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HL-LHC will work until 2037. What after?  
Main goals: Extend HL-LHC reach in pp and PbPb, probe new physics at high mass, diHiggs
HE-LHC: intermediate infrastructure between HL-LHC and FCC with a center of mass energy of 27TeV
•Using the same tunnel of HL-LHC, but FCC class magnets of 16T
•8 years construction (post HL), ~20 years of operation
•5 times more integrated luminosity wrt HL-LHC (15ab-1), 2 IPs (CMS+ATLAS) 
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The FCC

�3

100 km circular collider capable 
of ee, pp, and AA collisions with 
4 IPs

100TeV energy for pp

Goals: 
•probe NP up to 30TeV
•O(1%) precision in the 
measurement of the SM 
couplings

•Including Higgs self-coupling
•Precision measurement of 
the Z and top mass poles (in 
ee)

10-15 years of operations as  
e-e before moving to p-p
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Physics program

�4

The CMS, ATLAS, and FCC collaborations 
performed a thorough investigation of the 
future colliders physics potential

The final HL/HE-LHC report consists of 
1377 pages, and FCC CDR of 4 volumes

Covering:
• Standard Model physics (top, W/Z, 
FCNC, EWK fit,VBS)

• Higgs (couplings, width, x-sections, 
H→light, self coupling, exotic Higgs 
decays, top-Yukawa)

Following the FCC week in Amsterdam in 2018, we wrote 
up the Chapter 7 of the FCC-hh volume (Volume 3).  

• BSM exploration (New resonances, dark matter, MET, Majorana ν,…)
• Flavour physics (B decays, LFV, CP violation)
• Heavy ions (flow, RAA, jet quenching, quarkonia and HF,…)
• Accelerator and detector performances
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EWK physics: EFT

�5

•Allows to systematically parametrize BSM 
effects and how they modify SM processes. 

Global fit to observables in Higgs physics, as 
well as diboson and Drell- Yan processes. 

•The fit includes all operators generated by 
new physics that only couples to SM bosons. 

•OH: Anomalous H coupling via modified 
Higgs propagator. Sensitive to NP up to 
25TeV, compositeness up to 2TeV

EWK and Higgs measurement can be used to set indirect constraints on BSM, using the formalism of 
Effective Field Theories
• SM Lagrangian is supplemented with dimension-6 operators Oi 

• Exploiting the fact that heavy BSM dynamics can still have an impact on processes at smaller energy, via 
virtual effects. 

1142 The European Physical Journal Special Topics
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Fig. 1.6. Left: projected precision for the measurement of the Higgs trilinear coupling, from
gg! HH. Right: summary of constraints on the EFT 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”.

BR(H! 4`)/BR(H!��), and therefore of order 1–2% for the ratios of the relevant
Higgs couplings.

The projection for the Higgs self-coupling measurement at HE-LHC, performed
in the context of the HL/HE-LHC Physics Workshop, are shown in Figure 1.6 (left).
A precision in the range of 10–20%, at 68%CL, is expected. This result, which would
significantly improve over the HL-LHC reach, is consistent with other phenomeno-
logical studies reported previously (see Refs. [25,26]).

Precision measurements provide an important tool to search for BSM physics asso-
ciated to mass scales beyond the LHC direct reach. The EFT framework, where the
SM Lagrangian is supplemented with higher dimension operators

P
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/⇤4 + · · · , allows one to systematically parametrise BSM e↵ects and how
they modify SM processes. These operators can either modify SM amplitudes, or
generate new amplitudes. In the former case, the best LHC probes are, for example,
precision measurements of Higgs branching ratios. In the case of the operator OH ,
for example, the constraints in Figure 1.6 translate into a sensitivity to the Higgs
compositeness scale f > 2 TeV, corresponding to a new physics mass scale of 25 TeV
for an underlying strongly coupled theory.

E↵ects associated with new amplitudes grow quadratically (for dimension-6 oper-
ators) with the energy. The higher centre-of-mass energy and larger dataset of HE-
LHC make it possible to greatly extend the measurable range in the Higgs transverse
momenta, providing a new opportunity: a 10% measurement at 1 TeV energy cor-
responds roughly to a permille precision measurement at the Higgs mass. In the
context of EW physics this will allow to test, via Drell–Yan processes and the opera-
tors O2W,2B , energy scales of order 25 TeV; or, via WZ diboson processes, mass scales
of roughly 6 (100) TeV if the underlying new physics is weakly (strongly) coupled.
Figure 1.6 (right) shows the results of a global fit to observables in Higgs physics, as
well as diboson and Drell–Yan processes at high energy.

Another important high-energy measurement concerns the scattering of longitudi-
nally polarised vector bosons: departures from its SM value could betray a composite
nature of the Higgs. The decomposition of measurements of VBS cross-sections into
the polarised components based on the decays of the individual vector bosons is
experimentally challenging. Preliminary studies show that, thanks to pile-up mitiga-
tion techniques that retain Run-2 performance of hadronically decaying W/Z-boson
tagging, the precision on the VBS cross section measurement in the semileptonic
WV + jj ! `⌫ + jjjj channel can be reduced from 6.5% (HL-LHC) to about 2% at
HE-LHC. From this measurement and from the measurement of the EW production

ΛNP>25TeV
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for an underlying strongly coupled theory.
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SM physics: VBS

�6

Great importance to test the mechanism of 
EW symmetry breaking: 
• If the discovered Higgs boson contributes 
fully to EWSB→ the scattering of 
longitudinal weak gauge bosons would not 
grow strong at high energies

• if the 125.5 GeV Higgs boson is only 
partially responsible for EWSB, and the 
rest is very heavy, then the VV scattering 
could get strong for a range of energies

• Can signal the presence of anomalous 
couplings and NP at energy scales beyond 
the reach of direct resonance production.

FCC-hh will provide the chance to measure 
the VBS longitudinal component with a few 
percent precision.

Eur. Phys. J. C (2019) 79 :474 Page 55 of 161 474
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Fig. 4.9 Left: precision in the determination of the scattering of same-
sign longitudinal W bosons, as function of luminosity, for various
kinematic cuts. Right: sensitivity of the longitudinal boson scattering
cross section w.r.t. deviations of the WWH coupling from its SM value

(κW = 1), for various selection cuts on the final-state dilepton invariant
mass. The vertical bars represent the precision of the measurement, for
30 ab−1

Table 4.5 Constraints on the HWW coupling modifier κW at 68% CL, obtained for various cuts on the di-lepton pair invariant mass in the
WLWL → HH process

ml+l+ cut > 50 GeV > 200 GeV > 500 GeV > 1000 GeV

κW ∈ [0.98, 1.05] [0.99, 1.04] [0.99, 1.03] [0.98, 1.02]

4.5.1 SM Higgs decays

The study of SM Higgs decays, summarised in [90], has been performed in two steps. First, detailed simulations and analyses
were made of the dominant H → bb̄ [91–94] and of the challenging H → cc̄ [94,95] channels. Signals and backgrounds
were generated by Madgraph5/Madevent, with the fragmentation and hadronisation in PYTHIA followed by a Delphi-based
simulation of the baseline ep detector. Both cut-based and boosted decision tree (BDT) analyses were performed in independent
evaluations.

Second, an analysis of NC and CC events was established for the seven most frequent decay channels listed in Table 4.6.
Acceptances and backgrounds were estimated with Madgraph, and efficiencies for the leptonic and hadronic decay channels of
W, Z and τ were taken from prospective studies of Higgs coupling measurements at the LHC [96]. This provided a systematic
scale factor f , which comprised the signal-to-background ratio, the product of acceptance, A, and reconstruction efficiency
ϵ, as f 2 = (1 + B/S)/(Aϵ). The error on the signal strength µi for each of the Higgs decay channels i is determined
as δµi/µi = fi/

√
Ni . Here, Ni are the event numbers listed in Table 4.6. This second estimate could be successfully

benchmarked with the detailed simulations for charm and beauty decays described above.
The results of the signal strength determinations are illustrated in Fig. 4.11, for the FCC-eh and, for comparison for the

two lower energy ep collider configurations, the LHeC, in which the electron ERL is coupled with the HL-LHC, and its high
energy version, the HE-LHC. The electron beam energy has been kept constant at 60 GeV while the proton energy of the
LHC-based colliders is 7 or 14 TeV, respectively. One finds that the FCC-eh prospects for the experimental uncertainties on
the signal strength vary between below 0.5% for the most abundant channel and up to 5% for the γγ decay. The FCC-eh
results presented in Fig. 4.11 are input to a joint pp-ep-ee FCC Higgs coupling analysis as is presented elsewhere in this paper.
They can also be used for an independent and complete coupling strength analysis in ep alone.

123

HL-LHC: 47% precision
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Search for new massive particles

�7

The cross-section for massive particles 
production is strongly dependent on the 
available center-of-mass energy

•At high mass, x-sections grow by several 
orders of magnitude

•Expect to be able to exclude (or discover!) 
particles up to O(10TeV) in the s-channel 
at HE, and 3 times more at FCC 

•SSM=Sequential Standard Model. Used as 
benchmark to assess discovery potential

HE-LHC: The High-Energy Large Hadron Collider 1143

Fig. 1.7. Statistics increase at HE-LHC, relative to HL-LHC, for the production of a system
of mass M , in the three production channels gg, qg and qq̄.

of a Z boson pair, the purely longitudinal final state of the WW and ZZ scattering
processes can be extracted with a significance of 5� or more. Similarly, the reach for
vector-boson-scattering will be extended by roughly a factor of two in the energy
scale of BSM physics, i.e. the sensitivity of the HE-LHC to Wilson coe�cients, f/⇤4,
of dimension eight operators, which describe anomalous quartic gauge couplings,
improves by a factor 10–20.

FCC-hh provides great flexibility in designing analyses that optimise the balance
between statistics and systematics, thanks to the large Higgs production rates, the
lever arm in the production kinematics and the existence of big control samples
to validate the modeling and reduce the systematics on backgrounds. This justifies
optimism in the projections for precision Higgs physics at FCC-hh, as documented
in Volume 1. At HE-LHC, the rate increase and the kinematic range extension are
more limited and the FCC-hh analysis strategies considered so far o↵er more limited
advantages, as suggested by the results shown here. This leads to considering analyses
much closer to those established for the LHC. Detailed comparative studies, properly
taking into account both the increase of pile-up and the opportunities to improve the
LHC detectors’ performance, will therefore be required for a reliable assessment of
the improvements in the Higgs physics programme that will be possible at HE-LHC.

1.5 Further exploration of LHC discoveries at HE-LHC

In this section the potential of HE-LHC to further the understanding of possible
future discoveries at the LHC is explored. Should future runs of the LHC find evidence
of new phenomena, the HE-LHC would increase the statistics of these signals and
make it possible to analyse their properties in more detail, or to provide conclusive
evidence of unconfirmed deviations from the SM. Many interesting scenarios of new
physics, e.g. supersymmetry, present a spectrum of multiple states distributed over a
broad mass range and the doubling of LHC’s energy would be the minimum necessary
step to complement an LHC discovery.

Starting from general cases, Figure 1.7 shows the expected increase in statistics at
the HE-LHC relative to HL-LHC, for final states of a given mass M produced through
various partonic initial states (gg, qg and qq̄), as a function of M . This growth in
the rate takes into account an increase by a factor of 5 in integrated luminosity

HE-LHC: The High-Energy Large Hadron Collider 1139

Fig. 1.3. The reach of HE-LHC in the search for a wino (left) or higgsino (right) DM
WIMP candidate, using a disappearing charged track signature [17]. The bands limited by
the solid and dashed lines show the range obtained by modifying the central value of the
background estimate by a factor of five. The results are compared to the reach of HL-LHC
and FCC-hh.
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Fig. 1.4. Limit versus mass for the di-lepton channel (left) and luminosity for a 5� discovery
(right) for the ee and µµ combined channels.

1.3.3 Resonance searches

The search for resonances produced in the s channel explores the highest energies
kinematically reachable at a collider and provides a good benchmark for the detector
performance, since the invariant mass resolution in the resonance reconstruction is a
key factor to enhance the search sensitivity. Several models and decay channels have
been considered in detailed simulations [18], based on the Delphes detector parame-
terisation. For leptonic decays, the 95%CL sensitivity of various Z0 models (see [19]
for details) is shown in Figure 1.4 (left panel). The 5� discovery reach, as a func-
tion of the integrated luminosity, is shown in the right panel of Figure 1.4, for the
so-called sequential SM Z0, Z0

SSM, whose couplings to SM fermions are identical to
those of the Z boson in the SM. Some further results, for decays to ⌧ leptons, to WW
and to di-jets, are given in Table 1.1. Here Q⇤ refers to excited-quark resonances [20],
GRS is a Randall–Sudrum massive graviton [21], Z0

FA provides a potential expla-
nation to the current flavour anomalies [22], Z0

TC arises in top-assisted technicolor
models [23].

Eur. Phys. J. C (2019) 79 :474 Page 129 of 161 474

Fig. 15.6 Left (centre): Cross section times branching ratio 95% CL limits versus mass, for the ee+µµ(ττ)final states, compared to the expectations
of several Z′ models. Right: luminosity required for the 5σ discovery of a SSM Z′ in the dilepton channel, versus the hypothetical resonance mass

Fig. 15.7 Sensitivity to various resonance models using fully hadronic final states. For left to right: excited quarks Q∗ in the dijet channel; Z′ in
the tt̄ hadronic channel (SSM and top-assisted technicolour [389], TC2, models); GRS in the WW fully hadronic channel. From Ref. [383]

sensitivity to new massive vector resonances appearing in the context of composite Higgs models (see Sect. 9), and decaying
to lepton pairs, was shown in Fig. 9.3. The direct search reach obtained there is consistent with the general results shown
here, and extends to several 10’s TeV for O(1) couplings.

To explore the sensitivity to hadronic final states, three scenarios have been considered: a Z′ in qq̄ → Z′ → tt̄, a Randall–
Sundrum graviton [386] in gg/qq̄ → GRS → W+W−→ jets, and an excited quark resonance [387,388] in qg → Q∗ → dijet.
The 5σ discovery range reaches 18 TeV (24) for Z′

SSM → tt̄ (Z′
TC2), 22 TeV for GRS → WW and 40 TeV for the excited

quark. The corresponding exclusion limits are shown in Fig. 15.7.

15.3.2 FCC-hh: pair production

Looking beyond such resonances, heavy particles with SM gauge charges feature in many scenarios beyond the SM. Typically,
the production cross section may be calculated for a given particle mass and gauge representation. As a hadron collider, the
FCC-hh discovery reach for new coloured particles is extensive. As a simple example for illustration, the pair production
cross section for colour octet particles of various spins at the LHC versus FCC-hh is shown in Fig. 15.8. At a given mass
value the cross section at 100 TeV is orders of magnitude greater than at 14 TeV. Not only does this demonstrate a significant
increase in the discovery potential at FCC-hh, but also implies that if a new particle were discovered in the HL-LHC runs, it
would be possible to study this particle in significantly greater qualitative detail at FCC-hh.

123
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WIMPs and DM

�8

HE-LHC roughly doubles the expected range of HL-LHC in the DM and new particles searches, like 
WIMPs

•Search for missing tracks compatible with W-ino and Higgs-Iso

•Can be complementary to indirect probes (astronomical, cosmic rays). The combination of HE-LHC 
and indirect measurement should probe a large part of the WIMP phase space

•FCC-hh should put the final word, probing O(TeV) masses for the WIMP (although is a moving target)

HE-LHC: The High-Energy Large Hadron Collider 1139

Fig. 1.3. The reach of HE-LHC in the search for a wino (left) or higgsino (right) DM
WIMP candidate, using a disappearing charged track signature [17]. The bands limited by
the solid and dashed lines show the range obtained by modifying the central value of the
background estimate by a factor of five. The results are compared to the reach of HL-LHC
and FCC-hh.
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(right) for the ee and µµ combined channels.

1.3.3 Resonance searches

The search for resonances produced in the s channel explores the highest energies
kinematically reachable at a collider and provides a good benchmark for the detector
performance, since the invariant mass resolution in the resonance reconstruction is a
key factor to enhance the search sensitivity. Several models and decay channels have
been considered in detailed simulations [18], based on the Delphes detector parame-
terisation. For leptonic decays, the 95%CL sensitivity of various Z0 models (see [19]
for details) is shown in Figure 1.4 (left panel). The 5� discovery reach, as a func-
tion of the integrated luminosity, is shown in the right panel of Figure 1.4, for the
so-called sequential SM Z0, Z0

SSM, whose couplings to SM fermions are identical to
those of the Z boson in the SM. Some further results, for decays to ⌧ leptons, to WW
and to di-jets, are given in Table 1.1. Here Q⇤ refers to excited-quark resonances [20],
GRS is a Randall–Sudrum massive graviton [21], Z0

FA provides a potential expla-
nation to the current flavour anomalies [22], Z0

TC arises in top-assisted technicolor
models [23].

 20

Disappearing tracks

Backgrounds

Ryu Sawada



Giacomo Ortona                                                                                                                                                                                      journées de prospectives du LLR - Toulouse - 17-19/09/2019

Higgs physics: signature channels

�9

 14
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Fig. 4.8 Same as Fig. 4.5, for the HE-LHC

4.5 FCC-eh

The main Higgs production mechanisms at FCC-eh are charged-current (CC) and neutral-current DIS, namely ep → ν HX
via WW fusion (σ = 1 pb), and ep → eH X via ZZ fusion (σ = 0.15 pb). The WW fusion process dominates the rate,
providing excellent direct sensitivity to the HWW coupling. The total Higgs event rate at FCC-eh is about 2.3 · 106 events
for 2 ab−1, broken down by decay channel in Table 4.6. These rates enable precise determinations of the Higgs couplings to
bosons and fermions in decay channels with branching fraction at the per mille level.

The high energy of the FCC-eh configuration thus allows for very precise measurements of the main SM Higgs couplings.
It will also lead to accurate measurements of the ttH coupling, of the Higgs-to-invisible decay, the self-coupling of the Higgs
boson and to sensitive searches for exotic Higgs phenomena. Related initial studies are briefly summarised below.

As mentioned in Sect. 4.3, the FCC-eh measurements will also critically improve the systematics of Higgs measurements
at FCC-hh, through the very precise PDF and αs determinations. This is particularly true of the gg parton luminosity, which
drives the gg → H production channel: at 100 TeV this is sensitive to Bjorken x values in the range of 10−3, where even small
deviations from the DGLAP evolution paradigm, due e.g. to gluon saturation, could influence the ultimate percent precision
goal.
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Table 1.1. Higgs production event rates for selected processes at 100TeV (N100) and
statistical increase with respect to the statistics of the HL-LHC (N100 = �100 TeV⇥ 30 ab�1,
N14 = �14 TeV ⇥ 3 ab�1).

gg ! H VBF WH ZH tt̄H HH

N100 24⇥ 109 2.1⇥ 109 4.6⇥ 108 3.3⇥ 108 9.6⇥ 108 3.6⇥ 107

N100/N14 180 170 100 110 530 390

Table 1.2. Target precision for the parameters relative to the measurement of various Higgs
decays, ratios thereof, and of the Higgs self-coupling �.

Observable Parameter Precision Precision
(stat) (stat+syst+lumi)

µ = �(H)⇥B(H! ��) �µ/µ 0.1% 1.45%
µ = �(H)⇥B(H!µµ) �µ/µ 0.28% 1.22%
µ = �(H)⇥B(H! 4µ) �µ/µ 0.18% 1.85%
µ = �(H)⇥B(H! �µµ) �µ/µ 0.55% 1.61%
µ = �(HH)⇥B(H!��)B(H!bb̄) ��/� 5% 7.0%
R = B(H!µµ)/B(H!4µ) �R/R 0.33% 1.3%
R = B(H!��)/B(H! 2e2µ) �R/R 0.17% 0.8%
R = B(H!��)/B(H! 2µ) �R/R 0.29% 1.38%
R = B(H!µµ�)/B(H!µµ) �R/R 0.58% 1.82%
R = �(tt̄H)⇥B(H! bb̄)/�(tt̄Z)⇥B(Z! bb̄) �R/R 1.05% 1.9%
B(H! invisible) B@95%CL 1⇥ 10�4 2.5⇥ 10�4

Notes. Notice that Lagrangian couplings have a precision that is typically half that of what
is shown here, since all rates and branching ratios depend quadratically on the couplings.

1.5 Precision Higgs studies and the exploration of EWSB

1.5.1 Higgs couplings

Two elements characterise the Higgs physics programme of FCC-hh: the large statis-
tics (see Tab. 1.1), and the large kinematic range, which probes Higgs production
at very large pT . As shown in Table 1.2, these factors allow the measurement of
Higgs couplings with (sub)percent-level precision that FCC-ee can probe with lim-
ited statistics and the precision of the Higgs self-coupling to below 10%.

The results in Table 1.2 represent the target uncertainties due to statistics (taking
into account analysis cuts, expected e�ciencies, and the possible irreducible back-
grounds) and to systematics (limited here to the identification e�ciencies for the
relevant final states, plus an overall 1% to account for luminosity and modelling
uncertainties). The full details of the analyses are presented in [17]. While these esti-
mates do not reflect the full complexity of the experimental analyses in the huge pile-
up environment of FCC-hh, the systematics assumptions that were used are rather
conservative. The projections given here are considered to be reasonable targets for
the ultimate precision and useful benchmarks to define the goals of the detector
performance.

The µ parameters shown in Table 1.2 are typically a↵ected by systematics related
to the theoretical uncertainty in the production cross sections and the luminosity
measurement. It is reasonable to expect that these will be reduced to the percent level
by the time of operation. These systematics, however, cancel entirely in the ratio of
branching ratios, which are derived from events with identical Higgs kinematics. The
measurement of the tt̄H process allows the extraction of the top Yukawa coupling,
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Fig. 4.5 Projected precision for the rate measurement of various Higgs final states, in the gg → H production channel. The label “lumi” indicates
the inclusion of a 1% overall uncertainty. The systematic uncertainty “syst” is defined in the text

precise knowledge of B(H → bb̄), and the confirmation of the SM predictions for the Ztt̄ vertex, the tt̄H/tt̄Z ratio should
therefore allow a determination of the top Yukawa coupling to 1%.

The limit quoted in Table 4.4 on the decay rate of the Higgs boson to new invisible particles is obtained from a study
of large missing-ET signatures. The analysis, discussed in detail in Ref. [88], relies on the data-driven determination of the
leading SM backgrounds from W/Z+jets. The integrated luminosity evolution of the sensitivity to invisible H decays is shown
in Fig. 4.7. The SM decay H → 4ν, with branching ratio of about 1.1 × 10−3, will be seen after ∼ 1 ab−1, and the full
FCC-hh statistics will push the sensitivity to 2 × 10−4. The implications of this measurement for the search of dark matter or
dark sectors coupling to the Higgs boson are discussed in Sect. 12 of this volume.

Last but not least, Table 4.4 reports a 7% expected precision in the extraction of the Higgs self-coupling λ. This result is
discussed in more detail, with other probes of the Higgs self-interaction, in Sect. 10.

4.3.1 Longitudinal vector boson scattering

The scattering of the longitudinal components of vector bosons is particularly sensitive to the relation between gauge couplings
and the VVH coupling. A thorough analysis of same-sign WL WL scattering, in the context of the FCC-hh detector performance
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Table S.2 Target precision, at FCC-hh, for the parameters relative to
the measurement of various Higgs decays, ratios thereof, and of the
Higgs self-coupling. Notice that Lagrangian couplings have a precision

that is typically half that of what is shown here, since all rates and
branching ratios depend quadratically on the couplings

Observable Parameter Precision (stat) Precision (stat + syst + lumi)

µ = σ (H) × B(H → γγ) δµ/µ 0.1% 1.45%

µ = σ (H) × B(H → µµ) δµ/µ 0.28% 1.22%

µ = σ (H) × B(H → 4µ) δµ/µ 0.18% 1.85%

µ = σ (H) × B(H → γµµ) δµ/µ 0.55% 1.61%

µ = σ (HH) × B(H → γγ)B(H → bb̄) δλ/λ 5% 7.0%

R = B(H → µµ)/B(H → 4µ) δR/R 0.33% 1.3%

R = B(H → γγ)/B(H → 2e2µ) δR/R 0.17% 0.8%

R = B(H → γγ)/B(H → 2µ) δR/R 0.29% 1.38%

R = B(H → µµγ)/B(H → µµ) δR/R 0.58% 1.82%

R = σ (tt̄H) × B(H → bb̄)/σ (tt̄Z) × B(Z → bb̄) δR/R 1.05% 1.9%

B(H → invisible) B@95%CL 1 × 10−4 2.5 × 10−4

Fig. S.1 One-σ precision reach at the FCC on the effective single
Higgs couplings, Higgs self-coupling, and anomalous triple gauge cou-
plings in the EFT framework. Absolute precision in the EW measure-
ments is assumed. The different bars illustrate the improvements that

would be possible by combining each FCC stage with the previous
knowledge at that time (precisions at each FCC stage considered indi-
vidually, reported in Tables S.1 and S.2 in the κ framework, are quite
different)

The broad set of EWPO’s accessible to FCC-ee, thanks to immense statistics at the various beam energies and to the
exquisite centre-of-mass energy calibration, will give it access to various possible sources and manifestations of new physics.
Direct effects could occur because of the existence of a new interaction such as a Z′ or W′, which could mix or interfere with
the known ones; from the mixing of light neutrinos with their heavier right handed counterparts, which would effectively
reduce their coupling to the W and Z in a flavour dependent way. New weakly coupled particles can affect the W, Z or photon
propagators via loops, producing flavour independent corrections to the relation between the Z mass and the W mass or the
relation between the Z mass and the effective weak mixing angle; or the loop corrections can occur as vertex corrections,
leading to flavour dependent effects as is the case in the SM for e.g. the Z → bb̄ couplings. The measurements above the tt̄
production threshold, directly involving the top quark, as well as precision measurements of production and decays of 1011τ’s
and 2 × 1012 b’s, will further enrich this programme. Table S.3 shows a summary of the target precision for EWPO’s at
FCC-ee. The FCC-hh achieves indirect sensitivity to new physics by exploiting its large energy, benefiting from the ability to
achieve precision of a previously unexpected level in pp collisions, as proven by the LHC. EW observables, such as high-mass
lepton or gauge-boson pairs, have a reach in the multi-TeV mass range, as shown in Fig. S.2. Their measurement can expose
deviations that, in spite of the lesser precision w.r.t. FCC-ee, match its sensitivity reach at high mass. For example, the new
physics scale%, defined by the dim-6 operator Ŵ = 1/%2 (DρWa

µν)
2, will be constrained by the measurement of high-mass

ℓν pairs to% > 80 TeV. High-energy scattering of gauge bosons, furthermore, is a complementary probe of EW interactions
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Table 4.4 Target precision for the parameters relative to the measure-
ment of various Higgs decays, ratios thereof, and of the Higgs self-
coupling λ. Notice that Lagrangian couplings have a precision that is

typically half that of what is shown here, since all rates and branching
ratios depend quadratically on the couplings

Observable Parameter Precision (stat) Precision (stat+syst+lumi)

µ = σ (H) × B(H → γγ) δµ/µ 0.1% 1.5%

µ = σ (H) × B(H → µµ) δµ/µ 0.28% 1.2%

µ = σ (H) × B(H → 4µ) δµ/µ 0.18% 1.9%

µ = σ (H) × B(H → γµµ) δµ/µ 0.55% 1.6%

µ = σ (HH) × B(H → γγ)B(H → bb̄) δλ/λ 5% 7.0%

R = B(H → µµ)/B(H → 4µ) δR/R 0.33% 1.3%

R = B(H → γγ)/B(H → 2e2µ) δR/R 0.17% 0.8%

R = B(H → γγ)/B(H → 2µ) δR/R 0.29% 1.4%

R = B(H → µµγ)/B(H → µµ) δR/R 0.58% 1.8%

R = σ (tt̄H) × B(H → bb̄)/σ (tt̄Z) × B(Z → bb̄) δR/R 1.05% 1.9%

B(H → invisible) B@95%CL 1 × 10−4 2.5 × 10−4
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Fig. 4.7 Integrated luminosity evolution of the H → invisible branching ratio, under various systematics assumptions

4.4 HE-LHC

The Higgs production rates at 27 TeV are collected in Table 4.3. The rate increase relative to HL-LHC is dominated by the
factor of 5 expected increase in the total integrated luminosity. For most of the production processes, the cross section increase
is limited to a factor between 3 and 5. Figures 4.8 and 4.10 present the results of a preliminary study similar to that presented
for FCC-hh, namely using boosted Higgs final states to improve the S/B and to define common fiducial regions used in the
measurement of ratios of branching ratios. The detector simulation is based on the Delphes, with parameters drawn from the
projected performance of the HL-LHC detectors. Given the reduced kinematic reach of 27 TeV, compared to 100 TeV, the pT
range is extended down to 50 GeV. For the rate-limited final states H → µµ and H → ℓℓγ, the uncertainty in this pT range is
statistics dominated. The study of these channels will therefore require an optimisation of the selection cuts, to include lower
pT Higgses. In the low-pT domain, the Higgs precision studies at 27 TeV will resemble more those carried out at HL-LHC.
A fair comparison between HL-LHC and HE-LHC would therefore require much more detailed studies, accounting for the
larger pile-up, and based on a concrete detector design.

The results of the studies for the Higgs self-coupling at HE-LHC are discussed in Sect. 10.
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Table 4.4 Target precision for the parameters relative to the measure-
ment of various Higgs decays, ratios thereof, and of the Higgs self-
coupling λ. Notice that Lagrangian couplings have a precision that is

typically half that of what is shown here, since all rates and branching
ratios depend quadratically on the couplings

Observable Parameter Precision (stat) Precision (stat+syst+lumi)
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4.4 HE-LHC

The Higgs production rates at 27 TeV are collected in Table 4.3. The rate increase relative to HL-LHC is dominated by the
factor of 5 expected increase in the total integrated luminosity. For most of the production processes, the cross section increase
is limited to a factor between 3 and 5. Figures 4.8 and 4.10 present the results of a preliminary study similar to that presented
for FCC-hh, namely using boosted Higgs final states to improve the S/B and to define common fiducial regions used in the
measurement of ratios of branching ratios. The detector simulation is based on the Delphes, with parameters drawn from the
projected performance of the HL-LHC detectors. Given the reduced kinematic reach of 27 TeV, compared to 100 TeV, the pT
range is extended down to 50 GeV. For the rate-limited final states H → µµ and H → ℓℓγ, the uncertainty in this pT range is
statistics dominated. The study of these channels will therefore require an optimisation of the selection cuts, to include lower
pT Higgses. In the low-pT domain, the Higgs precision studies at 27 TeV will resemble more those carried out at HL-LHC.
A fair comparison between HL-LHC and HE-LHC would therefore require much more detailed studies, accounting for the
larger pile-up, and based on a concrete detector design.

The results of the studies for the Higgs self-coupling at HE-LHC are discussed in Sect. 10.
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Table 1.1. Limits and discovery reach at 5� for various decay modes of resonance models
mentioned in the text, at HE-LHC and FCC-hh.

HE-LHC (FCC-hh)
Process 95%CL limit (TeV) 5� reach (Tev) 5� reach (TeV)

15 (30) ab�1 1 (2.5) ab�1 15 (30) ab�1

Z0SSM! e+e�/µ
+

µ
� 13 (40) 10 (33) 13 (43)

Z0SSM! ⌧
+

⌧
� 6 (14) 3 (12) 6 (18)

Z0FA!µ
+

µ
� 4 (25) – (10) 2 (19)

Z0TC! tt 10 (28) 6 (16) 8 (23)
GRS !WW 8 (28) 5 (15) 7 (22)
Q⇤ !jj 14 (43) 10 (36) 12 (40)

Table 1.2. Higgs production event rates for selected processes at 27TeV (N27) and sta-
tistical increase with respect to the statistics of the HL-LHC (N27 = �27 TeV ⇥ 15 ab�1,
N14 = �14 TeV ⇥ 3 ab�1).

gg!H WH ZH tt̄H HH

N27 2.2⇥ 109 5.4⇥ 107 3.7⇥ 107 4⇥ 107 2.1⇥ 106

N27/N14 13 12 13 23 19

All the results above can be shown to be consistent with the doubling of sensitivity
relative to HL-LHC, suggesting that HL-LHC-like detectors are in principle properly
scaled to preserve a suitable resolution for energies and muon momenta event at the
higher energies of HE-LHC.

1.4 Measurements of Higgs properties

The main targets of the Higgs measurement programme at the HE-LHC include:
– improving the sensitivity to the Higgs self-coupling relative to the HL-LHC;
– further improving the precision on all major Higgs couplings to the percent level;
– continue increasing the sensitivity to possible invisible Higgs decays, and to other

rare, forbidden, or elusive decays (e.g. H!cc̄).
The statistics expected for some reference production processes, and the increase
with respect to the HL-LHC, are shown in Table 1.2. The Higgs samples will typically
increase by a factor between 10 and 25, as a result of the 5 times larger luminosity,
leading to a potential reduction in the statistical uncertainties by factors of 3–5.
Fortunately, the biggest improvements arise for the channels where the HL-LHC will
be statistics limited, such as ttH and HH.

In the study of precision Higgs measurements at FCC-hh, documented in
Volumes 1 and 3 of the CDR, Higgs bosons produced at large pT , above 100 GeV,
were considered. It was verified that the reduction in rate is largely compensated
by better systematics, and often by an improved S/B ratio. The selection of fiducial
regions in pT and rapidity, furthermore, allows measurements of the ratios of rates
for di↵erent final states, free from uncertainties related to the production dynamics
and to luminosity. The use of large pT final states, is also expected to mitigate the
impact of pile-up.

A similar analysis has been performed for the HE-LHC, studying the rare decays
H!��, µµ, Z� and 4` in the range pT > 50 GeV. Some results, relative to the preci-
sion in the measurement of ratios of di↵erent decay modes, are shown in Figure 1.5.

HE-LHC: The High-Energy Large Hadron Collider 1141
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The detector simulation is based on Delphes, with parameters drawn from the pro-
jected performance of the HL-LHC detectors. The uncertainties include the systemat-
ics on the detection e�ciency for the various final state objects, and a 1% luminosity
uncertainty. It is assumed that, as for the FCC-hh, processes like pp!Z! `` will be
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More details on the analysis are given in Volume 1 and in [24].

In contrast to FCC-hh, the uncertainty in the high-pT range is statistics domi-
nated for the rate-limited final states H!µµ and H! ``�. The study of these channels
will therefore require an optimisation of the selection cuts, to include lower pT Hig-
gses. In the low-pT domain, the Higgs precision studies at 27 TeV will resemble those
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Higgs physics: Ratios of BRs at FCC-hh

�12

•1% precision on almost all H 
parameters

•Systematics important at low 
pT, still statistically limited at 
high pT
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Fig. 4.6 Projected precision for the measurement of ratios of rates of different Higgs final states, in the gg → H production channel. The systematic
uncertainty labels are defined in the text

studies, is documented in Ref. [88]. The extraction of the W±
L W±

L signal requires the removal of large QCD backgrounds
(W±W± + jets, WZ + jets) and the separation of large EW background of transverse-boson scattering. The former is
suppressed by requiring a large dilepton invariant mass and the presence of two jets at large forward and backward rapidities.
The longitudinal component is then extracted from the scattering of transverse states by exploiting the different azimuthal
correlations between the two leptons. The precision obtained for the measurement of the WL WL cross section as a function
of integrated luminosity, is shown in Fig. 4.9 (left). The three curves correspond to different assumptions about the rapidity
acceptance of the detector and drive the choice of the detector design, setting a lepton (jet) acceptance out to |η| = 4(6).
The small change in precision when increasing the jet cut from pT > 30 to pT > 50 GeV indicates a strong resilience of
the results against the presence of large pile-up. The quoted precision, reaching the value of 3% at 30 ab−1, accounts for
the systematic uncertainties of luminosity (1%), lepton efficiency (0.5%), PDF (1%) and the shape of the distributions used
in the fit (10%). The right plot in Fig. 4.9 shows the impact of rescaling the WWH coupling by a factor κW . The effect is
largest at the highest dilepton invariant masses, as expected. The measurement precision, represented by the small vertical
bars, indicates a sensitivity to δκW at the percent level, as shown also in Table 4.5.
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studies, is documented in Ref. [88]. The extraction of the W±
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L signal requires the removal of large QCD backgrounds
(W±W± + jets, WZ + jets) and the separation of large EW background of transverse-boson scattering. The former is
suppressed by requiring a large dilepton invariant mass and the presence of two jets at large forward and backward rapidities.
The longitudinal component is then extracted from the scattering of transverse states by exploiting the different azimuthal
correlations between the two leptons. The precision obtained for the measurement of the WL WL cross section as a function
of integrated luminosity, is shown in Fig. 4.9 (left). The three curves correspond to different assumptions about the rapidity
acceptance of the detector and drive the choice of the detector design, setting a lepton (jet) acceptance out to |η| = 4(6).
The small change in precision when increasing the jet cut from pT > 30 to pT > 50 GeV indicates a strong resilience of
the results against the presence of large pile-up. The quoted precision, reaching the value of 3% at 30 ab−1, accounts for
the systematic uncertainties of luminosity (1%), lepton efficiency (0.5%), PDF (1%) and the shape of the distributions used
in the fit (10%). The right plot in Fig. 4.9 shows the impact of rescaling the WWH coupling by a factor κW . The effect is
largest at the highest dilepton invariant masses, as expected. The measurement precision, represented by the small vertical
bars, indicates a sensitivity to δκW at the percent level, as shown also in Table 4.5.
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Table 4.4 Target precision for the parameters relative to the measure-
ment of various Higgs decays, ratios thereof, and of the Higgs self-
coupling λ. Notice that Lagrangian couplings have a precision that is

typically half that of what is shown here, since all rates and branching
ratios depend quadratically on the couplings

Observable Parameter Precision (stat) Precision (stat+syst+lumi)

µ = σ (H) × B(H → γγ) δµ/µ 0.1% 1.5%

µ = σ (H) × B(H → µµ) δµ/µ 0.28% 1.2%

µ = σ (H) × B(H → 4µ) δµ/µ 0.18% 1.9%

µ = σ (H) × B(H → γµµ) δµ/µ 0.55% 1.6%

µ = σ (HH) × B(H → γγ)B(H → bb̄) δλ/λ 5% 7.0%

R = B(H → µµ)/B(H → 4µ) δR/R 0.33% 1.3%

R = B(H → γγ)/B(H → 2e2µ) δR/R 0.17% 0.8%

R = B(H → γγ)/B(H → 2µ) δR/R 0.29% 1.4%

R = B(H → µµγ)/B(H → µµ) δR/R 0.58% 1.8%

R = σ (tt̄H) × B(H → bb̄)/σ (tt̄Z) × B(Z → bb̄) δR/R 1.05% 1.9%

B(H → invisible) B@95%CL 1 × 10−4 2.5 × 10−4
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Fig. 4.7 Integrated luminosity evolution of the H → invisible branching ratio, under various systematics assumptions

4.4 HE-LHC

The Higgs production rates at 27 TeV are collected in Table 4.3. The rate increase relative to HL-LHC is dominated by the
factor of 5 expected increase in the total integrated luminosity. For most of the production processes, the cross section increase
is limited to a factor between 3 and 5. Figures 4.8 and 4.10 present the results of a preliminary study similar to that presented
for FCC-hh, namely using boosted Higgs final states to improve the S/B and to define common fiducial regions used in the
measurement of ratios of branching ratios. The detector simulation is based on the Delphes, with parameters drawn from the
projected performance of the HL-LHC detectors. Given the reduced kinematic reach of 27 TeV, compared to 100 TeV, the pT
range is extended down to 50 GeV. For the rate-limited final states H → µµ and H → ℓℓγ, the uncertainty in this pT range is
statistics dominated. The study of these channels will therefore require an optimisation of the selection cuts, to include lower
pT Higgses. In the low-pT domain, the Higgs precision studies at 27 TeV will resemble more those carried out at HL-LHC.
A fair comparison between HL-LHC and HE-LHC would therefore require much more detailed studies, accounting for the
larger pile-up, and based on a concrete detector design.

The results of the studies for the Higgs self-coupling at HE-LHC are discussed in Sect. 10.
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4.4 HE-LHC

The Higgs production rates at 27 TeV are collected in Table 4.3. The rate increase relative to HL-LHC is dominated by the
factor of 5 expected increase in the total integrated luminosity. For most of the production processes, the cross section increase
is limited to a factor between 3 and 5. Figures 4.8 and 4.10 present the results of a preliminary study similar to that presented
for FCC-hh, namely using boosted Higgs final states to improve the S/B and to define common fiducial regions used in the
measurement of ratios of branching ratios. The detector simulation is based on the Delphes, with parameters drawn from the
projected performance of the HL-LHC detectors. Given the reduced kinematic reach of 27 TeV, compared to 100 TeV, the pT
range is extended down to 50 GeV. For the rate-limited final states H → µµ and H → ℓℓγ, the uncertainty in this pT range is
statistics dominated. The study of these channels will therefore require an optimisation of the selection cuts, to include lower
pT Higgses. In the low-pT domain, the Higgs precision studies at 27 TeV will resemble more those carried out at HL-LHC.
A fair comparison between HL-LHC and HE-LHC would therefore require much more detailed studies, accounting for the
larger pile-up, and based on a concrete detector design.

The results of the studies for the Higgs self-coupling at HE-LHC are discussed in Sect. 10.
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Higgs and Top at FCC

�13

top-Yukawa can be measured at FCC-hh from the ratio σ(ttH)/σ(ttZ)
• In H/Z→bb decay in the boosted regime, semi-leptonic channel 
• Simultaneous fit of double Z and H peaks
• Most uncertainties cancel out in ratio
• Assumes precision measurement of Higgs width and top-Z coupling 
from FCC-ee

FCC-hh can probe the Higgs couplings and the top-Yukawa at 1% level 
of precision. 

Top Yukawa: FCC-hh

14

➡Extract Yt from σ(ttH) / σ(ttZ)

➡Final states 

๏ Boosted Higgs

๏ Boosted hadronic top

๏ Leptonic decays

➡Precision measurement of top-Z coupling and 
Higgs total width from FCC-ee

➡Theory uncertainties discussed in arXiv:
1507.08169

Fit and extract NH / NZ to ≈1% accuracy
!Yt (stat + syst Th) ~ 1%
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Prospects for HH measurements

�14

1. LHC
• O(10)-O(2)
• Could detect large anomalous  

coupling

2.  HL-LHC
• O(1)
• Potential for evidence (3σ precision)

3.  HE-LHC 
• Potential for first observation (5σ precision)

4.  FCC-ee : single H couplings + indirect 
measurement
• Potential for observation (5σ precision)

5.  FCC-hh : precision measurement

0 10 20 30 40 50 60 70 80
ggF
SMσ HH) normalized to → (pp ggFσ95% CL upper limit on 

Combined

γγb b→HH

-τ+τb b→HH

bbb b→HH 12.9 20.7 18.5

12.6 14.6 11.9

20.4 26.3 25.1

6.7 10.4 9.2

Obs. Exp. Exp. stat.

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS Preliminary
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.4 fb→ (pp ggF
SMσ

https://arxiv.org/abs/1906.02025

HH
SMσ/HHσ95% CL on 

6 7 8 910 20 30 40 506070 100 200 300 400

 SM×Expected 12.8
SM×Observed 22.2

Combined

SM×Expected 18.8
SM×Observed 23.6

γγbb

SM×Expected 25.1
SM×Observed 31.4

ττbb

SM×Expected 36.9
SM×Observed 74.6

bbbb

SM×Expected 88.8
SM×Observed 78.6

bbVV

Observed
Median expected
68% expected
95% expected

CMS 

HH→gg

 (13 TeV)-135.9 fb

Phys. Rev. Lett. 122 (2019) 121803

14TeV→27TeV: x4σx5ℒ = x20

27TeV→100TeV: x10σx2ℒ = x20
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Higgs physics: HH production

�15

The measurement of the Higgs self coupling is one of the main 
physics motivation for future colliders. 
•The most straightforward way of measuring it is to measure the 
HH production cross section (warning: interference with 
diagrams without self-coupling!)

•Very rare process, multi-channel approach

3

2 Phenomenology53

In the Standard Model (SM), after the EWSB, the Higgs potential can be written with the fol-
lowing formula:

V(h) =
1
2

m2
hh2 + lhhhvh3 +

1
4

lhhhhh4 (1)

which is a two parameter model. One of them is the Higgs boson vacuum expectation value
(v), determined by the Fermi constant (GF), v = (

p
2GF)�1/2 ' 246 GeV. The other is the Higgs

boson mass mh that is measured to be 125.09 ± 0.24 GeV in the most precise and recent results
combining the ATLAS and CMS Run-I 4` and gg final states [4]. In the SM, the trilinear Higgs
self-coupling, lhhh is not an independent parameter, but it is a function of v and mh:

lhhh ⌘ lSM
hhh =

m2
h

2v2 ' 0.129. (2)

At LHC lhhh is only accessible and can be measured in Higgs boson pair production, pp ! hh.54

The gluon fusion process is the dominant h pair production process and its cross section is55

about one order of magnitude larger than the second largest process which is vector boson fu-56

sion. Two diagrams are involved in the gg ! hh production (see Figure 1). In both diagrams

Ytg

g h

h

t
h

g

g h

h

t

λHHH SM LO diagrams

Yt

hhh

Figure 1: The Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown.

57

(box and triangle) the h pair production is mediated by loops of heavy quarks which in the SM58

are mainly top quarks. Bottom quark loops contribute to the total cross section with less than59

1% at LO. The triangle and box diagrams interfere and the interference of the two amplitudes60

depend by the value of lhhh, providing a way to measure it. The gluon fusion process cross sec-61

tion is known at NNLO in QCD using the infinite top quark mass approximation and perform-62

ing the NNLL threshold resummation [5, 6]. The numerical value of the cross section for the63

LHC centre of mass energies of 13 TeV at mh = 125.09 GeV is sSM
hh (13TeV) = 37.9 fb +4.3

�6.0%(scale64

unc.) ±2.1%(PDF unc.) ±3.1%(PDF+aS unc.). It is calculated using the new PDF4LHC rec-65

ommendations for LHC Run-II [7] and the renormalisation and factorisation scales is equal to66

mhh/2.67

Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70

13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77

• bbγγ, bbττ are the most important channels for both experiments
•Peculiar likelihood structure. k𝝀 affects the kinematic and cross-
section of the HH production. Using several channels removes the 
degeneracy.

• Potential for 3σ evidence from both experiment at 3ab-1  
→4σ combining

•Discovery at HE with 15ab-1
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Fig. 1.6. Left: projected precision for the measurement of the Higgs trilinear coupling, from
gg! HH. Right: summary of constraints on the EFT 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”.

BR(H! 4`)/BR(H!��), and therefore of order 1–2% for the ratios of the relevant
Higgs couplings.

The projection for the Higgs self-coupling measurement at HE-LHC, performed
in the context of the HL/HE-LHC Physics Workshop, are shown in Figure 1.6 (left).
A precision in the range of 10–20%, at 68%CL, is expected. This result, which would
significantly improve over the HL-LHC reach, is consistent with other phenomeno-
logical studies reported previously (see Refs. [25,26]).

Precision measurements provide an important tool to search for BSM physics asso-
ciated to mass scales beyond the LHC direct reach. The EFT framework, where the
SM Lagrangian is supplemented with higher dimension operators

P
i
c
(6)
i
O

(6)
i

/⇤2 +
c
(8)
i
O

(8)
i

/⇤4 + · · · , allows one to systematically parametrise BSM e↵ects and how
they modify SM processes. These operators can either modify SM amplitudes, or
generate new amplitudes. In the former case, the best LHC probes are, for example,
precision measurements of Higgs branching ratios. In the case of the operator OH ,
for example, the constraints in Figure 1.6 translate into a sensitivity to the Higgs
compositeness scale f > 2 TeV, corresponding to a new physics mass scale of 25 TeV
for an underlying strongly coupled theory.

E↵ects associated with new amplitudes grow quadratically (for dimension-6 oper-
ators) with the energy. The higher centre-of-mass energy and larger dataset of HE-
LHC make it possible to greatly extend the measurable range in the Higgs transverse
momenta, providing a new opportunity: a 10% measurement at 1 TeV energy cor-
responds roughly to a permille precision measurement at the Higgs mass. In the
context of EW physics this will allow to test, via Drell–Yan processes and the opera-
tors O2W,2B , energy scales of order 25 TeV; or, via WZ diboson processes, mass scales
of roughly 6 (100) TeV if the underlying new physics is weakly (strongly) coupled.
Figure 1.6 (right) shows the results of a global fit to observables in Higgs physics, as
well as diboson and Drell–Yan processes at high energy.

Another important high-energy measurement concerns the scattering of longitudi-
nally polarised vector bosons: departures from its SM value could betray a composite
nature of the Higgs. The decomposition of measurements of VBS cross-sections into
the polarised components based on the decays of the individual vector bosons is
experimentally challenging. Preliminary studies show that, thanks to pile-up mitiga-
tion techniques that retain Run-2 performance of hadronically decaying W/Z-boson
tagging, the precision on the VBS cross section measurement in the semileptonic
WV + jj ! `⌫ + jjjj channel can be reduced from 6.5% (HL-LHC) to about 2% at
HE-LHC. From this measurement and from the measurement of the EW production

10-20% precision
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Higgs physics: Indirect self-coupling

�16

The Higgs self-coupling can be measured from higher-order 
corrections to the single Higgs production
• 𝜅λ-dependent radiative corrections modify external Higgs boson 
kinematics and single-Higgs production rates 

• ttH is the most sensitive production mode
• Caveat: degeneracies needs to be broken either assuming BBSM=0 
or combining with double Higgs measurements

• Projections to HL-
LHC sensitive to 
differential cross-
section precision and 
binning

•Assuming 20-40% uncertainty on differential cross-section and all 
other couplings fixed to their SM value

•Not really competitive with HH, but room for improvement
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Higgs trilinear coupling at FCC-ee

�17

The same indirect approach can be exploited at FCC-ee,

If all other SM coupling fixed (in particular HHVV, HVV coupling):

• δκλ ≈ 12 % (2 IPs - baseline FCC-ee)

• δκλ ≈ 9 % (4 IPs)

Single Higgs cross section at loop level depends on HVV and HHVV:

At least two energy points needed to lift the degeneracy

With baseline design, 2 IPs, 15 years at √s=90+160+240+350+365 GeV

• δκλ ≈ 42 % ( 34% combined with HL-LHC )

• To be compared with 30 years of ILC250+500

With 4IPs and 15 years of running:

• δκλ ≈ 25 % ( 21% combined with HL-LHC)

• To be compared with 15 years of CLIC380+1500

5σ sensitivity by 2050
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Higgs self coupling at the FCC-hh

�18

ΔR ≈ 2mH / pT

SMλ/obsλ = λk
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FCC-hh Simulation (Delphes)

 = 100 TeVs
-1 L = 30 ab

 (comb.)ττ bb→HH

Same approach used as for LHC analyses/HL-
LHC/HE-LHC studies
•Combination of several channels:  
bbɣɣ, bb𝛕𝛕, bb4l, bbbb, bbWW

100TeV: we can profit of boosted system to 
reject background (for example 4b+1jet)

Projection based on Delphes simulations
•Several scenario on background rates, 
background estimates, and systematics 
uncertainties to account for large unknown 
factors in the detectors

We are probing the region k𝝀~1. Little 
contribution from shape information
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Higgs self coupling at the FCC-hh

�19
SMλ/obsλ = λk
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HH combination

Most aggressive systematic 
scenario for bbττ

FCC-hh can reach δκλ(stat) ≈  5% using double 
Higgs production, via: 

• bbɣɣ: δκλ ≈  5-7%
• bb𝛕𝛕:  δκλ ≈  5-10% (using 𝛕lep𝛕had and 𝛕had𝛕had)

• bb4l: δκλ ≈  10-20% 
• bbbb:  δκλ ≈  20-30% 
• bbWW: δκλ ≈  40%

Selvaggi and G.O.
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Heavy ion and Higgs

�20

FCC-AA: PbPb collisions at √sNN=39TeV (√spN=63TeV)

•Larger and longer-lasting fireball (x2)

•Higher initial energy

•Shorter equilibration time

Bringing LLRCMS together: Higgs suppression in QGP

•Higgs lifetime τH ~50 fm/c > QGP lifetime τ~15 fm/c

•Strong interaction with QGP gluons induces decay to gg (g+H → 
gg) depleting its decay channels to γγ and ZZ*

•First estimate of absorption cross section: ~10 µb

•Would mean suppression by x2 in central Pb-Pb collisions

First estimate of significance with FCC reference detector:  
~5 (10) σ in one Pb-Pb month with baseline (ultimate) Lint



Giacomo Ortona                                                                                                                                                                                      journées de prospectives du LLR - Toulouse - 17-19/09/2019

Conclusions

�21

We are already looking at the post-HL-LHC era: HE-LHC, FCC-ee, FCC-hh

•Busy schedule for the construction of the different machines

•Challenging environments, lots of detector/magnet/accelerator research to start right after 
HGCal

Physics goal for the moment lies on 3 main direction: 
•Precision EWK sector measurements (Higgs, EFT, Z and top).

• Most important measurement for FCC-ee
•Extending the search for new massive particles. 
•Double Higgs measurements and determination of the Higgs trilinear coupling
•Plus whatever we might find at LHC and HL-LHC

Both HE and FCC have compelling heavy ions programs

Lots of potential and complementarity in the physics programs of the 3 detectors. 

LLR is already at the forefront of these programs
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BACKUP
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What’s expecting us

�23

2 scenarios: baseline ℒ = 5x1034cm-2s-1, ultimate ℒ = 7.5x1034cm-2s-1

At least10 years of operations: 2026-2037
Total luminosity delivered to CMS of 3ab-1 (4ab-1 in the ultimate scenario)
Expect 140-200 interactions per bunch crossing
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CMS upgrade

�24

• Extend eta 
coverage

• Improve 
trigger 
system

• Computing: 
CPU and 
storage 
challenges

MIP Timing detector: CERN-LHCC-2017-027 
• Reconstruct the timing of particles (30 ps resolution).  
• Sensitive to minimum ionizing particles MIP. 
• Barrel layer: Crystals + SiPMs  
• Endcap layer: Low Gain Avalanche Diodes  

Muons: CMS-TDR-016 
• Replace DT & CSC with new FE/BE readout.  
• RPC link-board. 
• Complete with new GEM/RPC for 1.6<η<2.4.  
• Extended coverage to η<3. 

 
Tracker: CMS-TDR-014 
• Si-Strip and Pixels high granularity with less  
material.  
• Design for tracking in L1-Trigger. 
• Extended coverage to η<4. 

Trigger/DAQ: CMS-TDR-017, CMS-TDR-018 
• Two-level L1/HLT trigger strategy 
• L1: output of 750 kHz, 12.5 μs latency, include tracking and  
high granularity calorimeter Pflow-like information.  
• HLT output at 7.5 kHz 

Barrel calorimeters: CMS-TDR-015 
• ECAL and HCAL new Back-End boards. 
• ECAL crystal granularity readout at 40 MHz with precise timing  
for e/γ at 30 GeV. 
• Lower ECAL operating temperature (8o C). 

Endcap calorimeters: CMS-TDR-019  
• 3D showers and precise timing. 
• Si, Scint+SiPM in Pb/W-SS at -30o C. 
• Rad tolerante – high granularity.
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Treatment of Systematic uncertainties

�25

Systematics uncertainties are a crucial component of the projections shown today. 2 main scenarios:

S1 “Run2 systematics” 
• assumes the same uncertainties of Run2, independently of luminosity
S2 “YR18 systematics”
• Theoretical uncertainties reduced by a factor of two with respect to the current knowledge

• Thanks to both higher-order calculation as well as reduced PDF uncertainties (from projections of what LHC will be able to constrain)

• Statistical uncertainties reduced by a factor 𝟏/sqrt(𝓛) with respect to the reference Run 2 analysis.
• With a cut-off to a reasonable expected limit on uncertainty considering the upgrades 

Limited number of simulated events
• Neglected under the assumption that sufficiently large simulation samples will be available.

Detector limitations 
• Left unchanged (or revised according to detailed simulation studies of the upgraded detector)

Uncertainties on experimental methods 
• Kept at the same value as in the latest public results available → assuming that the harsher HL-LHC conditions will be 
compensated by method improvements. 

Uncertainty on the luminosity 
• ~ 1% level (understanding of the calibration methods, new capabilities of the upgraded detectors) 
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SM physics: VBS

�26

Great importance to test the mechanism of 
EW symmetry breaking: 
•It is still unknown whether the discovered 
Higgs boson preserves unitarity of the 
longitudinal VV (V=W,Z) scattering 
amplitude at all energies or if other new 
physics processes are involved (delayed 
unitarization scenario)

•Can signal the presence of anomalous 
couplings and NP at energy scales beyond 
the reach of direct resonance production.

HL-LHC will provide the chance to measure 
the VBS longitudinal component
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EWK physics: EFT

�27

•Allows to systematically parametrize BSM 
effects and how they modify SM processes. 

Global fit to observables in Higgs physics, as 
well as diboson and Drell- Yan processes. 

•The fit includes all operators generated by 
new physics that only couples to SM 
bosons. 

•OH: Anomalous H coupling via modified 
Higgs propagator. Sensitive to NP up to 
20TeV, compositeness up to 1.6TeV

EWK and Higgs measurement can be used to set indirect constraints on BSM, using the formalism of 
Effective Field Theories
•SM Lagrangian is supplemented with dimension-6 operators Oi 

•Exploiting the fact that heavy BSM dynamics can still have an impact on processes at smaller energy, 
via virtual effects. 

ΛNP>20TeV
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Higgs and Top at FCC

�28

FCC-ee can probe the Higgs couplings ~% level of precision. 

Further contributions from FCC-hh for rare/statistically 
limited channels (μμ)

Can also measure dependence from energy and pT

top-Yukawa can be measured at FCC-hh from 
the ratio σ(ttH)/σ(ttZ)
• In H/Z→bb decay in the boosted  
regime, semi-leptonic channel 

• Simultaneous fit of double Z and H peaks
• Most uncertainties cancel out in ratio
• Reach 1% sensitivity!
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Heavy ions physics

�29

10 nb-1 of PbPb collisions are expected during the HL-LHC 
operations
Large samples of charmonia and bottomonia
•x3 reduction of systematics due to larger control samples
•Potential for first observation of Y(3s)

•High statistics→RAA 
measurement up to high 
pT

•low pT relies on trigger 
improvements and large 
MinBias sample
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Higgs physics: couplings

�30

•Target of few % uncertainty at end of LHC seems feasible in S2, even for kμ 
•Theory uncertainties become dominant at high lumi for most channels 
•Beware: high correlations arise at 3 ab-1
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Higgs physics: couplings

�31

•Target of few % uncertainty at end of LHC seems feasible in S2 
•Theory uncertainties become dominant at high lumi (apart from μμ) 
•Beware: high correlations arise at 3 ab-1 
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Higgs physics: width

�32

Solution: indirect measurements
• Diphoton interference causing a mass shift (ATLAS). Precision 
~8-22xSM

• Indirect measurement from k-framework, assuming kV≤1, 
BBSM≥0. 5% precision

• Off-shell / on-shell ratio.  Assuming no new particles in the HZZ 
loop. ~25% precision.

Reminder: direct width measurement is dominated by the experimental resolution
• “Impossible” to perform at an hadron collider
• LHC results have precision of O(1GeV), we don’t expect them to be different at HL-LHC
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Prospects for HH measurements

�33

1. LHC
• O(10)-O(2)
• Could detect large anomalous  

coupling

2.  HL-LHC
• O(1)
• Potential for evidence (3σ precision)

3.  FCC-ee : single H couplings + indirect 
measurement
• Potential for observation (5σ precision)

4.  FCC-hh : precision measurement

0 10 20 30 40 50 60 70 80
ggF
SMσ HH) normalized to → (pp ggFσ95% CL upper limit on 

Combined

γγb b→HH

-τ+τb b→HH

bbb b→HH 12.9 20.7 18.5

12.6 14.6 11.9

20.4 26.3 25.1

6.7 10.4 9.2

Obs. Exp. Exp. stat.

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS Preliminary
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.4 fb→ (pp ggF
SMσ

https://arxiv.org/abs/1906.02025

HH
SMσ/HHσ95% CL on 
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 SM×Expected 12.8
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SM×Expected 18.8
SM×Observed 23.6

γγbb

SM×Expected 25.1
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ττbb

SM×Expected 36.9
SM×Observed 74.6

bbbb

SM×Expected 88.8
SM×Observed 78.6

bbVV

Observed
Median expected
68% expected
95% expected

CMS 

HH→gg

 (13 TeV)-135.9 fb

Phys. Rev. Lett. 122 (2019) 121803
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Higgs physics: HH production

�34

•The measurement of the Higgs self coupling is one of the main 
physics motivation for HL-LHC. 

•The most straightforward way of measuring it is to measure the 
HH production cross section (warning: interference with 
diagrams without self-coupling!)

•Very rare process, multi-channel approach

3

2 Phenomenology53

In the Standard Model (SM), after the EWSB, the Higgs potential can be written with the fol-
lowing formula:

V(h) =
1
2

m2
hh2 + lhhhvh3 +

1
4

lhhhhh4 (1)

which is a two parameter model. One of them is the Higgs boson vacuum expectation value
(v), determined by the Fermi constant (GF), v = (

p
2GF)�1/2 ' 246 GeV. The other is the Higgs

boson mass mh that is measured to be 125.09 ± 0.24 GeV in the most precise and recent results
combining the ATLAS and CMS Run-I 4` and gg final states [4]. In the SM, the trilinear Higgs
self-coupling, lhhh is not an independent parameter, but it is a function of v and mh:

lhhh ⌘ lSM
hhh =

m2
h

2v2 ' 0.129. (2)

At LHC lhhh is only accessible and can be measured in Higgs boson pair production, pp ! hh.54

The gluon fusion process is the dominant h pair production process and its cross section is55

about one order of magnitude larger than the second largest process which is vector boson fu-56

sion. Two diagrams are involved in the gg ! hh production (see Figure 1). In both diagrams
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Figure 1: The Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown.

57

(box and triangle) the h pair production is mediated by loops of heavy quarks which in the SM58

are mainly top quarks. Bottom quark loops contribute to the total cross section with less than59

1% at LO. The triangle and box diagrams interfere and the interference of the two amplitudes60

depend by the value of lhhh, providing a way to measure it. The gluon fusion process cross sec-61

tion is known at NNLO in QCD using the infinite top quark mass approximation and perform-62

ing the NNLL threshold resummation [5, 6]. The numerical value of the cross section for the63

LHC centre of mass energies of 13 TeV at mh = 125.09 GeV is sSM
hh (13TeV) = 37.9 fb +4.3

�6.0%(scale64

unc.) ±2.1%(PDF unc.) ±3.1%(PDF+aS unc.). It is calculated using the new PDF4LHC rec-65

ommendations for LHC Run-II [7] and the renormalisation and factorisation scales is equal to66

mhh/2.67

Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70

13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77 • bbγγ, bbττ are the most important channels for both 
experiment

•Peculiar likelihood structure. k𝝀 affects the kinematic and cross-
section of the HH production. Using several channels removes 
the degeneracy.

• Potential for 3σ evidence from both experiment at 3ab-1  
→4σ combining, 4.6σ in the 4ab-1 scenario!!
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Higgs physics: Indirect self-coupling
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•The Higgs self-coupling can be measured from higher-
order corrections to the single Higgs production

•𝜅λ-dependent radiative corrections modify external Higgs 
boson kinematics and single-Higgs production rates 

• ttH is the most sensitive production mode
•Caveat: degeneracies needs to be broken either assuming 
BBSM=0 or combining with double Higgs measurements

•Preliminary computations @LHC show similar sensitivity 
to HH measurement.

• Projections to HL-LHC sensitive to differential cross-
section precision and binning

•Assuming 20-40% uncertainty on differential cross-section 
and all other couplings fixed to their SM value

•Not really competitive with HH, but room for 
improvement


