], which is a crucial
parameter for leptogenesis.

Dark matter: HNLs with sufficiently small masses and
mixing angles could be viable DM candidates [133].
Constraints on the HNL lifetime and from indirect searches
restrict the range of masses and mixings to values that are
inaccessible to direct searches at colliders, cf [134, 135]. for
reviews. However, FCC-ee can indirectly probe sterile
neutrino SM scenarios by searching for signatures of other
particles that were involved in the DM production.

HNLs can be resonantly produced in the early Universe
through their mixing-suppressed weak interactions if the
lepton asymmetry at temperatures around the quantum
chromodynamics (QCD) crossover greatly exceeded the
BAU [136–139]. In the ]MSM, this large lepton asymmetry
can be generated by heavier HNLs that are also responsible for
the BAU and neutrino masses [140]. The first parameter space
studies [141–143] suggest that this is possible only for
comparably small mixing angles, possibly making FCC-ee
or a similar machine the only facility at which these HNLs
could be discovered. If the HNLs have additional gauge
interactions (cf. e.g., [144–149]), the extended gauge sector
can be probed directly or indirectly at FCC-ee. If the DM is
produced via the decay of a singlet [150–152] or charged [153,
154] scalar during freeze-out or freeze-in [155, 156], precision
studies of the SM Higgs and of the portal can shed light on the
mechanism. Most of these possibilities have not been studied
in detail to date.

2.2 Axion-like particles

Many models that address open, fundamental problems of
the SM are governed by global symmetries. If an approximate
global symmetry is spontaneously broken, a pseudo Nambu-
Goldstone boson appears in the theory that is light compared to
the symmetry breaking scale. If this pseudo Nambu-Goldstone
boson is a pseudoscalar, it is often referred to as an axion-like
particle or ALP. The ALP’s lightness singles it out as a uniquely
promising experimental target that could open a first window
onto high-scale new physics beyond the SM.

ALPs appear in many models that address open,
fundamental problems in the SM. The most prominent
example is the QCD axion, which was introduced in the
1980s to solve the strong CP problem [157–160] and found
to simultaneously account for the observed DM relic
abundance [161, 162]. QCD axions are typically very
light, and these models are plagued by the “axion quality”

problem, in which quantum gravity corrections destabilize
the minimum of the axion potential, thereby reintroducing
the strong CP problem [163–166]. Heavy-axion solutions
to the strong CP problem circumvent this issue and so
motivate ALPs with MeV-to-TeV scale masses [167–175].
ALPs in this mass range could also result from the
breaking of global symmetries in low scale supersymmetric
[176–178] or composite Higgs models [179–182].
Phenomenologically, they can also lead to successful EW
baryogenesis [183].

An ALP dominantly couples to SM particles via dimension-5
operators,
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where Ga
μ] is the field-strength tensor of SU(3)c, while Fμ], Zμ]

and W+
μ] describe the photon, Z, and W boson in the broken

phase of EW symmetry. The dual field-strength tensors are
denoted by ~F

μ] ! 1
2ϵμ]αβFαβ, etc., (with ϵ0123 = 1); αs and α are

the QCD coupling and fine-structure constants, respectively;
sw and cw denote the sine and cosine of the weak mixing angle;
and the sum runs over all fermion mass eigenstates ψ. The
suppression scale f is related to the new physics scale Λ via Λ =
4πf, and to the axion decay constant fa by fa = −f/(2cGG). The
ALP dominantly interacts with the Higgs boson via
dimension-6 and -7 operators,
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zμa( ) H† iDμ H + h.c.( )H†H.

(3)

At FCC-ee, ALPs are predominantly produced in association
with a photon, Z boson, or Higgs boson, as shown in the
Feynman diagrams in Figure 5, or via exotic Z and Higgs
decays. Resonant production of an ALP, e.g., e+e− → a, is
possible but suppressed by m2

e /(4πf)2. ALP production in
vector boson fusion has been considered in Ref. [184] and
detection prospects in light-by-light scattering in Refs. [185, 186].

The differential cross sections for associated γa/Za/ha
production are given by [187, 188].
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Figure 3. Due to its minimality, the model is highly testable [67,
68]. In particular, leptogenesis constrains the flavor mixing
pattern beyond the experimental fits shown in Figure 1, which
can be tested by comparing flavored branching ratios in displaced
decays. Finally, if accessible, HNL oscillations in the detectors are
sensitive to the HNL mass splitting [44], which is a crucial
parameter for leptogenesis.

Dark matter: HNLs with sufficiently small masses and
mixing angles could be viable DM candidates [133].
Constraints on the HNL lifetime and from indirect searches
restrict the range of masses and mixings to values that are
inaccessible to direct searches at colliders, cf [134, 135]. for
reviews. However, FCC-ee can indirectly probe sterile
neutrino SM scenarios by searching for signatures of other
particles that were involved in the DM production.

HNLs can be resonantly produced in the early Universe
through their mixing-suppressed weak interactions if the
lepton asymmetry at temperatures around the quantum
chromodynamics (QCD) crossover greatly exceeded the
BAU [136–139]. In the ]MSM, this large lepton asymmetry
can be generated by heavier HNLs that are also responsible for
the BAU and neutrino masses [140]. The first parameter space
studies [141–143] suggest that this is possible only for
comparably small mixing angles, possibly making FCC-ee
or a similar machine the only facility at which these HNLs
could be discovered. If the HNLs have additional gauge
interactions (cf. e.g., [144–149]), the extended gauge sector
can be probed directly or indirectly at FCC-ee. If the DM is
produced via the decay of a singlet [150–152] or charged [153,
154] scalar during freeze-out or freeze-in [155, 156], precision
studies of the SM Higgs and of the portal can shed light on the
mechanism. Most of these possibilities have not been studied
in detail to date.

2.2 Axion-like particles

Many models that address open, fundamental problems of
the SM are governed by global symmetries. If an approximate
global symmetry is spontaneously broken, a pseudo Nambu-
Goldstone boson appears in the theory that is light compared to
the symmetry breaking scale. If this pseudo Nambu-Goldstone
boson is a pseudoscalar, it is often referred to as an axion-like
particle or ALP. The ALP’s lightness singles it out as a uniquely
promising experimental target that could open a first window
onto high-scale new physics beyond the SM.

ALPs appear in many models that address open,
fundamental problems in the SM. The most prominent
example is the QCD axion, which was introduced in the
1980s to solve the strong CP problem [157–160] and found
to simultaneously account for the observed DM relic
abundance [161, 162]. QCD axions are typically very
light, and these models are plagued by the “axion quality”

problem, in which quantum gravity corrections destabilize
the minimum of the axion potential, thereby reintroducing
the strong CP problem [163–166]. Heavy-axion solutions
to the strong CP problem circumvent this issue and so
motivate ALPs with MeV-to-TeV scale masses [167–175].
ALPs in this mass range could also result from the
breaking of global symmetries in low scale supersymmetric
[176–178] or composite Higgs models [179–182].
Phenomenologically, they can also lead to successful EW
baryogenesis [183].

An ALP dominantly couples to SM particles via dimension-5
operators,
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where Ga
μ] is the field-strength tensor of SU(3)c, while Fμ], Zμ]

and W+
μ] describe the photon, Z, and W boson in the broken

phase of EW symmetry. The dual field-strength tensors are
denoted by ~F

μ] ! 1
2ϵμ]αβFαβ, etc., (with ϵ0123 = 1); αs and α are

the QCD coupling and fine-structure constants, respectively;
sw and cw denote the sine and cosine of the weak mixing angle;
and the sum runs over all fermion mass eigenstates ψ. The
suppression scale f is related to the new physics scale Λ via Λ =
4πf, and to the axion decay constant fa by fa = −f/(2cGG). The
ALP dominantly interacts with the Higgs boson via
dimension-6 and -7 operators,
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At FCC-ee, ALPs are predominantly produced in association
with a photon, Z boson, or Higgs boson, as shown in the
Feynman diagrams in Figure 5, or via exotic Z and Higgs
decays. Resonant production of an ALP, e.g., e+e− → a, is
possible but suppressed by m2

e /(4πf)2. ALP production in
vector boson fusion has been considered in Ref. [184] and
detection prospects in light-by-light scattering in Refs. [185, 186].

The differential cross sections for associated γa/Za/ha
production are given by [187, 188].
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Figure 3. Due to its minimality, the model is highly testable [67,
68]. In particular, leptogenesis constrains the flavor mixing
pattern beyond the experimental fits shown in Figure 1, which
can be tested by comparing flavored branching ratios in displaced
decays. Finally, if accessible, HNL oscillations in the detectors are
sensitive to the HNL mass splitting [44], which is a crucial
parameter for leptogenesis.

Dark matter: HNLs with sufficiently small masses and
mixing angles could be viable DM candidates [133].
Constraints on the HNL lifetime and from indirect searches
restrict the range of masses and mixings to values that are
inaccessible to direct searches at colliders, cf [134, 135]. for
reviews. However, FCC-ee can indirectly probe sterile
neutrino SM scenarios by searching for signatures of other
particles that were involved in the DM production.

HNLs can be resonantly produced in the early Universe
through their mixing-suppressed weak interactions if the
lepton asymmetry at temperatures around the quantum
chromodynamics (QCD) crossover greatly exceeded the
BAU [136–139]. In the ]MSM, this large lepton asymmetry
can be generated by heavier HNLs that are also responsible for
the BAU and neutrino masses [140]. The first parameter space
studies [141–143] suggest that this is possible only for
comparably small mixing angles, possibly making FCC-ee
or a similar machine the only facility at which these HNLs
could be discovered. If the HNLs have additional gauge
interactions (cf. e.g., [144–149]), the extended gauge sector
can be probed directly or indirectly at FCC-ee. If the DM is
produced via the decay of a singlet [150–152] or charged [153,
154] scalar during freeze-out or freeze-in [155, 156], precision
studies of the SM Higgs and of the portal can shed light on the
mechanism. Most of these possibilities have not been studied
in detail to date.

2.2 Axion-like particles

Many models that address open, fundamental problems of
the SM are governed by global symmetries. If an approximate
global symmetry is spontaneously broken, a pseudo Nambu-
Goldstone boson appears in the theory that is light compared to
the symmetry breaking scale. If this pseudo Nambu-Goldstone
boson is a pseudoscalar, it is often referred to as an axion-like
particle or ALP. The ALP’s lightness singles it out as a uniquely
promising experimental target that could open a first window
onto high-scale new physics beyond the SM.

ALPs appear in many models that address open,
fundamental problems in the SM. The most prominent
example is the QCD axion, which was introduced in the
1980s to solve the strong CP problem [157–160] and found
to simultaneously account for the observed DM relic
abundance [161, 162]. QCD axions are typically very
light, and these models are plagued by the “axion quality”

problem, in which quantum gravity corrections destabilize
the minimum of the axion potential, thereby reintroducing
the strong CP problem [163–166]. Heavy-axion solutions
to the strong CP problem circumvent this issue and so
motivate ALPs with MeV-to-TeV scale masses [167–175].
ALPs in this mass range could also result from the
breaking of global symmetries in low scale supersymmetric
[176–178] or composite Higgs models [179–182].
Phenomenologically, they can also lead to successful EW
baryogenesis [183].

An ALP dominantly couples to SM particles via dimension-5
operators,
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where Ga
μ] is the field-strength tensor of SU(3)c, while Fμ], Zμ]

and W+
μ] describe the photon, Z, and W boson in the broken

phase of EW symmetry. The dual field-strength tensors are
denoted by ~F

μ] ! 1
2ϵμ]αβFαβ, etc., (with ϵ0123 = 1); αs and α are

the QCD coupling and fine-structure constants, respectively;
sw and cw denote the sine and cosine of the weak mixing angle;
and the sum runs over all fermion mass eigenstates ψ. The
suppression scale f is related to the new physics scale Λ via Λ =
4πf, and to the axion decay constant fa by fa = −f/(2cGG). The
ALP dominantly interacts with the Higgs boson via
dimension-6 and -7 operators,
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zμa( ) zμa( )H†H + cZh
f3

zμa( ) H† iDμ H + h.c.( )H†H.

(3)

At FCC-ee, ALPs are predominantly produced in association
with a photon, Z boson, or Higgs boson, as shown in the
Feynman diagrams in Figure 5, or via exotic Z and Higgs
decays. Resonant production of an ALP, e.g., e+e− → a, is
possible but suppressed by m2

e /(4πf)2. ALP production in
vector boson fusion has been considered in Ref. [184] and
detection prospects in light-by-light scattering in Refs. [185, 186].

The differential cross sections for associated γa/Za/ha
production are given by [187, 188].
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Figure 3. Due to its minimality, the model is highly testable [67,
68]. In particular, leptogenesis constrains the flavor mixing
pattern beyond the experimental fits shown in Figure 1, which
can be tested by comparing flavored branching ratios in displaced
decays. Finally, if accessible, HNL oscillations in the detectors are
sensitive to the HNL mass splitting [44], which is a crucial
parameter for leptogenesis.

Dark matter: HNLs with sufficiently small masses and
mixing angles could be viable DM candidates [133].
Constraints on the HNL lifetime and from indirect searches
restrict the range of masses and mixings to values that are
inaccessible to direct searches at colliders, cf [134, 135]. for
reviews. However, FCC-ee can indirectly probe sterile
neutrino SM scenarios by searching for signatures of other
particles that were involved in the DM production.

HNLs can be resonantly produced in the early Universe
through their mixing-suppressed weak interactions if the
lepton asymmetry at temperatures around the quantum
chromodynamics (QCD) crossover greatly exceeded the
BAU [136–139]. In the ]MSM, this large lepton asymmetry
can be generated by heavier HNLs that are also responsible for
the BAU and neutrino masses [140]. The first parameter space
studies [141–143] suggest that this is possible only for
comparably small mixing angles, possibly making FCC-ee
or a similar machine the only facility at which these HNLs
could be discovered. If the HNLs have additional gauge
interactions (cf. e.g., [144–149]), the extended gauge sector
can be probed directly or indirectly at FCC-ee. If the DM is
produced via the decay of a singlet [150–152] or charged [153,
154] scalar during freeze-out or freeze-in [155, 156], precision
studies of the SM Higgs and of the portal can shed light on the
mechanism. Most of these possibilities have not been studied
in detail to date.

2.2 Axion-like particles

Many models that address open, fundamental problems of
the SM are governed by global symmetries. If an approximate
global symmetry is spontaneously broken, a pseudo Nambu-
Goldstone boson appears in the theory that is light compared to
the symmetry breaking scale. If this pseudo Nambu-Goldstone
boson is a pseudoscalar, it is often referred to as an axion-like
particle or ALP. The ALP’s lightness singles it out as a uniquely
promising experimental target that could open a first window
onto high-scale new physics beyond the SM.

ALPs appear in many models that address open,
fundamental problems in the SM. The most prominent
example is the QCD axion, which was introduced in the
1980s to solve the strong CP problem [157–160] and found
to simultaneously account for the observed DM relic
abundance [161, 162]. QCD axions are typically very
light, and these models are plagued by the “axion quality”

problem, in which quantum gravity corrections destabilize
the minimum of the axion potential, thereby reintroducing
the strong CP problem [163–166]. Heavy-axion solutions
to the strong CP problem circumvent this issue and so
motivate ALPs with MeV-to-TeV scale masses [167–175].
ALPs in this mass range could also result from the
breaking of global symmetries in low scale supersymmetric
[176–178] or composite Higgs models [179–182].
Phenomenologically, they can also lead to successful EW
baryogenesis [183].

An ALP dominantly couples to SM particles via dimension-5
operators,
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where Ga
μ] is the field-strength tensor of SU(3)c, while Fμ], Zμ]

and W+
μ] describe the photon, Z, and W boson in the broken

phase of EW symmetry. The dual field-strength tensors are
denoted by ~F

μ] ! 1
2ϵμ]αβFαβ, etc., (with ϵ0123 = 1); αs and α are

the QCD coupling and fine-structure constants, respectively;
sw and cw denote the sine and cosine of the weak mixing angle;
and the sum runs over all fermion mass eigenstates ψ. The
suppression scale f is related to the new physics scale Λ via Λ =
4πf, and to the axion decay constant fa by fa = −f/(2cGG). The
ALP dominantly interacts with the Higgs boson via
dimension-6 and -7 operators,
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cah
f2

zμa( ) zμa( )H†H + cZh
f3

zμa( ) H† iDμ H + h.c.( )H†H.

(3)

At FCC-ee, ALPs are predominantly produced in association
with a photon, Z boson, or Higgs boson, as shown in the
Feynman diagrams in Figure 5, or via exotic Z and Higgs
decays. Resonant production of an ALP, e.g., e+e− → a, is
possible but suppressed by m2

e /(4πf)2. ALP production in
vector boson fusion has been considered in Ref. [184] and
detection prospects in light-by-light scattering in Refs. [185, 186].

The differential cross sections for associated γa/Za/ha
production are given by [187, 188].
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where λ(x, y) = (1 − x − y)2 − 4xy, xi " (m2
i /s),

#
s

√
is the center-

of-mass energy, and θ describes the scattering angle of the
photon, Z, or Higgs boson relative to the beam axis. The
vector and axial-vector form factors are given by.
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with gV " 2s2w − 1/2, gA = −1/2, and ΓZ is the total width of the Z
boson. The process where an ALP is radiated off an initial-state
electron exhibits an additional suppression of (m2

e/s).
The integrated cross section of e+e− → γa below the Z pole is

dominated by the photon contribution, which is proportional to
cγγ, while above the Z pole the process proportional to cγZ also
contributes. Combining these measurements at low and high
energies therefore enables us to access these couplings
separately. At the Z pole, the cross section becomes
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The contribution from the Z boson propagator is enhanced by
(m2

Z/Γ2Z) ~ 1336, which allows one to directly access the coupling
cγZ (as long as cγγ is not much bigger than cγZ). ALPs can also be
produced in exotic decays of Z and Higgs bosons [187–189]. The
exotic decay rates are given by.
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Once produced, ALPs lead to a variety of signatures
inside the detector. Very long-lived ALPs, for example,
escape the detector and lead to a signature with
missing momentum. ALPs with somewhat shorter
lifetimes may decay into gauge bosons, leptons, and quarks
inside the detector. The photon and lepton decay channels are
shown in Figure 6. Their corresponding decay widths are
given by.
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An ALP decay into hadrons can be computed perturbatively for
relatively large ALP masses, i.e., ma ≫ΛQCD. The decay width
into bottom quarks specifically is given by

Γ a → b!b( ) " 3ma m2
b ma( )

8πf2
c2bb

#######
1 − 4m2

b

m2
a

√
, (15)

and similarly for Γ(a → c!c). The decay rate into light quarks (u,
d, s) can be computed using quark-hadron duality and is given by
[187, 190].

FIGURE 5
ALP production processes in electron-positron collisions.

FIGURE 6
ALP decay processes at FCC-ee.
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2c2ws2w

cγZ
s −m2

Z + imZΓZ
,

Aγ s( ) " gA

2c2ws2w

cγZ
s −m2

Z + imZΓZ
,

(7)

VZ s( ) " 1
cwsw

cγZ
s

+ gV

2c3ws3w

cZZ
s −m2

Z + imZΓZ
,

AZ s( ) " gA

2c3ws3w

cZZ
s −m2

Z + imZΓZ
,

(8)

with gV " 2s2w − 1/2, gA = −1/2, and ΓZ is the total width of the Z
boson. The process where an ALP is radiated off an initial-state
electron exhibits an additional suppression of (m2

e/s).
The integrated cross section of e+e− → γa below the Z pole is

dominated by the photon contribution, which is proportional to
cγγ, while above the Z pole the process proportional to cγZ also
contributes. Combining these measurements at low and high
energies therefore enables us to access these couplings
separately. At the Z pole, the cross section becomes

σ e+e− → γa( ) ≈ α
24π2

α2 m2
Z( ) 1 − m2

a

m2
Z

( )3 |cγγ|2
f2

+ m2
Z

Γ2Z
|cγZ|2

16s4wc4w f2[ ].
(9)

The contribution from the Z boson propagator is enhanced by
(m2

Z/Γ2Z) ~ 1336, which allows one to directly access the coupling
cγZ (as long as cγγ is not much bigger than cγZ). ALPs can also be
produced in exotic decays of Z and Higgs bosons [187–189]. The
exotic decay rates are given by.

Γ Z → γa( ) " α α mZ( )m3
Z

96π3s2wc
2
wf

2
cγZ
∣∣∣∣ ∣∣∣∣2 1 − m2

a

m2
Z

( )3

, (10)

Γ h → Za( ) " m3
hv

2

64π f6
|cZh|2λ3/2

m2
Z

m2
h

,
m2

a

m2
h

( ) , (11)

Γ h → aa( ) " m3
h v

2

32π f4
|cah|2 1 − 2m2

a

m2
h

( )2
#######
1 − 4m2

a

m2
h

√
. (12)

Once produced, ALPs lead to a variety of signatures
inside the detector. Very long-lived ALPs, for example,
escape the detector and lead to a signature with
missing momentum. ALPs with somewhat shorter
lifetimes may decay into gauge bosons, leptons, and quarks
inside the detector. The photon and lepton decay channels are
shown in Figure 6. Their corresponding decay widths are
given by.

Γ a → γγ( ) " α2 m3
a

64π3f2
c2γγ, (13)

Γ a → ℓ
+
ℓ
−( ) " ma m2

ℓ

8πf2
c2
ℓℓ

#######
1 − 4m2

ℓ

m2
a

√
. (14)

An ALP decay into hadrons can be computed perturbatively for
relatively large ALP masses, i.e., ma ≫ΛQCD. The decay width
into bottom quarks specifically is given by

Γ a → b!b( ) " 3ma m2
b ma( )

8πf2
c2bb

#######
1 − 4m2

b

m2
a

√
, (15)

and similarly for Γ(a → c!c). The decay rate into light quarks (u,
d, s) can be computed using quark-hadron duality and is given by
[187, 190].

FIGURE 5
ALP production processes in electron-positron collisions.

FIGURE 6
ALP decay processes at FCC-ee.
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With decays:

They can be searched for masses and decay lengths not explored  elsewhere
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Figure 3. Due to its minimality, the model is highly testable [67,
68]. In particular, leptogenesis constrains the flavor mixing
pattern beyond the experimental fits shown in Figure 1, which
can be tested by comparing flavored branching ratios in displaced
decays. Finally, if accessible, HNL oscillations in the detectors are
sensitive to the HNL mass splitting [44], which is a crucial
parameter for leptogenesis.

Dark matter: HNLs with sufficiently small masses and
mixing angles could be viable DM candidates [133].
Constraints on the HNL lifetime and from indirect searches
restrict the range of masses and mixings to values that are
inaccessible to direct searches at colliders, cf [134, 135]. for
reviews. However, FCC-ee can indirectly probe sterile
neutrino SM scenarios by searching for signatures of other
particles that were involved in the DM production.

HNLs can be resonantly produced in the early Universe
through their mixing-suppressed weak interactions if the
lepton asymmetry at temperatures around the quantum
chromodynamics (QCD) crossover greatly exceeded the
BAU [136–139]. In the ]MSM, this large lepton asymmetry
can be generated by heavier HNLs that are also responsible for
the BAU and neutrino masses [140]. The first parameter space
studies [141–143] suggest that this is possible only for
comparably small mixing angles, possibly making FCC-ee
or a similar machine the only facility at which these HNLs
could be discovered. If the HNLs have additional gauge
interactions (cf. e.g., [144–149]), the extended gauge sector
can be probed directly or indirectly at FCC-ee. If the DM is
produced via the decay of a singlet [150–152] or charged [153,
154] scalar during freeze-out or freeze-in [155, 156], precision
studies of the SM Higgs and of the portal can shed light on the
mechanism. Most of these possibilities have not been studied
in detail to date.

2.2 Axion-like particles

Many models that address open, fundamental problems of
the SM are governed by global symmetries. If an approximate
global symmetry is spontaneously broken, a pseudo Nambu-
Goldstone boson appears in the theory that is light compared to
the symmetry breaking scale. If this pseudo Nambu-Goldstone
boson is a pseudoscalar, it is often referred to as an axion-like
particle or ALP. The ALP’s lightness singles it out as a uniquely
promising experimental target that could open a first window
onto high-scale new physics beyond the SM.

ALPs appear in many models that address open,
fundamental problems in the SM. The most prominent
example is the QCD axion, which was introduced in the
1980s to solve the strong CP problem [157–160] and found
to simultaneously account for the observed DM relic
abundance [161, 162]. QCD axions are typically very
light, and these models are plagued by the “axion quality”

problem, in which quantum gravity corrections destabilize
the minimum of the axion potential, thereby reintroducing
the strong CP problem [163–166]. Heavy-axion solutions
to the strong CP problem circumvent this issue and so
motivate ALPs with MeV-to-TeV scale masses [167–175].
ALPs in this mass range could also result from the
breaking of global symmetries in low scale supersymmetric
[176–178] or composite Higgs models [179–182].
Phenomenologically, they can also lead to successful EW
baryogenesis [183].

An ALP dominantly couples to SM particles via dimension-5
operators,

Leff !
1
2

zμa( ) zμa( ) − m2
a,0

2
a2 +∑

ψ

cff
2

zμa
f

!ψγμγ5ψ

+cGG
αs
4π

a
f
Ga

μ]
~G
μ],a + cγγ

α
4π

a
f
Fμ] ~F

μ]

+cγZ
α

2πsw cw

a
f
Fμ] ~Z

μ] + cZZ
α

4πs2w c2w

a
f
Zμ] ~Z

μ]

+cWW
α

2πs2w

a
f
W+

μ]
~W

−μ]
,

(2)

where Ga
μ] is the field-strength tensor of SU(3)c, while Fμ], Zμ]

and W+
μ] describe the photon, Z, and W boson in the broken

phase of EW symmetry. The dual field-strength tensors are
denoted by ~F

μ] ! 1
2ϵμ]αβFαβ, etc., (with ϵ0123 = 1); αs and α are

the QCD coupling and fine-structure constants, respectively;
sw and cw denote the sine and cosine of the weak mixing angle;
and the sum runs over all fermion mass eigenstates ψ. The
suppression scale f is related to the new physics scale Λ via Λ =
4πf, and to the axion decay constant fa by fa = −f/(2cGG). The
ALP dominantly interacts with the Higgs boson via
dimension-6 and -7 operators,

LH
eff !

cah
f2

zμa( ) zμa( )H†H + cZh
f3

zμa( ) H† iDμ H + h.c.( )H†H.

(3)

At FCC-ee, ALPs are predominantly produced in association
with a photon, Z boson, or Higgs boson, as shown in the
Feynman diagrams in Figure 5, or via exotic Z and Higgs
decays. Resonant production of an ALP, e.g., e+e− → a, is
possible but suppressed by m2

e /(4πf)2. ALP production in
vector boson fusion has been considered in Ref. [184] and
detection prospects in light-by-light scattering in Refs. [185, 186].

The differential cross sections for associated γa/Za/ha
production are given by [187, 188].

dσ e+e− → γa( )
dΩ ! αα2 s( )

128π3

s2

f2
1 − m2

a

s
( )3

1 + cos2 θ( )
× |Vγ s( )|2 + |Aγ s( )|2( ), (4)

dσ e+e− → Za( )
dΩ ! αα2 s( )

128π3

s2

f2
λ
3
2 xa, xZ( ) 1 + cos2 θ( )

× |VZ s( )|2 + |AZ s( )|2( ), (5)
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• 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
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Γ a → light hadrons( ) ! α2
s ma( ) m3

a

8π3f2
1 + 83

4
αs ma( )

π
[ ] Ceff

GG ma( )
∣∣∣∣ ∣∣∣∣2,

(16)

where the ALP couplings to both gluons and quarks
contribute via

Ceff
GG ma( ) ! cGG + 1

2
∑
q≠t

cqq B1

4m2
q

m2
a

( ). (17)

The function B1 behaves as B1(4m2
q/m

2
a) ≈ 1 for mq ≪ ma and

B1(4m2
q/m

2
a) ≈ −m2

a/(12m2
q) for mq ≫ma. The explicit form of

B1 is given in e.g., [187]. For light ALPs, ma ≪ΛQCD, the decay
into three pions may be kinematically accessible, with a decay

rate which is given in [187, 191]. However, it is worth noting
that the FCC-ee program as currently envisioned will not be
able to produce significant numbers of ALPs that are heavy
enough to decay in two top quarks, due to the high center of
mass energy that would be required. Depending on their
lifetime, ALPs can decay promptly at the interaction point
or they may decay after having travelled a certain distance
inside the detector.

At FCC-ee, all combinations of ALP production modes
with visible and invisible decay modes can be investigated
[188, 192]. While many processes, in particular exotic Higgs
decays, depend on two independent couplings, under certain
assumptions a few processes only depend on a single coupling
parameter. For example, the e+e− → γa→ 3γ and e+e− → Za→
Zγγ processes only depend on the ALP-photon coupling
cγγ when it is assumed that both the ALP-photon and
the ALP-photon-Z couplings originate from the ALP
coupling to either SU(2)L or U(1) gauge bosons before EW
symmetry breaking. If the ALP only couples to U(1) gauge
bosons, then cγZ ! −s2wcγγ. In this case, Figure 7A shows the
projected sensitivity of FCC-ee to cγγ using the e+e− → γa →
3γ channel [188]. This analysis assumes at least four signal
events and combines the Z-pole run with runs at

)
s

√ ! 2mW

and
)
s

√ ! 250 GeV. Further details are provided in [188].
Another process that depends only on a single coupling is e+e−

→ γa → γℓ+ℓ− when the ALP-photon and the ALP-photon-Z
couplings are induced via a loop of leptons. In this case,

cγγ ! ∑
ℓ!e,μ,τ

cℓℓB1 4m2
ℓ
/m2

a( ) and cγZ ! s2w − 1/4( )cγγ. (18)

Figure 7B shows the projected sensitivity of FCC-ee to cℓℓ using
the process e+e− → γa → γℓ+ℓ− [188].

FIGURE 7
Projected sensitivity of FCC-ee in (A) e+e− → γa →3γ and (B) e+e− → γa → γℓ+ℓ− in purple. Figure adapted from Figure [188].

FIGURE 8
Example production of LLPs through exotic decays of the
Higgs boson h. The Higgs decays to a pair of scalars s,
pseudoscalars ŝ, or vectors v. At least one of these decays within
the detector volume to SM particles. The other may or may
not decay within the detector and may decay to visible or invisible
states.
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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 
For long-lived ALPs reach may be 
significantly improved with a dedicated far 
detector (decay lengths of up to100 m) 

Bauer, Heiles, Neubert,Thamm arXive: 1808.10323
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e+e− → γa → 3γ
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Figure 7: Left: Projected sensitivity regions for searches for e+e� ! ha ! bb̄�� (upper panels) and

e+e� ! ha ! bb̄`+`� (lower panels) for future e+e� colliders, assuming that |Ce↵
Zh| = 0.72 ⇤/TeV

and Br(a ! ��) = 1 (upper panels) and Br(a ! `+`�) = 1 (lower panels). Right: Sensitivity regions

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

Zh| = 0.1 ⇤/TeV (dashed

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

and Br(h ! Za) = 0.02%, respectively. The constraints from Figure 4 are shown in the background.

The sensitivity regions are based on 4 expected signal events.

production of muon and tau pairs. The ALP decays predominantly into the heaviest lepton
that is kinematically accessible.

The graphical representation in Figure 7 is suboptimal, because it highlights the depen-
dence on one ALP coupling (|Ce↵

��| or |ce↵`` |), while the dependence on the other coupling (Ce↵
Zh)

is only reflected by the di↵erent contours. In Figure 8 we show an alternative representation
of the results in the plane of the two relevant ALP couplings, but for fixed values of the ALP
mass. The sensitivity reach of the FCC-ee and the three versions of the CLIC collider for an

16

FCCee
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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 
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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   
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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  
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Figure 2: Pictographic representation of the di↵erent heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at di↵erent
collider types.

the t-channel, labelled with Wt in fig. 2, where X = `e
in the initial state is the anti particle to `e = e�, e+

and Y = ⌫ (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`e, `e}. A sub-dominant channel is given 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 the e�e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass mh.

• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelledWs, 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 constituents of the
proton, respectively. A sub-dominant process at higher
order is given by W� fusion with initial states {q, �},

which is further suppressed by the photon’s parton dis-
tribution function (PDF). Also at pp colliders, the pro-
duction 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 colliders: The dominant production channel for
heavy neutrinos is given by the diagram Wt 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 production channel is given by W�

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

is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < mh the produc-
tion 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 the here considered sterile neutrino masses, all the heavy
neutrino mass eigenstates will decay according to the second
column of fig. 2. Also the Z,W and Higgs bosons decay
further into SM particles. The possible final states from

4
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FCC-ee reach for low scale seesaw 
• Same information combined with other experiments

Verhaaren et. al, hep-ph/2203.05502
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FCC-ee with SHiP cover most of the allowed 
parameter space below the Z pole
favorable case:

C. Grojean

Heavy Neutral Leptons
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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 simulation 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 concentrated on the decay HNL! `⌫jj which838

has the highest branching fraction and allows full kinematic reconstruction of the neutrino 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 60-70 GeV 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⌫jj is845

shown in Fig. 16 compared to existing and projected limits.846

Fig. 16 Discovery potential in the mN � |U2
µN | plane. The green full lines labelled FCC-ee are from the analysis

described in [87], and are solely based on the decay channel HNL! µ⌫jj. The dashed green line bounds the area
with 4 HNL decays inside a FCC-ee detector with a displacement larger than 0.4 mm, based on the analytical
formulas in [89]. The blue HL-LHC curve is a theoretical projection of the area which will be covered by the ATLAS
experiment at the HL-LHC from [90]. The existing limits from experimental searches are given as shaded areas.
The expected discovery potential of projected dedicated long-lived particle searches are taken from the web site
accompanying the paper [91].

2.2.4 Complementarity and synergy between FCC-ee and FCC-hh847

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

possible directions. Compared to the LHC, the 100 to 14 TeV centre-of-mass energy increase can849

improve seven-fold the energy regime for direct exploration with the potential for observing new850

particles at mass scales up to 40 TeV, as shown in Fig. 17. Indirectly, it will be sensitive to energies851

well above its kinematic reach of 100TeV, for example in the tails of Drell-Yan distributions. Should852

any deviations from SM expectations be observed at FCC-ee, FCC-hh has the potential to pinpoint853

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

this regard.855
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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 requirementd

Grojean talk: 7th FCC Physics Workshop, Annecy 2024

03-25-2024
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Outlook
• The ongoing broad HEP program, centered on elucidating fundamental mysteries of our 

universe and profiting from the rapid technology advancements to explore revolutionary 
ideas, will provide an exciting scientific environment in 2045, at the dawn of the FCC-ee era.

• The strengths of FCC-ee are essential for exploring the dynamics behind the Higgs sector 
and the possible existence of portals and scenarios for a dark sector.

• The precision and reach of FCC-ee holds the possibility to make direct contact between 
collider physics and other parts of the HEP experimental program, including neutrino 
oscillations, dark matter and cosmic exploration, and flavor probes.

• We should be as ambitious as possible in designing the detectors/experiments for FCC-ee, 
both for discovery of new phenomena and for characterization of what we could see soon. 

• Fcc-ee will be a strong precursor to FCC-hh 
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