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gg, cc, ss, dd, uu?

The Future Circular Collider (FCC) e+e- Physics Goals

• FCC-ee : proposed 91 km circular collider @CERN after HL-
LHC with 4 interaction points (IP) running for 15 yrs, start 
around 2045


• Amazing potential for precision Higgs measurements. Goals:

• O(10) improvements in Higgs couplings, as compared 

to HL-LHC 
• Access currently challenging decay modes like cc and 

“impossible” hadronic decay modes: gg & ss 
• Access absolute gZ coupling 
• Unique opportunity to test the electron Yukawa 

coupling at √s = 125 GeV (if time allows) 
• Higgs self-coupling from the ZH cross sections at 240 

and 365 GeV 
• Not just Higgs… QCD & EWK physics, quark-flavor physics, 

searches for FCNC, top-quark properties (with √s = 345 - 
365 GeV), etc…


• Exquisite luminosity allows for ultimate precision, with 4 IPs:

• 200k Z bosons / second (LEP dataset each minute)

• 20k W bosons / hour

• 4k Higgs bosons / day 
• 6k tops / day

LHC ATLAS  
Run-2

https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04893-w
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Detector requirements - general considerations

● Requirements for Higgs and above have been studied to some extent by LC: 
○ we want a detector that is able to withstand a large dynamic range:

■ in energy (√s = 90 - 365 GeV)
■ in luminosity (L = 1034  - 1036 cm2/s)

● most of the machine induced limitations are imposed by the Z pole run: 
○ large collision rates ~ 33 MHz and continuous beams

■ no power pulsing possible
○ large event rates ~ 100 kHz 

■ fast detector response / triggerless design challenging (but 
rewarding) 

■ high occupancy in the inner layers/forward region (Bhabha 
scattering/γγ hadrons)

○ beamstrahlung 

● complex MDI: last focusing quadrupole is ~ 2.2m from the IP
○ magnetic field limited to B = 2T at the Z peak (to avoid disrupting 

vertical emittance/inst. Lumi via SR)
■ limits the achievable track momentum resolution

○ “anti”-solenoid 
■ limits the acceptance to ~ 100 mrad
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Detector Requirements from non-Higgs Physics

• Need detectors able to withstand with a large dynamic range in energy and luminosity


• Most machine-induced reqs imposed by runs at Z pole and ttbar energies 


• Large collision rates (~33 MHz) and continuous beams


• Large event rates (~100 kHz)


• Fast detector response / triggerless design challenging (and rewarding)


• High occupancy in inner layers/forward region (Bhabha scattering)


• Beam backgrounds


• Complex Machine Detector Interface


• Last focusing quadrupole ~2.2m from the IP


• Detector requirements from flavor, QCD/EWK and BSM physics program:


• Good track momentum resolution (low material budget), IP/vertex resolution, PID 
capabilities, photon resolution, IP resolution for large displacement


• How sensitive are Higgs couplings @FCC-ee to detector properties and layouts?
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Detector Benchmarks

IDEACLD ALLEGRO

From FCC-ee CDR

• Silicon vertex detector 


• Ultra light drift chamber 
with powerful particle 
identification


• Monolithic dual readout 
calorimeter


• Muon system

• Silicon vertex detector


• Ultra light drift chamber 
with powerful particle 
identification


• High granularity Noble 
Liquid ECAL


• CALICE- or TileCal-like 
HCAL


• Muon systemBaseline for studies  
shown in the following

• ILC-> CLIC detector -> 
CLD


• Full Silicon vertex / tracker


• CALICE-like calorimetry


• Large coil, muon system


• Checking whether a time 
projection chamber could 
operate in the FCC-ee 
environment

Should systematically access impact of detector 
developments in physics benchmarks

https://doi.org/10.1140/epjst/e2019-900045-4
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Higgs Production @FCC-ee

Patrick Janot 

 (GeV)s
200 220 240 260 280 300 320 340 360

C
ro

ss
 s

ec
tio

n 
(fb

)

0

50

100

150

200

250
 HZ→ -e+e

νν →HZ, Z 
 H→WW 

 H→ZZ 
Total

Annecy, 13 September 2013 14 
LAPP Seminar 

Unpolarized,cross,sections,

Fig. 7: The Higgs boson production cross section as a function of the centre-of-mass energy in unpolarized e+e�

collisions, as predicted by the HZHA program [38]. The thick red curve shows the cross section expected from the
Higgs-strahlung process e+e� ! HZ, and the thin red curve shows the fraction corresponding to the Z ! ⌫⌫̄

decays. The blue and pink curves stand for the WW and ZZ fusion processes (hence leading to the H⌫e⌫̄e and
He+e� final states), including their interference with the Higgs-strahlung process. The green curve displays the
total production cross section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is
expected to run for five years each,

p
s = 240 GeV and

p
s ⇠ 2mtop.

Table 3: Integrated luminosity and number of Higgs bosons produced with TLEP at
p
s = 240 GeV (summed

over four IPs), for the Higgs-strahlung process and the WW fusion. For illustration, the corresponding numbers
are also shown for the baseline ILC programme [39] at

p
s = 250 GeV, with beams polarized at a level of 80% for

electrons and 30% for positrons.

TLEP 240 ILC 250
Total Integrated Luminosity (ab�1) 10 0.25

Number of Higgs bosons from e+e� ! HZ 2,000,000 70,000
Number of Higgs bosons from boson fusion 50,000 3,000

with the scan of the tt̄ threshold, at
p
s around 350 GeV, where the background from the Higgs-strahlung

process is smallest and most separated from the WW fusion signal.

3.1 Measurements at
p
s = 240 GeV

At
p
s = 240 GeV, the TLEP luminosity is expected to be 5 ⇥ 1034 cm�2s�1 at each interaction point,

in a configuration with four IPs. The total integrated luminosity accumulated in five years, assuming
running for 107 seconds per year, is shown in Table 3, together with the corresponding numbers of Higgs
bosons produced.

From the sole reading of this table, it becomes clear that TLEP is in a position to produce enough
Higgs bosons in a reasonable amount of time to aim at the desired sub-per-cent precision for Higgs boson
coupling measurements. Detailed simulations and simple analyses have been carried out in Ref. [35] to
ascertain the claim, with an integrated luminosity of 500 fb�1 (representing only one year of data taking
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Motivation

• BR( ) estimated as  
➡  , 

PDG 
➡ from theorists

H → ss̄
BR [H → ss̄]SM ≈ (ms /mc)2 ⋅ BR [H → cc̄]SM

BR [H → ss̄]SM ≈ 0.024 %

First Look at the 
Physics Case of TLEP 

arXiv:1308.6176

24 I.3.1. Update of branching ratios and decay width for the Standard Model Higgs boson
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Figure 9: Higgs boson branching ratios and their uncertainties for the mass range around 125 GeV.

While about half of this shift is due to the change in ↵s, the remaining part comes from improvements
in HDECAY, in particular from the inclusion of charm-quark-loop contributions and NLO quark-mass
effects. The partial widths for the other bosonic decay modes change at the level of one per mille or
below. The total width increases by approximately 0.5%. Correspondingly, the relative increase for the
central value of the H ! bb BR is approximately 1%. The relative decrease in the other fermionic
modes is below 1%. For H ! gg, the relative decrease of the BR is approximately 4%. The relative
decrease of the other bosonic BRs is below 1%, only.

The error estimates on the BRs also change as discussed in the following: The total error on
the H ! bb BR decreases to below 2% due to the reduced errors on ↵s and the bottom quark mass
and the reduced THU. Since the error on H ! bb is a major source of uncertainty for all the other
BRs, their error is reduced by more than 2% due to this improvement alone. In addition, the other
fermionic modes benefit from the reduced THU after the inclusion of the full EW corrections, such that
the corresponding errors are reduced roughly by a factor of 2 to below 2.5% for the leptonic final states
and to below 7% for H ! cc. Also the error estimates for the bosonic decay modes are decreased,
mainly due to the improvements in H ! bb. In particular, the error for the decay into massive vector
bosons is approximately 2%, i.e. half as big as before. The errors on the partial widths are discussed in
Section I.3.1.c.

The BRs for the fermionic decay modes are shown in Tables 174–175. The BRs for the bosonic
decay modes together with the total width are given in Tables 176–178. Besides the BRs, the tables list
also the corresponding theoretical uncertainties (THU) and parametric uncertainties resulting from the
quark masses (PU(mq)) and the strong coupling (PU(↵s)). The PUs from the different quark masses
have been added in quadrature. The BRs (including the full uncertainty) are also presented graphically
in Figure 9 for the mass region around the Higgs boson resonance.

Finally, Tables 179–181 list the BRs for the most relevant Higgs boson decays into four-fermion
final states. The right-most column in the tables shows the total relative uncertainty of these BRs in
per cent, obtained by adding the PUs in quadrature and combining them linearly with the THU. The
uncertainty is practically equal for all H ! 4f BRs and the same for those for H ! WW/ZZ. Note that
the charge-conjugate final state is not included for H ! `+nlqq.

• At  Higgs boson is produced in 
association with a Z boson measure couplings ! 

• Use the analysis to study and optimise the tracker  
design and performance

s = 240 GeV
→

Higgsstrahlung

VBF

H Decay BR (%)
mH = 125.0GeV

bb̄ 58.24
cc̄ 2.891
ss̄ 0.016
gg 8.187
⌧ ⌧̄ 6.272

BR [H ! ss̄]
SM

⇡ (ms/mc)
2 ·BR [H ! cc̄]

SM

Process Cross-section
[pb�1]

Signal ZH 0.2032195
Z(⌫⌫)H 0.046191
e
+
e
� ! Z(⌫⌫)H(bb̄) 0.0269

e
+
e
� ! Z(⌫⌫)H(cc̄) 0.001335

e
+
e
� ! Z(⌫⌫)H(gg) 0.003782

e
+
e
� ! Z(⌫⌫)H(ss̄) 1.109 ·10�05

e
+
e
� ! Z(⌫⌫)H(⌧ ⌧̄) 0.002897

Background e
+
e
� ! ZZ 1.35899

e
+
e
� ! W

+
W

� 16.4385
e
+
e
� ! Z/�

⇤ 52.6539
e
+
e
� ! Z(⌫⌫)H(W+

W
�) 0.00994

e
+
e
� ! Z(⌫⌫)H(ZZ) 0.00122

e
+
e
� ! qq̄H, q = u, d, s, c, b 0.13635

Sample Generator Events

e
+
e
� ! Z(⌫⌫)H(bb̄) wzp6 1,200,000

e
+
e
� ! Z(⌫⌫)H(cc̄) wzp6 1,100,000

e
+
e
� ! Z(⌫⌫)H(gg) wzp6 1,055,845

e
+
e
� ! Z(⌫⌫)H(ss̄) wzp6 1,008,052

e
+
e
� ! Z(⌫⌫)H(⌧ ⌧̄) wzp6 1,200,000

e
+
e
� ! ZZ p8 56,162,093

e
+
e
� ! W

+
W

� p8 373,375,386
e
+
e
� ! Z/�

⇤ p8 100,559,248
e
+
e
� ! Z(⌫⌫)H(W+

W
�) wzp6 400,000

e
+
e
� ! Z(⌫⌫)H(ZZ) wzp6 200,000

e
+
e
� ! qq̄H, q = u, d, s, c, b wzp6 5,400,000
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Fig. 7: The Higgs boson production cross section as a function of the centre-of-mass energy in unpolarized e+e�

collisions, as predicted by the HZHA program [38]. The thick red curve shows the cross section expected from the
Higgs-strahlung process e+e� ! HZ, and the thin red curve shows the fraction corresponding to the Z ! ⌫⌫̄

decays. The blue and pink curves stand for the WW and ZZ fusion processes (hence leading to the H⌫e⌫̄e and
He+e� final states), including their interference with the Higgs-strahlung process. The green curve displays the
total production cross section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is
expected to run for five years each,

p
s = 240 GeV and

p
s ⇠ 2mtop.

Table 3: Integrated luminosity and number of Higgs bosons produced with TLEP at
p
s = 240 GeV (summed

over four IPs), for the Higgs-strahlung process and the WW fusion. For illustration, the corresponding numbers
are also shown for the baseline ILC programme [39] at

p
s = 250 GeV, with beams polarized at a level of 80% for

electrons and 30% for positrons.

TLEP 240 ILC 250
Total Integrated Luminosity (ab�1) 10 0.25

Number of Higgs bosons from e+e� ! HZ 2,000,000 70,000
Number of Higgs bosons from boson fusion 50,000 3,000

with the scan of the tt̄ threshold, at
p
s around 350 GeV, where the background from the Higgs-strahlung

process is smallest and most separated from the WW fusion signal.

3.1 Measurements at
p
s = 240 GeV

At
p
s = 240 GeV, the TLEP luminosity is expected to be 5 ⇥ 1034 cm�2s�1 at each interaction point,

in a configuration with four IPs. The total integrated luminosity accumulated in five years, assuming
running for 107 seconds per year, is shown in Table 3, together with the corresponding numbers of Higgs
bosons produced.

From the sole reading of this table, it becomes clear that TLEP is in a position to produce enough
Higgs bosons in a reasonable amount of time to aim at the desired sub-per-cent precision for Higgs boson
coupling measurements. Detailed simulations and simple analyses have been carried out in Ref. [35] to
ascertain the claim, with an integrated luminosity of 500 fb�1 (representing only one year of data taking
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Motivation

• BR( ) estimated as  
➡  , 

PDG 
➡ from theorists

H → ss̄
BR [H → ss̄]SM ≈ (ms /mc)2 ⋅ BR [H → cc̄]SM

BR [H → ss̄]SM ≈ 0.024 %

First Look at the 
Physics Case of TLEP 
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24 I.3.1. Update of branching ratios and decay width for the Standard Model Higgs boson
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Figure 9: Higgs boson branching ratios and their uncertainties for the mass range around 125 GeV.

While about half of this shift is due to the change in ↵s, the remaining part comes from improvements
in HDECAY, in particular from the inclusion of charm-quark-loop contributions and NLO quark-mass
effects. The partial widths for the other bosonic decay modes change at the level of one per mille or
below. The total width increases by approximately 0.5%. Correspondingly, the relative increase for the
central value of the H ! bb BR is approximately 1%. The relative decrease in the other fermionic
modes is below 1%. For H ! gg, the relative decrease of the BR is approximately 4%. The relative
decrease of the other bosonic BRs is below 1%, only.

The error estimates on the BRs also change as discussed in the following: The total error on
the H ! bb BR decreases to below 2% due to the reduced errors on ↵s and the bottom quark mass
and the reduced THU. Since the error on H ! bb is a major source of uncertainty for all the other
BRs, their error is reduced by more than 2% due to this improvement alone. In addition, the other
fermionic modes benefit from the reduced THU after the inclusion of the full EW corrections, such that
the corresponding errors are reduced roughly by a factor of 2 to below 2.5% for the leptonic final states
and to below 7% for H ! cc. Also the error estimates for the bosonic decay modes are decreased,
mainly due to the improvements in H ! bb. In particular, the error for the decay into massive vector
bosons is approximately 2%, i.e. half as big as before. The errors on the partial widths are discussed in
Section I.3.1.c.

The BRs for the fermionic decay modes are shown in Tables 174–175. The BRs for the bosonic
decay modes together with the total width are given in Tables 176–178. Besides the BRs, the tables list
also the corresponding theoretical uncertainties (THU) and parametric uncertainties resulting from the
quark masses (PU(mq)) and the strong coupling (PU(↵s)). The PUs from the different quark masses
have been added in quadrature. The BRs (including the full uncertainty) are also presented graphically
in Figure 9 for the mass region around the Higgs boson resonance.

Finally, Tables 179–181 list the BRs for the most relevant Higgs boson decays into four-fermion
final states. The right-most column in the tables shows the total relative uncertainty of these BRs in
per cent, obtained by adding the PUs in quadrature and combining them linearly with the THU. The
uncertainty is practically equal for all H ! 4f BRs and the same for those for H ! WW/ZZ. Note that
the charge-conjugate final state is not included for H ! `+nlqq.

• At  Higgs boson is produced in 
association with a Z boson measure couplings ! 

• Use the analysis to study and optimise the tracker  
design and performance

s = 240 GeV
→

Higgsstrahlung

VBF

H Decay BR (%)
mH = 125.0GeV

bb̄ 58.24
cc̄ 2.891
ss̄ 0.016
gg 8.187
⌧ ⌧̄ 6.272

BR [H ! ss̄]
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⇡ (ms/mc)
2 ·BR [H ! cc̄]

SM

Process Cross-section
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Z(⌫⌫)H 0.046191
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+
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+
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+
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e
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e
+
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+
e
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e
+
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� ! W

+
W
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e
+
e
� ! Z/�
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e
+
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� ! Z(⌫⌫)H(W+

W
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e
+
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� ! Z(⌫⌫)H(ZZ) 0.00122
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+
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Sample Generator Events
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+
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W
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e
+
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e
+
e
� ! qq̄H, q = u, d, s, c, b wzp6 5,400,000
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Fig. 7: The Higgs boson production cross section as a function of the centre-of-mass energy in unpolarized e+e�

collisions, as predicted by the HZHA program [38]. The thick red curve shows the cross section expected from the
Higgs-strahlung process e+e� ! HZ, and the thin red curve shows the fraction corresponding to the Z ! ⌫⌫̄

decays. The blue and pink curves stand for the WW and ZZ fusion processes (hence leading to the H⌫e⌫̄e and
He+e� final states), including their interference with the Higgs-strahlung process. The green curve displays the
total production cross section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is
expected to run for five years each,

p
s = 240 GeV and

p
s ⇠ 2mtop.

Table 3: Integrated luminosity and number of Higgs bosons produced with TLEP at
p
s = 240 GeV (summed

over four IPs), for the Higgs-strahlung process and the WW fusion. For illustration, the corresponding numbers
are also shown for the baseline ILC programme [39] at

p
s = 250 GeV, with beams polarized at a level of 80% for

electrons and 30% for positrons.

TLEP 240 ILC 250
Total Integrated Luminosity (ab�1) 10 0.25

Number of Higgs bosons from e+e� ! HZ 2,000,000 70,000
Number of Higgs bosons from boson fusion 50,000 3,000

with the scan of the tt̄ threshold, at
p
s around 350 GeV, where the background from the Higgs-strahlung

process is smallest and most separated from the WW fusion signal.

3.1 Measurements at
p
s = 240 GeV

At
p
s = 240 GeV, the TLEP luminosity is expected to be 5 ⇥ 1034 cm�2s�1 at each interaction point,

in a configuration with four IPs. The total integrated luminosity accumulated in five years, assuming
running for 107 seconds per year, is shown in Table 3, together with the corresponding numbers of Higgs
bosons produced.

From the sole reading of this table, it becomes clear that TLEP is in a position to produce enough
Higgs bosons in a reasonable amount of time to aim at the desired sub-per-cent precision for Higgs boson
coupling measurements. Detailed simulations and simple analyses have been carried out in Ref. [35] to
ascertain the claim, with an integrated luminosity of 500 fb�1 (representing only one year of data taking
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Motivation

• BR( ) estimated as  
➡  , 

PDG 
➡ from theorists

H → ss̄
BR [H → ss̄]SM ≈ (ms /mc)2 ⋅ BR [H → cc̄]SM

BR [H → ss̄]SM ≈ 0.024 %

First Look at the 
Physics Case of TLEP 

arXiv:1308.6176

24 I.3.1. Update of branching ratios and decay width for the Standard Model Higgs boson
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Figure 9: Higgs boson branching ratios and their uncertainties for the mass range around 125 GeV.

While about half of this shift is due to the change in ↵s, the remaining part comes from improvements
in HDECAY, in particular from the inclusion of charm-quark-loop contributions and NLO quark-mass
effects. The partial widths for the other bosonic decay modes change at the level of one per mille or
below. The total width increases by approximately 0.5%. Correspondingly, the relative increase for the
central value of the H ! bb BR is approximately 1%. The relative decrease in the other fermionic
modes is below 1%. For H ! gg, the relative decrease of the BR is approximately 4%. The relative
decrease of the other bosonic BRs is below 1%, only.

The error estimates on the BRs also change as discussed in the following: The total error on
the H ! bb BR decreases to below 2% due to the reduced errors on ↵s and the bottom quark mass
and the reduced THU. Since the error on H ! bb is a major source of uncertainty for all the other
BRs, their error is reduced by more than 2% due to this improvement alone. In addition, the other
fermionic modes benefit from the reduced THU after the inclusion of the full EW corrections, such that
the corresponding errors are reduced roughly by a factor of 2 to below 2.5% for the leptonic final states
and to below 7% for H ! cc. Also the error estimates for the bosonic decay modes are decreased,
mainly due to the improvements in H ! bb. In particular, the error for the decay into massive vector
bosons is approximately 2%, i.e. half as big as before. The errors on the partial widths are discussed in
Section I.3.1.c.

The BRs for the fermionic decay modes are shown in Tables 174–175. The BRs for the bosonic
decay modes together with the total width are given in Tables 176–178. Besides the BRs, the tables list
also the corresponding theoretical uncertainties (THU) and parametric uncertainties resulting from the
quark masses (PU(mq)) and the strong coupling (PU(↵s)). The PUs from the different quark masses
have been added in quadrature. The BRs (including the full uncertainty) are also presented graphically
in Figure 9 for the mass region around the Higgs boson resonance.

Finally, Tables 179–181 list the BRs for the most relevant Higgs boson decays into four-fermion
final states. The right-most column in the tables shows the total relative uncertainty of these BRs in
per cent, obtained by adding the PUs in quadrature and combining them linearly with the THU. The
uncertainty is practically equal for all H ! 4f BRs and the same for those for H ! WW/ZZ. Note that
the charge-conjugate final state is not included for H ! `+nlqq.

• At  Higgs boson is produced in 
association with a Z boson measure couplings ! 

• Use the analysis to study and optimise the tracker  
design and performance

s = 240 GeV
→

Higgsstrahlung

VBF

H Decay BR (%)
mH = 125.0GeV

bb̄ 58.24
cc̄ 2.891
ss̄ 0.016
gg 8.187
⌧ ⌧̄ 6.272

BR [H ! ss̄]
SM

⇡ (ms/mc)
2 ·BR [H ! cc̄]

SM

Process Cross-section
[pb�1]

Signal ZH 0.2032195
Z(⌫⌫)H 0.046191
e
+
e
� ! Z(⌫⌫)H(bb̄) 0.0269

e
+
e
� ! Z(⌫⌫)H(cc̄) 0.001335

e
+
e
� ! Z(⌫⌫)H(gg) 0.003782

e
+
e
� ! Z(⌫⌫)H(ss̄) 1.109 ·10�05

e
+
e
� ! Z(⌫⌫)H(⌧ ⌧̄) 0.002897

Background e
+
e
� ! ZZ 1.35899

e
+
e
� ! W

+
W

� 16.4385
e
+
e
� ! Z/�

⇤ 52.6539
e
+
e
� ! Z(⌫⌫)H(W+

W
�) 0.00994

e
+
e
� ! Z(⌫⌫)H(ZZ) 0.00122

e
+
e
� ! qq̄H, q = u, d, s, c, b 0.13635

Sample Generator Events

e
+
e
� ! Z(⌫⌫)H(bb̄) wzp6 1,200,000

e
+
e
� ! Z(⌫⌫)H(cc̄) wzp6 1,100,000

e
+
e
� ! Z(⌫⌫)H(gg) wzp6 1,055,845

e
+
e
� ! Z(⌫⌫)H(ss̄) wzp6 1,008,052

e
+
e
� ! Z(⌫⌫)H(⌧ ⌧̄) wzp6 1,200,000

e
+
e
� ! ZZ p8 56,162,093

e
+
e
� ! W

+
W

� p8 373,375,386
e
+
e
� ! Z/�

⇤ p8 100,559,248
e
+
e
� ! Z(⌫⌫)H(W+

W
�) wzp6 400,000

e
+
e
� ! Z(⌫⌫)H(ZZ) wzp6 200,000

e
+
e
� ! qq̄H, q = u, d, s, c, b wzp6 5,400,000
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• Focus on Higgs couplings, properties    
(mass, width & CP discussed by M. Cepeda)


• At 240 GeV Higgs boson is produced in 
association with a Z boson 


• Tag Z and measure Higgs couplings!


• Use the analysis to study and optimise the 
tracker design and performance

arXiv:1610.07922

2 Event samples

1 Introduction

Fully hadronic final states are produced in the vast majority majority of Higgs boson decays in the Standard
Model: 61% of Higgs boson decays produce quark-antiquark pairs, 8% yield gluon-gluon pairs, and about
14% lead to hadrons via intermediate production of W+W�, ZZ or t+t� leptons (Table 1). Reconstructing and
measuring precisely the branching fraction for these decays is crucial for measuring the Yukawa couplings of
the Higgs boson to quarks, the effective coupling to gluons, and potentially also provide additional constraints
on the couplings to gauge weak bosons and to the t lepton. The current constraints from the LHC do not
exclude deviations of the charm and strange coupling strength mofidiers from the SM predictions (unity) by a
few or few tens respectively, that can take place in some concrete ultraviolet models such as those of Ref. [1].

Table 1: Branching fractions for Higgs boson decays to hadronic final states in the Standard Model. For the
decays H ! WW, H ! ZZ and H ! tt, the branching fractions for W, Z bosons and t leptons to
hadrons are included.

Decay H ! bb H ! cc H ! ss H ! gg H ! WW H ! ZZ H ! tt

Branching fraction 58.2% 2.9% 0.024% 8.2% 9.7% 1.3% 2.6%

The large and clean sample of Higgs bosons that will be produced at FCC-ee, coupled to detectors with
unprecedented performance of jet flavour identification, provide an ideal environment for measuring these pro-
cesses, with sensitivities that are significantly better than those that can be obtained at the HL-LHC. Moreover,
since the total Higgs boson production cross-section can be measured, any measurement of the Higgs boson
signal strength (i.e. ratio between observed and expected yield) in a given final state) can be used to determ-
ine the corresponding Higgs boson branching fraction, unlike the LHC where only ratios of branching fractions
are measurable.

A study has been performed to investigate the sensitivity of the measurement of the the signal strengths of
Higgs bosons decaying to hadronic final states with FCC-ee at center-of-mass energies of 240 and 365 GeV.
The study uses fast simulations of particle propagation and interactions with the detector material, with para-
metrised efficiencies and resolutions. The event selection target ZH events with Z bosons decaying either
to electron-positron, muon-antimuon, neutrino-antineutrino or quark-antiquark pairs. The contribution from
vector-boson-fusion is small after the selection and considered as part of the signal. The assumed integrated
luminosities are 10.8 ab�1 and 3.0 ab�1 at

p
s = 240 and 365 GeV, respectively, corresponding to three and

five years of data-taking for the two cases and four detectors with similar performance located at four different
interaction points.

Only a succinct description of the analysis is given here. The details of the analysis will be reported in the
FCC-ee feasibility study and in an article in preparation.

2 Event samples

The studies are based on Monte Carlo event samples of the main signal and background processes, gener-
ated at both e+e� center-of-mass energies of 240 GeV and 365 GeV and normalised, using their theoretical
cross-sections, to the target integrated luminosities. The beam energy and the size of the interaction point are
smeared according to the expected beam energy spread and size of the FCC-ee luminous region.

The WHIZARD generator has been used to produce signal events, where a Higgs boson is produced
together with a ee, µµ, nn, or qq pair. The same generator has also been used to produce background
samples such as ee ! ee, ee! µµ, and ee! nene Z. The PYTHIA 8 generator has been used for the
production of the other background event samples (inclusive W+W�, ZZ, ee! qq production).

The generated events are passed through a parametric simulation of the detector response implemented in
DELPHES. The reconstruction efficiencies and resolutions for various particle hypotheses are those expected
for the IDEA detector with a crystal electromagnetic calorimeter upstream of a dual-readout fibre calorimeter.
Lepton misidentification is assumed to be negligible. The kinematic properties of the jets are assumed to
be determined from those of the constituents via a particle-flow algorithm. Jet flavour tagging is performed

2

https://arxiv.org/abs/1308.6176
https://indico.cern.ch/event/1391236/timetable/#41-higgs-properties-masswidthc
https://arxiv.org/abs/1610.07922
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Jet Flavour Tagging - The ParticleNet Tagger

From arXiv:1801.07829

[O(50) properties/particle] 
x [~50-100 particles/jet]

~O(1000) inputs/jet

• Graph-based tagger, where each jet is treated as a “cone” 
of reconstructed particles traversing the detector


• Particle-flow (PF) principle: particle candidates are 
mutually exclusive and have lots of info associated with


• E/p, position


• Impact parameters, particle type


• Timing


• kT jet-reconstruction algorithms to reco jets: unordered 
sets of particles with correlations & relationships. Graph-
Neural-Network architecture for ParticleNet:


• Identify properties of “particle cloud”, represented as 
a graph 

• Each particle: node of the graph; connections 
between particles: the edges


• Learn local structures -> move to more global ones


• Powerful identification of b, c, s, d, u, τ & g jets!


• ParticleNet retrained & evaluated on different detector 
configurations for studies discussed in the following!

https://arxiv.org/pdf/1801.07829.pdf
https://doi.org/10.1103/PhysRevD.101.056019
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• Higgs boson reconstruction:


• Particular focus on hadronic decays, e.g.   
-> bb/cc/gg/ss(?)…

Z(->ll,vv,jj)H - General Strategy

• Z-boson reconstruction:


• Explore several decay modes


• Usage of “recoil mass”• Key features:


• Optimal identification (“tagging”) of hadronic decays


• Simultaneous extraction across different flavours


• “In-situ” constrain of background uncertainties to better than O(1%)


• Three analysis channels: Z(->ll, vv, qq)H with similar strategy


• Categorise events using jet-flavour tagger scores (bb, cc, ss, gg, …)


• Signal extraction through simultaneous fit across categories of Higgs decay products’ 
invariant mass


• This analysis: natural framework to access impact of detector proposals to the full 
Higgs physics program
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• Exploiting Delphes-based simulation of IDEA detector concept


• Signal & most background processes: free normalisations correlated across 
categories determined by the fit


• Meet physics goals:


• Improve precision by O(10) wrt HL-LHC 

• Extend to couplings that are (probably) impossible at the HL-LHC (charm, strange 
above all)


• Opportunity to fully establish Higgs coupling to second generation 
charged fermions!

Z(->ll,vv,jj)H - Expected Precision @240 GeV

6 References

simulation. The normalisation of the signal processes is floating, expressed as the product of a signal strength
µi (i=bb, cc, ..) times the SM expected yield for the corresponding Higgs boson decay in the targeted Z boson
decay channel. The background normalisations are constrained to the expectations within a 5% uncertainties.
Statistical uncertainties in the templates from the limited amount of simulated events are included. In the
leptonic analysis also an alternative fit was investigated, yielding similar results. The fit uses analytical shapes,
empirically chosen to describe signal and backgrounds in the simulation, whose parameters (including the
background normalisation) are floating in the fit. For the analysis at

p
s = 240 GeV, the results are combined

by performing a simultaneous fit to the categories of the three different final states, correlating the signal
strengths and the normalisation parameters of the same background processes across the categories; for the
analysis of

p
s = 365 GeV simulations, further optimization of the individual channel is ongoing, and will be

followed by their combination.
The results are given in Tables 2 and 3.

Table 2: Uncertainty (in %) at 68% confidence level on the signal strengths in the various Higgs boson decay
channels at

p
s = 240 GeV, for the three analyses and their combination.

Analysis H ! bb H ! cc H ! gg H ! ss H ! ZZ H ! WW H ! tt

Z ! l+l� 0.68 4.02 2.18 234 13.7 1.78 4.1
Z ! qq 0.32 3.52 3.07 409 52.1 8.74 110
Z ! nn (I) 0.36 2.18 1.10 151 15.3 1.51 11
Z ! nn (II) 0.33 2.27 0.94 137 19.8 1.89 22

comb (I) 0.22 1.65 0.93 121 9.6 1.11 3.8
comb (II) 0.21 1.66 0.80 105 10.1 1.16 4.0

Table 3: Uncertainty (in %) at 68% confidence level on the signal strengths in the various Higgs boson decay
channels at

p
s = 365 GeV, for the three analyses.

Analysis H ! bb H ! cc H ! gg H ! ss H ! ZZ H ! WW H ! tt

Z ! l+l� 1.74 11.3 5.74 116 44 5.61 13
Z ! qq 0.65 3.87 2.48 305
Z ! nn (I) 1.09 5.53 3.17 28 3.88 19
Z ! nn (II) 0.78 4.55 2.93 460 53 4.15 128

5 Conclusion

With an integrated luminosity of 10.8 ab�1 ee collisions at
p

s = 240 GeV, collected by four detectors in three
years of data-taking, FCC-ee could measure the signal strength of Higgs boson decaying to bb, gg, cc with
precisions close to 0.2%, 0.8% and 1.7%. The signal strength for Higgs boson decays to ßcould be probed
with an uncertainty close to the SM expected value of that quantity. A precision close to 1% could also be
obtained for the H ! WW decays, while larger uncertainties close to 4% and 10% could be reached for
H ! tt and H ! ZZ. Additional constraints on these decays could come from the analysis of semileptonic or
fully-leptonic final states. The analysis of 3.0 ab�1 of ee collisions at 365 GeV could lead to measurements of
the signal strengths with uncertainties around 3–4 times worse than at 240 GeV.

6 References

[1] B. A. Erdelyi, R. Gröber, N. Selimovic, How large can the Light Quark Yukawa couplings be? (2024),
arXiv: 2410.08272 [hep-ph].

4

Relative uncertainty (in %) at 68% CL on signal strengths in the various Higgs decay channels
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• ZH production cross-section can be extracted 

from the recoil mass distribution


• Sensitivity dominated by the Z(μμ) final state


• Superior momentum resolution, driven by tracking


• Track momentum resolution limits sensitivity if larger 

than beam energy spread (BES = 0.182% at 240 

GeV, i.e 222 MeV)


•Multiple-scattering limit < BES 


• Transparent tracker is key!

Track Momentum Resolution

9

Track Momentum resolution

● Higgs mass and ZH production cross-section can be 
extracted from the recoil mass distribution

● sensitivity dominated by the Z(μμ) final state
○ superior momentum resolution, driven by tracking

● track momentum resolution limits sensitivity if > beam energy spread 
(BES =  0.182% at 240 GeV, i.e 222 MeV)

○ multiple-scattering limit < BES
■ for CLD ~ 30% above

● transparent tracker is key

BES

Z

H

De Filippis

The recoil distributions after the full event selection for the muon and electron final
states are shown in Fig. 18 for both

p
s = 240(365) GeV. At

p
s = 240 GeV, a nar-

row distribution is obtained, as a direct result of the excellent resolution performance
of the IDEA drift chamber. The electron channel is visibly degraded due to the 20%
additional smearing w.r.t. the muons, as explained in Section 2.2. Additionally, the
WHIZARD electron samples contain a small fraction of VBF events which also degrades
the resolution. Combined with the higher backgrounds, the muon channel will dom-
inate the uncertainty on the Higgs cross-section and mass. At

p
s = 365 GeV, the

recoil distributions are more broadened due to various reasons as explained in detail
in Section 4.6.
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Fig. 18 Recoil distributions after all cuts (including the cos(✓miss) cut) for the muon (left) and
electron (right) final states at

p
s = 240 GeV (top) and

p
s = 365 GeV (bottom).
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Precision of H ! bb̄ vs. Vertex Detector assumptions

Requirements on the Vertex detector
▪ Measurement of impact parameters, reconstruction of primary/secondary 

vertices, flavor tagging, lifetime measurements 
▪ Cover an angle range of about |cos|<0.99
▪ High resolution (~3 µm single point resolution), light material for vertex and 

beam pipe (MAPS, 0.3-0.5% X0 per layer), radial distance of the first layer 
of the vertex detector (1.2~1.5 cm from the IP)

9

a ~ 5 µm, b ~ 15 µm·GeV (FCC-ee)
a ~ 25 µm, b ~ 70 µm·GeV (LEP)
a ~ 12 µm, b ~ 70 µm·GeV (LHC)

CLD: a~2.4 µm
b~20 µm·GeV

Relative loss of precision on H→bb and 
H→cc couplings when the IP resolution is 
degraded by a factor shown on the x axis

10

• The IP resolution is the major driver of charm and 
bottom jet identification

• B (D) mesons travel a finite decay length of 500 

(150) μm

• Worse impact on H→cc vs H→bb due to smaller 

displacement and smaller S/B

Impact Parameter Resolution & Vertexing

NEW! • Precise IP determination driven by:


• Single point resolution 

• Radial distance of first tracking layer (high p)


• Material budget (low p) - eventually limited by 
beam-pipe material


• Studied these effects through full propagation:

• Simulated each detector response through 

Delphes

• Re-trained jet-flavour tagger 

• Evaluated Higgs couplings performance 


• Small effects observed in H→bb (and H→cc)
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Charged Hadron Particle Identification

NEW!

• Tagger retraining shows that:


• IDEA detector concept PID performance 
close to “perfect” (i.e. truth) PID


• Impact of dN/dx >> ToF on strange tagging

Eur. Phys. J. C 
82, 646 (2022)

• Particle Identification (PID) is a crucial ingredient for strange-
quark jet identification (H→ss)


• Need:


• Cluster counting (dN/dx) measurement at high momentum - 
Cherenkov detectors (RICH)


• Time of Flight (ToF) measurement at low momentum (~1 GeV)

Larger rejection 

(i.e. better)

https://doi.org/10.1140/epjc/s10052-022-10609-1
https://doi.org/10.1140/epjc/s10052-022-10609-1
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Charged Hadron Particle Identification
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Precision of H ! ss̄ vs. Particle ID assumptions

NEW!• From full propagation through the ZH analyses:


• IDEA detector concept PID performance 
close to “perfect” PID


• Impact of dN/dx >> ToF


• Observe factor ~3 degradation in H→ss 
when lacking dN/dx information 

• PID really crucial for H→ss determination

Eur. Phys. J. C 
82, 646 (2022)

• Particle Identification (PID) is a crucial ingredient for strange-
quark jet identification (H→ss)


• Need:


• Cluster counting (dN/dx) measurement at high momentum - 
Cherenkov detectors (RICH)


• Time of Flight (ToF) measurement at low momentum (~1 GeV)

Truth MC info

https://doi.org/10.1140/epjc/s10052-022-10609-1
https://doi.org/10.1140/epjc/s10052-022-10609-1
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HCAL and jets -- Higgs hadronic final states 

Largest gain from JER expected for S/B << 1:

If relative improvement α, expect √α increase in 
precision 

H→bb

H→gg

H→ cc

H→ ss

Dual Readout
30% / √E

ATLAS
50% / √E

CMS
100% / √E

Observe less degradation than expected, studies will 
have to be repeated with full simulation

Elvira

13

• With a perfect particle-flow algorithm, jet energy resolution is dominated by neutral (HCal) 
resolution


• Largest gain from JER expected for S/B << 1


• If relative improvement α, expect √α increase in precision


• From full propagation of changes in hadronic calorimeter energy resolution, observe degradation 
scaling as expected

Hadronic Calorimeter & Jet Resolution
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• Exciting Higgs (but not only!) physics program possible at the FCC-ee


• Expected to improve Higgs couplings measurement by a factor ~10, 
compared to HL-LHC


• Fully establish coupling to second generation charged fermions


• Studied impact of vertex, PID & calorimeter detectors on Higgs couplings, by 
means of full propagation through the ZH analyses


• Inputs to final Feasibility Study Report, due in early 2025


• Realistic variations in the vertex detector layout, material budget & hit resolution 
expected to have minor impact


• Powerful PID system, especially equipped with dN(E)/dx measurement is 
crucial for determination of Higgs-to-strange decay


• Sizable contribution of hadronic calorimeter & jet resolution


• Current detector concepts do meet needs for the Higgs couplings program 

• Future: access Higgs couplings (and more!) detector requirements with full 
simulation

Conclusion
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BACKUP
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FCC-ee Machine
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FCC-ee: the Physics Case

17

Courtesy of P. Janot
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Latest FCC-ee Parameters

18

Giovanni Marchiori Higgs physics opportunities at FCC - 18/07/2024

Latest FCC-ee parameters

17
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IDEA Tracker
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The (IDEA) Tracker as an Opportunity

20

Latest IDEA tracker  
layout from F. Palla’s talk

• Different possible detector scenarios, tracker particularly 
relevant to flavour tagging


• Amount (e.g. n. of layers) & quality of material 

• Hit resolution & barrel proximity 

• PID capabilities: timing, energy loss (gas/silicon)


• Baseline IDEA detector as a well-established reference for 
detector-performance studies


• Opportunity to access impact of detector configurations/
properties on physics performance


• A lot already studied in the past [Eur. Phys. J. C 82, 646 
(2022)]


• New studies based on latest detector layouts 
performed for final Feasibility Study Report 

• Current IDEA pixel/tracking system: 


• beam pipe at 1cm, 3 innermost silicon barrel layers: 
1.2cm, 2cm, 3.15cm


• PID: cluster-counting (dN/dx) + 30ps ToF system

https://indico.cern.ch/event/1244371/timetable/#71-mechanical-integration-of-t
https://doi.org/10.1140/epjc/s10052-022-10609-1
https://doi.org/10.1140/epjc/s10052-022-10609-1
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Flavour Tagging
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Flavour-Tagging Principles

22

• Bottom & charm tagging based on:


• Large lifetime (~1/0.1 ps) & decay length (~50-500 μm)


• Displaced vertices/tracks


• Tertiary vertex for B hadrons decaying to “charm 
hadron” or “D hadron” 


• Relatively large invariant mass


• Specific track multiplicity (~5 charged particles on 
average)


• Non-isolated charged leptons from semileptonic 
decays: 20(10)% in B(C)-hadrons decays


• Tracker needs: good spatial resolution, small material 
budget


• Strange tagging, exploiting large Kaon content 


• Charged requiring K/π separation, neutral KS->ππ, ΚL


• Benefitting from good PID: timing detectors, Cherenkov 
detectors, charged energy loss (silicon/gas)
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Full list of input variablesParticleNet - Full List of Input Variables

23
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• Obviously, given a detector configuration, ParticleNet would be trained against it


• Re-training allows recovering of (a significant) part of drop in performance


• Need re-training for fair & meaningful performance assessment of each 
point in the detector-configuration space

ParticleNet - Why is Retraining Necessary?

24
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Pixel-Detector Material Budget

25

• May add many extra vertex layers, but eventually material (and real!) budget come into play


• Studied impact from ±50% relative variations in the radiation length for all of the vertex layers


• Asymmetric impact observed for c-tagging - minor on b-tagging:


• Do not gain much from lighter vertex detector 


• Can loose in performance with more/heavier material though! 

• For large increase of beam-pipe material budget the impact of material in first vertex-detector layer 
is not very significant
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Bottom/Charm Tagging & Single-Point Resolution

26

• Visible effects on b-tagging


• More significant effects on c-tagging 


• Fairly symmetric impact on rejection of all flavors


• Crucial role of single-point resolution (nominal: 3μm with 25x25μm2 
inner barrel pitch) in rejection of major backgrounds for charm

Larger rejection 

(i.e. better)

Larger rejection 

(i.e. better)
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Pixel-Detector Proximity to Interaction Point

27

• Studied impact of shifting VTXD barrel layers 0.5cm away from beam pipe


• Significant impact on bottom and charm tagging, coming from worsening in impact-parameter 
resolution
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Flavour Tagging & PID

28

Eur. Phys. J. C 82, 646 (2022)

• Count number of primary ionization clusters along 

track path (dN/dx)


• ToF results in good Κ/π separation at low-momenta


• dN/dx brings most of the gain additional gain w/ TOF 

(30ps resolution) 


• Minor gains from better time precision (3ps)


• dN/dx + TOF (30ps) is ~as performant as a 

perfect PID! 

-> Updated & complementary PID performance 

studies on bottom, charm & strange tagging 

performed
“Ideal” PID from MC truth record

https://doi.org/10.1140/epjc/s10052-022-10609-1
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Strange Tagging & Light Rejection

29

Larger rejection 

(i.e. better)

• Most of achievable gain from PID confirmed to come from dN/dx 

• Very limited impact of TOF mass measurement (even with dream resolution) on strange tagging


• Benchmark: 60% efficiency -> light rejection 2.5 (mTOF) vs. 7.5 (dN/dx) vs. 8 (dN/dx+mTOF)


• Ideal PID shows visible enhancement, especially at low efficiency


• Benchmark: 60% efficiency -> light rejection 8 (dN/dx+mTOF) vs. 10.5 (+truth MC PID)
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Leading Charged Hadron K± Momentum

30

• Momentum of charged Kaons, when leading charged hadron in jet


• Significantly higher jet momentum fraction in strange jets
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Higgs Couplings
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Higgs-Boson Rare Decays: μμ, γγ, Zγ

32

FCC-ee 10.8/ab @240 GeV: δBR/
σBR(μμ)=16%, δBR/σBR(γγ)=3.1%

From G. Marchiori’s talk 
@ICHEP2024

https://indico.cern.ch/event/1291157/contributions/5876729/
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Electron Yukawa Coupling

From G. Marchiori’s talk 
@ICHEP2024

https://indico.cern.ch/event/1291157/contributions/5876729/
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Higgs decays to quarks @ FCC-ee: 1st gen (uu, dd) & FCNC

34

From G. Marchiori’s talk 
@ICHEP2024

https://indico.cern.ch/event/1291157/contributions/5876729/
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Higgs-Boson Self-Coupling

35

From G. Marchiori’s talk 
@ICHEP2024

FCC-ee @240+365 GeV:   
δκλ=28%

https://indico.cern.ch/event/1291157/contributions/5876729/
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What can 365 GeV bring?

36


