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Future Collider Options 2

FCC-hh (CERN): 100 TeV

CEPC (China): 240-250 GeV

See talks by Emmanuel Perez and Albert de Roeck for collider details

	 FCC-ee (CERN): 88-350 GeV

SppC (China): 50-70 TeV
HE-LHC (CERN): 26-33 TeV (not discussed here)

CLIC (CERN): 350-3000 GeV ILC (Japan?): 250-1000 GeV



SM Physics at Future Colliders

• Future colliders provide higher energies and luminosities

• Opportunity for a rich program in SM physics


• Electroweak Precision Measurements

• Precision measurements of W, Z and top mass and width

• Probe rare production and decay modes


• Higgs

• Precision coupling measurements

• t-H coupling

• HH (self-coupling) production
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Impossible to summarise such a rich program in such a 
short talk: selected highlights only ! 



Precision SM Physics
• ee machines provided opportunities for unparalleled precision 

measurements of EW observables

• Typically order of magnitude improvement over current results

• Top mass and width via energy scan: <50 MeV total uncertainty


• Measure EW couplings of top to ~1% precision
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EW precision observables in the SM: Future

Experimental vs Theoretical uncertainties:

A. Freitas, arXiv: 1604.00406

Quantity Theory error Exp. error

MW [MeV] 4 15
sin2 θℓeff [10−5] 4.5 16
ΓZ [MeV] 0.5 2.3

Rb [10−5] 15 66

Table 4: Estimated theory error of available predictions for several important electroweak precision
observables (from Refs. [113,186,194]), compared to the current experimental error (from Refs. [1,201]).

Quantity ILC FCC-ee CEPC Projected theory error

MW [MeV] 3–4 1 3 1

sin2 θℓeff [10−5] 1 0.6 2.3 1.5
ΓZ [MeV] 0.8 0.1 0.5 0.2

Rb [10−5] 14 6 17 5–10

Table 5: Estimated experimental precision for several important electroweak precision observables at
future e+e− colliders [206–210] (no theory uncertainties included, see text). In the last column, the
estimated error for the theoretical predictions of these quantities is given, under the assumption that
O(αα2

s ), fermionic O(α2α2
s ), fermionic O(α3), and leading four-loop corrections entering through the

ρ-parameter will become available [211].

the prediction of the W mass have been computed both in the on-shell and MS schemes. The difference
between the results in Ref. [176] and in the arXiv update of Ref. [194] (hep-ph/0311186v2) can be taken
as an estimate of the missing three-loop contributions. It amounts to 4–5 MeV, in reasonable agreement
with other estimates of the missing higher-order contributions [194].

3.6 Future projections

Table 4 gives a summary of the estimated theory uncertainty for several important electroweak precision
observables, compared with their current experimental precision from measurements at LEP, SLC and
Tevatron. In all cases, the theory error is smaller than the experimental uncertainty by a factor of a
few, which is a desirable situation since it implies a subdominant impact from ambiguities in defining
and evaluating the theoretical uncertainty (see previous subsection).

There are several proposals for future high-luminosity e+e− colliders, which are expected to measure
electroweak precision observables, in particular Z-pole observables and the W mass, to significantly
higher precision. The first proposal, the International Linear Collider (ILC), is planned to be a linear
e+e− machine with adjustable center-of-mass energy in the range

√
s ∼ 90 . . . 500 GeV, extendable to

1 TeV [205,206]. It can accommodate polarized e− and e+ beams and is expected to collect more than
50 fb−1 of data near the Z pole and 100 fb−1 near the W pair production threshold. An alternative
proposal, the Future Circular Collider (FCC-ee), is based on a 80–100 km circumference accelerator
ring with

√
s ∼ 90 . . . 350 GeV [207]. It has the potential to generate several ab−1 of data near the

Z pole and a comparable amount at the WW threshold. Finally, there is the Circular Electron-
Positron Collider (CEPC) proposal [208], which is also a ring collider with 50–70 km circumference and√
s ∼ 90 . . . 250 GeV. Its target luminosities are 150 fb−1 at the Z pole and 100 fb−1 near the WW

threshold.
All of these machines will significantly improve the experimental uncertainty for the determination of

electroweak precision observables (EWPOs), see Tab. 5 [206–210]. As a consequence, the experimental
error for many quantities will become comparable or even subdominant compared to the theory error,
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Eur. Phys. J. C (2013) 73:2530 Page 9 of 13

addition to the cross section. These additional aspects of t t̄

threshold measurements are beyond the scope of the present
paper.

For the correct description of the cross section near the
production threshold, the inclusion of higher-order QCD
contributions is necessary. Since no appropriate event gen-
erator is publicly available at present, the study follows the
strategy of earlier studies performed for the TESLA collider
[37] by splitting the simulation study into two parts: the de-
termination of the event selection efficiency and background
contamination, and the calculation of the top-pair produc-
tion cross section in the threshold region. In this approach,
the signal selection and background rejection is determined
using fully simulated top-pair signal events as well as rele-
vant background channels at a nominal center-of-mass en-
ergy of 352 GeV, slightly above the production threshold for
the selected top mass of 174 GeV. For this, the full simu-
lation, reconstruction and event selection procedure as de-
scribed in Sect. 3 is followed. Data points along the thresh-
old curve are then generated by taking the signal cross sec-
tion determined using NNLO calculations combined with
the selection efficiency, adding background events assuming
a constant level over the considered energy range of 10 GeV
as determined from the full simulations. In the following,
more details are given on the individual steps.

In the analysis, we consider a threshold scan with 10 en-
ergy points spaced by 1 GeV from 344 GeV to 353 GeV,
with an integrated luminosity of 10 fb−1 each, resulting in a
total integrated luminosity of 100 fb−1.

6.1 The t t̄ threshold at CLIC

The top-pair signal cross section is determined using full
NNLO calculations provided by the code TOPPIK [8, 38].
The top mass input is set to 174 GeV in the 1S mass scheme
[8]. The strong coupling constant αs is taken to be 0.118.
Since TOPPIK provides the cross section in units of R, the
ratio of σ (e+e− → X) to σ (e+e− → µ+µ−), the appropri-
ate conversion factor of the energy-dependent cross section
e+e− → µ+µ− is applied in addition.

Since this cross section is calculated for the energy at the
e+e− vertex, additional corrections for initial state radiation
(ISR) and for the luminosity spectrum of the collider have to
be applied. Initial state radiation is numerically folded into
the cross section calculated by TOPPIK following the YFS
(Yennie-Frautschi-Suura) solution as given in [39]. In addi-
tion, the luminosity spectrum of CLIC operated at 350 GeV,
which is characterized by a main peak containing 77 % of
the full luminosity in the top 1 % of the energy and by a
long tail to lower energies, is considered. Figure 4 illustrates
the influence of these effects on the cross section. Both ISR
and the luminosity spectrum result in a lowering of the cross
section since part of the collision events are moved to ener-
gies below the threshold. The tail to lower energies, but in

Fig. 4 Top pair production cross section from theory calculations,
with the luminosity spectrum (LS) of CLIC at 350 GeV and ISR as
well as for all effects combined

particular also the beam energy spread in the main peak of
the luminosity spectrum, result in a smearing of the cross
section peak at threshold.

6.2 Generation of data points

The signal and background efficiencies are determined using
fully simulated events as outlined in Sect. 3. The kinematic
fit and the likelihood-based background rejection are used to
eliminate the majority of the non-t t̄ background. Overall, a
signal selection efficiency of 70.2 %, including the branch-
ing fractions of the considered fully-hadronic and semi-
leptonic top pair decays, is achieved. As for the 500 GeV
case, the dominant background channels are rejected at the
99.8 % level, resulting in an effective cross section for the
remaining background of 73 fb.

Simulated data points are generated by taking the ISR
and luminosity-spectrum corrected top pair cross section at
the desired energy to calculate the nominal number of events
expected. The simulated number of signal events is deter-
mined on a random basis following a Gaussian distribution
with the mean set to the nominal number of events and the
standard deviation given by the square root of that number.
With the same method, background events are added, us-
ing a constant cross section of 73 fb as discussed above.
It is assumed that the nominal background contribution is
well known both from theory and from measurements below
threshold, so that the nominal number of background events
can be subtracted from the signal, leaving just the statistical
variations on top of the signal data with its own statistical
uncertainty.

Figure 5 shows the ten simulated data points for CLIC
with an integrated luminosity of 10 fb−1 at each point. To
illustrate the sensitivity of the data to the top quark mass,
the threshold behavior for a shift in mass of ±200 MeV is
also shown in the figure.

A. Freitas, arXiv: 1604.00406

Eur. Phys. J. C (2013) 73:2530



Implications of Precision Measurements 5
What sin2 θeff precision do we want? SUSY as a show case:
[S.H., W. Hollik, G. Weiglein, L. Zeune et al. ’13]
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Sven Heinemeyer, KET workshop: e+e− Colliders - the next generation, 02.05.2016 11

Top mass in the SM: crucial for the Fate of the universe

[Degrassi et al. ’12] [Alehkin et al. ’12]

Is the Higgs potential (and thus our universe) stable?
(neglecting gravity/Planck scale)

⇒ high precision for mt needed!

Sven Heinemeyer, KET workshop: e+e− Colliders - the next generation, 02.05.2016 21

Strong constraints on SUSY

Stability of the Higgs potential 
(and the universe) ?
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Fig. 16: The 68% C.L. contour from the fit of all Electroweak precision measurements from TLEP-Z (red curve)
in the (mtop,mW) plane, should the relevant theory uncertainties be reduced to match the TLEP experimental
uncertainties, compared to the direct W and top mass precisions (blue curve) expected at TLEP-W and TLEP-t.
For illustration, the LHC (black curve) and ILC (green curve) projections for the direct mW and mtop precisions
are also indicated, as well as the current precision of the Tevatron measurements (dashed curve). The value of the
Tevatron W mass was modified in this figure to match the SM prediction for mtop = 173.2 GeV. The purple line
shows the prediction from the Standard Model for mH = 125 GeV. (For the LHC or the ILC on their own, the
thickness of this line would need to be increased by at least the error stemming from the Z mass measured at LEP,
i.e., about ±2 MeV on the W mass. This error disappears in the case of TLEP.) No theory error was included in
this line.

plane. This fit is compared to the direct mW and mtop measurements expected from TLEP-W and
TLEP-t. For illustration, a comparison with the precisions obtained with the current Tevatron data, as
well as from LHC and ILC projections, is also shown. Among the many powerful tests that will be-
come available with TLEP data, an inclusive, albeit unidimensional, test is commonly proposed by the
most popular fitting programmes, namely the comparison of the Higgs boson mass prediction from all
Electroweak observables with the mass actually measured. Figure 17 shows the ��2 of the Higgs boson
mass fit, obtained from GFitter under the same assumptions, to the TLEP Electroweak precision mea-
surements. A precision of 1.4 GeV on mH is predicted if all related theory uncertainties can be reduced
to match the experimental uncertainties. If the theory uncertainties were kept as they are today [78], the
precision on mH would be limited to about 10 GeV, as shown also in Fig. 17.

5 High-energy upgrades
The European Strategy update recalls the strong physics case of an e+e� collider for the measurement
of the Higgs boson and other particle properties with unprecedented precision. As demonstrated in
Sections 3 and 4, the TLEP project superbly qualifies for this purpose. The projected precisions are
sufficient to achieve sensitivities to new physics up to 5 TeV if it couples to the scalar sector, and up
to 30 TeV for weakly-coupled new physics. The European Strategy update also states that the project
must be upgradeable to higher energies. It is therefore important to evaluate the scientific relevance
of a possible energy upgrage of TLEP in the context of the FCC project, especially when compared to
(multi-)TeV e+e� colliders.

34

arXiv:1308.6176

Heinemeyer et al, 2013


PLB 716 (2012) 214–219



Higgs Production 6
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100 TeV Opportunities

ggF: SusHi!
ttH: MG5*K
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• Low backgrounds: all decay modes 
are accessible


• Model independent coupling 
measurements


• √s > 500 GeV for ttH and HH 
production

• High energy, huge cross-sections

• Rare decays, heavy final states (ttH, HH)

• Huge backgrounds: not all channels are 

accessible

• Model dependent coupling measurements

XSect WG

FCC-hh wiki

gg→H VBF WH ZH ttH
σ100 [pb] 802 69 16 11 32
σ100/σ14 17 16 10 11 52

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/FutureHadroncollider


Model-independent Higgs Coupling
7

• Lepton colliders provide a unique opportunity to make model 
independent measurements of Higgs couplings via the measurement 
of


• Z is reconstructed independently of Higgs decay 

• 4-momentum of the Higgs obtained from


• Obtain a model independent measurement of gZZ of ~1%

• Higgs mass from recoil mass
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Fig. 6: Reconstructed recoil mass distributions of e+e� ! ZH events at
p

s = 350GeV, where ZH ! µ+µ�X (a) and
ZH ! e+e�X with bremstrahlung recovery (b). All distributions are normalised to an integrated luminosity of 500fb�1.

cision on the ZH cross section is:1

Ds(ZH)

s(ZH)
= 3.8% .2

3

Channel Quantity Precision

µ+µ�X
mH 122 MeV

s(ZH) 4.72 %

e+e�X
mH 278 MeV

s(ZH) 7.21 %
e+e�X mH 359 MeV

+ bremstrahlung recovery s(ZH) 6.60 %

Table 5: Summary of measurement precisions from the lep-
tonic recoil mass analyses in the µ+µ�X and e+e�X chan-
nels for an integrated luminosity of 500fb�1 at 350GeV.

5.1.2 Invisible Higgs Decays4

The above recoil mass analysis of leptonic decays of the5

Z boson in e+e� ! ZH events provides a measurement of6

the Higgsstrahlung cross section, independent of the Higgs7

boson decay model. The recoil mass technique can also be8

used to search for BSM decay modes of the Higgs boson9

into long-lived neutral “invisible” final states. At an e+e�10

collider a search for invisible Higgs decays is possible by11

identification of e+e� ! ZH events with a visible Z ! qq12

decay and missing energy. Such events would typically pro-13

duce a clear two-jet topology with invariant mass consistent14

with mZ, significant missing energy and a recoil mass corre-15

sponding to the Higgs mass.16

To identify candidate invisible Higgs decays, a loose pre-17

selection is imposed requiring: i) a clear two-jet topology,18

defined by log10(y23)<�2.0 and log10(y34)<�3.0, where19

the y-cut variables are defined in Section 4.2; ii) a di-jet in-20

variant mass consistent with the Z mass, 84GeV < mqq <21

104GeV; and iii) the reconstructed momentum of the candi-22

date Z boson pointing away from the beam direction, |cosqZ |<23

0.7. After the preselection, a BDT multivariate analysis tech-24

nique was applied using the TMVA package [40] to further25

separate the invisible Higgs signal from the SM background.26

In addition to mqq , |cosqZ | and log10(y23), four other dis-27

criminating variables were employed: mrec, the recoil mass28

of the invisible system recoiling against the observed Z bo-29

son; |cosqq |, the decay angle of one of the quarks in the Z30

rest frame, relative to the direction of flight of the Z boson;31

pT, the magnitude of the transverse momentum of the Z bo-32

son; Evis, the visible energy in the event. As an example,33

Figure 7 shows the recoil mass distribution for the simu-34

lated invisible Higgs decays and the total SM background.35

The cut applied on the BDT output was chosen such that it36

minimises the statistical uncertainty on the cross section for37

invisible Higgs decays.38

In the case where the branching ratio to BSM invisible final39

states is zero (or very small), the uncertainty on the invisible40

branching ratio is determined by the statistical fluctuations41

on the background after the event selection:42

DBR(H ! invis.) =
p

b
s(100%)

,43
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ILC CLIC FCC-
ee CEPC

ΔmH

(MeV) 150 44 - 5.9

ΓH 1.8% 3.6% 1% 2.8%

CLICdp - to be published soon


FCC-ee

CEPC, ILC


CLICdp - to be published soon

e +

e− H

Z

http://arxiv.org/pdf/1308.6176.pdf
https://indico.cern.ch/event/389531/contributions/929687/attachments/1149449/1649496/CEPC_Manqi_LHCP2015_v2.pdf
http://arxiv.org/pdf/1506.07830v1.pdf


Precision Higgs Couplings
• More than an order of magnitude improvement in coupling precision 

compared to HL-LHC

• Use most optimistic scenario in each case


• FCC-ee has typically highest precision (see FCC-hh ttH/HH later)

8

ILC FCC-ee CEPC CLIC

σ(ZH) 0.7% 0.4% 0.51% 1.65%

gbb 0.7% 0.42% 0.57% 0.9%

gcc 1.2% 0.71% 2.3% 1.9%

ggg 1.0% 0.80% 1.7% 1.4%

gWW 0.42% 0.19% 1.6% 0.9%

gττ 0.9% 0.54% 1.3% 1.4%

gμμ 9.2% 6.2% 17% 7.8%

ginv <0.29% <0.45% <0.28% <0.97%

~1% 

with hh?

FCC-ee: http://arxiv.org/pdf/1308.6176.pdf

CLICdp - to be published soon


CEPC, ILC

http://arxiv.org/pdf/1308.6176.pdf
https://indico.cern.ch/event/389531/contributions/929687/attachments/1149449/1649496/CEPC_Manqi_LHCP2015_v2.pdf
http://arxiv.org/pdf/1506.07830v1.pdf
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ConclusionsConclusions

■ Resonant s-channel Higgs production at FCC-ee (÷s = 125 GeV):

■ Preliminary study for signal + background for “all” 10 decay channels.

■ Challenging performances: Mono-chromatization to achieve ÷s
spread

~ G
H

■ Fundamental & unique physics accessible:

   → Electron Yukawa coupling 

   → Higgs width measurable (“natural” threshold scan)?

s(e+e- H )
B-W

 = 1.64 fb

s(e+e- H )
visible 

= 290 ab (ISR + ÷s
spread 

= G
H 

= 4.2 MeV)

 ÷s
spread 

= G
H
, L

int 
= 10 ab-1:  S ª 0.7, BR(Hee) < 2.8×BR

SM
, g

eH 
< 1.7×g

eH,SM
 (95% CL) 

https://indico.cern.ch/event/469576/contributions/1988946/attachments/1223288/1789710/dde_ee_Higgs_schannel_fcc_ee_higgs_cern_feb16.pdf


Top Yukawa Coupling
• Likely measured to ~10% by HL-LHC

• Need √s > 500 GeV to be accessible for lepton 

colliders

• CLIC: 3.1%, ILC: 6.3%


• 60x cross-section increase from 13-100 TeV 

• Cut on Higgs pT to reduce backgrounds


• Ratio of ttH/ttZ to cancel theory uncertainties: 1%?

• tttt production to make width independent 

measurement of κt
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2.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed lights
on new physics (NP) beyond the Standard Model (SM). In the section we discuss the measurements of
two important properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄),
through the tt̄H and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured
in the tt̄H production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the
channel of pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the Higgs boson
decay is the same as in the SM; see Section 2.4 for details. However, that assumption may not be valid
in NP models; for example, �H might differ from the SM value (�SM

H ) in the case that the Higgs boson
decays into a pair of invisible particles. It is important to find a new experimental input to relax the
assumption. Four top-quark (tt̄tt̄) production provides a powerful tool to probe the top-quark Yukawa
coupling, and in addition, combining the tt̄H and tt̄tt̄ productions also determines �H precisely [128].

Under the narrow width approximation, the production cross section of pp! tt̄H ! tt̄bb̄ is

�(pp! tt̄H ! tt̄bb̄) = �SM(pp! tt̄H ! tt̄bb̄)⇥ 2
t 

2
b
�SM

H

�H
⌘ �SM(pp! tt̄H ! tt̄bb̄)⇥ µbb̄

tt̄H ,(22)

where t ⌘ yHtt/ySM
Htt and b ⌘ yHbb/ySM

Hbb are the Higgs coupling scaling factors. The signal strength
µbb̄

tt̄H , defined as

µbb
tt̄H =

2
t 

2
b

R�
with R� ⌘ �H

�SM
H

, (23)

are expected to be measured with uncertainties µbb̄
tt̄H = 1.00 ± 0.01 [101]. Since the t, b and �H

parameters are independent in µbb̄
tt̄H , one cannot determine them from the tt̄H production alone. Bounds

on the t, b and RH could be derived from a global analysis of various Higgs production channels. The
bottom Yukawa coupling would be measured precisely at electron-positron colliders. Once b is known,
a correlation between t and R� is obtained as following

2
t

R�
= µtt̄H . (24)

If the top-quark Yukawa coupling could be directly measured in a single channel, then one can probe R�

from Eq. 24.
In the SM the tt̄tt̄ production occurs either through a gluon mediator [129] or by an off-shell Higgs

mediator; see Fig. 53 for the representative Feynman diagrams. Interferences between the QCD diagrams
(tt̄tt̄g) and the Higgs diagrams (tt̄tt̄H ) are absent at the tree level. We thus name the cross section of the
QCD induced channel as �(tt̄tt̄)g and the cross section of the Higgs induced channel as �(tt̄tt̄)H . There
are two advantages of the Higgs-induced tt̄tt̄ production: i) no dependence on the Higgs boson width;
ii) the cross section proportional to the top quark Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 4
t �

SM(tt̄tt̄)H , (25)

where �SM(tt̄tt̄)H denotes the SM production cross section. The not-so-small interferences among the
three kinds of Feynman diagrams are also accounted. Since the QCD and electroweak gauge interactions

g
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t̄g
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t̄
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t

t̄

t̄Z/�

Fig. 53: Representative Feynman diagrams of the tt̄tt̄ production through the QCD interaction and the Higgs
boson mediation.
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The mbb distribution provides the sidebands to control the tt̄bb̄ and tt̄+jets backgrounds, and a sec-
ond mass peak from the tt̄Z mass peak. All Monte Carlo event samples are generated at leading or-
der, using MadGraph5 [123] with NNPDF2.3 parton densities [124], showering and hadronization via
Pythia8 [125] and the fast detector simulation with Delphes3 [126, 127]. The jet clustering and the
analysis are done with FastJet3 [63], a modified BDRS Higgs tagger [119, 121] and the HEPTOPTAG-
GER2 [122]. All b-tags require a parton-level b-quark within �R < 0.3 and assume a b-tagging efficiency
of 50% and a mis-tagging probability of 1%.

Figure 52 shows the reconstructed mbb spectrum for the signal and the backgrounds, varying the
pT threshold of the top and Higgs tagged fat jets in steps of 100 GeV from 200 up to 500 GeV.
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Fig. 52: Recontructed mbb for a pT threshold from 200 GeV to 500 GeV (the roughness of the distributions is a
consequence of limited MC statistics).

For the 200 GeV cut, and the signal region mbb 2 [104, 136] GeV, we arrive at a signal-to-
background ratio around S/B ⇡ 1/3 and a Gaussian significance S/

p
B = 120, assuming an integrated

luminosity of L = 20 ab�1. The error on the number of nominally NS = 44700 signal events is given
by two terms. First, we assume that we can determine NS from the total number of events NS + NB

using a perfect determination of NB from the side bands. Second, the side band mbb 2 [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/

p
Nside introduces a statistical

uncertainty �NB , altogether leading to

�NS =
⇣p

NS + NB

⌘2
+ (�NB)2

�1/2
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Fig. 54: The numbers of the reconstructed jets (a) and b-tagged jets (b) in the signal and background events at
the 100 TeV collider with an integrated luminosity of 1 fb�1. To better character the signal distribution the cross
section has been rescaled to 1000 times. No cuts except for same-sign lepton pair have been applied.
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Fig. 55: The relative uncertainty on the signal strength µtt̄H projected in the plane t and R� at the 100 TeV
hadron collider with 20 ab�1 for the Higgs decay modes H ! bb̄ (green). The magenta(black, blue) meshed
region denotes the limit 0.927  t  1.051( 0.952  t  1.038, 0.962  t  1.031 ) corresponding to the 1�

signal uncertainty with the integrated luminosity of 100 fb�1(20 ab�1, 30 ab�1).
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2.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed lights
on new physics (NP) beyond the Standard Model (SM). In the section we discuss the measurements of
two important properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄),
through the tt̄H and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured
in the tt̄H production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the
channel of pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the Higgs boson
decay is the same as in the SM; see Section 2.4 for details. However, that assumption may not be valid
in NP models; for example, �H might differ from the SM value (�SM

H ) in the case that the Higgs boson
decays into a pair of invisible particles. It is important to find a new experimental input to relax the
assumption. Four top-quark (tt̄tt̄) production provides a powerful tool to probe the top-quark Yukawa
coupling, and in addition, combining the tt̄H and tt̄tt̄ productions also determines �H precisely [128].

Under the narrow width approximation, the production cross section of pp! tt̄H ! tt̄bb̄ is

�(pp! tt̄H ! tt̄bb̄) = �SM(pp! tt̄H ! tt̄bb̄)⇥ 2
t 

2
b
�SM

H

�H
⌘ �SM(pp! tt̄H ! tt̄bb̄)⇥ µbb̄

tt̄H ,(22)

where t ⌘ yHtt/ySM
Htt and b ⌘ yHbb/ySM

Hbb are the Higgs coupling scaling factors. The signal strength
µbb̄

tt̄H , defined as

µbb
tt̄H =

2
t 

2
b

R�
with R� ⌘ �H

�SM
H

, (23)

are expected to be measured with uncertainties µbb̄
tt̄H = 1.00 ± 0.01 [101]. Since the t, b and �H

parameters are independent in µbb̄
tt̄H , one cannot determine them from the tt̄H production alone. Bounds

on the t, b and RH could be derived from a global analysis of various Higgs production channels. The
bottom Yukawa coupling would be measured precisely at electron-positron colliders. Once b is known,
a correlation between t and R� is obtained as following

2
t

R�
= µtt̄H . (24)

If the top-quark Yukawa coupling could be directly measured in a single channel, then one can probe R�

from Eq. 24.
In the SM the tt̄tt̄ production occurs either through a gluon mediator [129] or by an off-shell Higgs

mediator; see Fig. 53 for the representative Feynman diagrams. Interferences between the QCD diagrams
(tt̄tt̄g) and the Higgs diagrams (tt̄tt̄H ) are absent at the tree level. We thus name the cross section of the
QCD induced channel as �(tt̄tt̄)g and the cross section of the Higgs induced channel as �(tt̄tt̄)H . There
are two advantages of the Higgs-induced tt̄tt̄ production: i) no dependence on the Higgs boson width;
ii) the cross section proportional to the top quark Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 4
t �

SM(tt̄tt̄)H , (25)

where �SM(tt̄tt̄)H denotes the SM production cross section. The not-so-small interferences among the
three kinds of Feynman diagrams are also accounted. Since the QCD and electroweak gauge interactions

g

g

t

t

t̄

t̄g
g

g

t

t

t̄

t̄

H

g

g

t

t

t̄

t̄Z/�

Fig. 53: Representative Feynman diagrams of the tt̄tt̄ production through the QCD interaction and the Higgs
boson mediation.
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Rare modes
• At 100 TeV, production cross-sections for very rare modes become 

non-negligible

• Huge increase for pp→Htj: 250x 8 TeV (no cuts)

• Could use HVV to constrain possible anomalous Higgs couplings to 

vector-boson (and fermion) pairs?,

• perturbative unitarity at high energy

• anomalous triple-vector-boson vertices 
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1.7 Rare production modes
The first section of table 19 [106], obtained with the code [102], reports the rate
for associated production of a SM Higgs boson with a single top. The cross section is in excess of 5
picobarns at 100 TeV, and displays a considerable increase with collider energy.

This remarkable growth, together with the sensitivity of this process to the sign of the top Yukawa
coupling yt [107], makes this reaction a golden channel for a precise measurement of the latter. It has
been shown [108] that already at the 14-TeV LHC it is possible to put loose bounds on the sign of yt,
mainly with a semileptonically decaying top quark, and in the H ! bb̄ and H ! �� decay channels.
At 100 TeV the situation will improve considerably: the NLO cross section for the main irreducible
background to tH(! ��)j production, namely t��j QCD production, has a growth ⇢ comparable to
that of the signal, hence the significance of the signal, in comparison with the LHC, is expected to scale
at least with the square root of the number of events. Moreover, the sensitivity of the signal to yt is only
slightly reduced at 100 TeV with respect to 8 TeV, as shown explicitly in the left panel of figure 39.

The second part of table 19 and the right panel of figure 39 [106] detail the cross section for a
Higgs in association with a pair of gauge bosons (see also [109] for a recent analysis). Rates for these
channels are smaller than for single top, of the order of a few tens of femtobarns at 100 TeV, but still
accessible. Theoretical systematics are typically below 10%, and the rate growth with energy is mild,
compatibly with the fact that these processes are qq̄-driven.

These rare channels are interesting as they can add some power to constrain possible anomalous
Higgs couplings to vector-boson (and fermion) pairs, which in turn has implications on the analysis of
perturbative unitarity at high energy and strong links with the study of anomalous triple-vector-boson
vertices [110, 111]. In particular the pp ! HW+W� process, the one with the largest cross section in
this category, has been shown [112] to be promising in this respect already at the high-luminosity LHC,
and will considerably benefit from the rate increase of a factor of roughly forty at 100 TeV.

Process �NLO(8 TeV) [fb] �NLO(100 TeV) [fb] ⇢

pp ! Htj 2.07 · 101 +2%
�1%

+2%
�2% 5.21 · 103 +3%

�5%
+1%
�1% 252

pp ! HW+W� (4FS) 4.62 · 100 +3%
�2%

+2%
�2% 1.68 · 102 +5%

�6%
+2%
�1% 36

pp ! HZW± 2.17 · 100 +4%
�4%

+2%
�2% 9.94 · 101 +6%

�7%
+2%
�1% 46

pp ! HW±� 2.36 · 100 +3%
�3%

+2%
�2% 7.75 · 101 +7%

�8%
+2%
�1% 33

pp ! HZ� 1.54 · 100 +3%
�2%

+2%
�2% 4.29 · 101 +5%

�7%
+2%
�2% 28

pp ! HZZ 1.10 · 100 +2%
�2%

+2%
�2% 4.20 · 101 +4%

�6%
+2%
�1% 38

Table 19: Production of a Higgs boson at 8 and 100 TeV. The rightmost column reports the ratio ⇢ of the 100-
TeV to the 8-TeV cross sections [106]. Theoretical uncertainties are due to scale and PDF variations, respectively.
Processes pp! Htj does not feature any jet cuts.
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HH Production
• Measure Higgs potential to 

study EW symmetry breaking

• Not just enough to measure 

HH; need to extract self-
coupling 

• Destructive interference 

between diagrams

• Need high energy and high 

luminosity
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Fig. 58: Cross sections as a function of the collider COM energy. From ref. [169].

these effects simultaneously. In order to disentangle them and extract the Higgs self-interactions one thus
needs to use additional measurements (as for instance single-Higgs production channels) and to adopt a
more refined analysis strategy which makes use of kinematic distributions [162].

There are however other new-physics scenarios where the corrections to the Higgs self-couplings
can be enhanced and become larger than those to the other couplings. One scenario of this kind is
obtained by assuming that the Higgs is a generic composite state (not a NGB as assumed before) from a
new strongly-coupled dynamics. In this case the corrections to the Higgs self-interactions are enhanced
by a factor 2v2g2

⇤/m2
h compared to the SILH case. One thus expects ��3 ⇠ g2

⇤v
4/f2m2

h, which can be
sizable even if v2/f2 ⌧ 1 (in which case the corrections to the linear Higgs couplings are small). The
price to pay for this enhancement, however, is an additional tuning that is required to keep the higgs mass
small, since one would naturally expect m2

h ⇠ m2
⇤.

Another scenario which leads to large corrections mainly to the Higgs self-couplings is obtained
by considering a new strong dynamics coupled to the SM through a Higgs portal [162]: Lint = �H†HO,
where O is a composite operator and � is the coupling strength. In this case one finds

�cV ⇠ �c2V ⇠ �ct ⇠ c2t ⇠ �2

g4
⇤

v2

f2
, ��3 ⇠ 2v2�

m2
h

�2

g4
⇤

v2

f2
. (41)

The corrections to the Higgs trilinear self-coupling can be dominant if � > m2
h/(2v2) ' 0.13. In this

scenario it is thus possible to obtain ��3 ⇠ 1, while keeping the corrections to the other Higgs couplings
at the few percent level.

For other possible new physics giving rise to a modified Higgs potential see also Section 4 of this
report.

3.0.4 Production cross sections and summary of results
To conclude this introduction, we present an overview of the various multi-Higgs production channels
and we quickly summarize the results of the analyses that will be presented in details in the following
subsections.

Table 25, extracted from the results of Ref. [1], reports the rates for SM Higgs pair and triple
production, including channels of associated production with jets, gauge bosons and top quarks. The
dependence of the production rates on the center-of-mass (COM) energy of the collider is shown in
Fig. 58. As for single-Higgs production, the dominant channel for Higgs pair production is gluon fusion,
with a rate of 1750 fb, which constitutes more than 90% of the total production rate. With respect to the
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process �(14 TeV) (fb) �(100 TeV) (fb) accuracy

HH (ggf) 45.05+4.4%
�6.0% ± 3.0%± 10% 1749+5.1%

�6.6% ± 2.7%± 10% NNLL matched to NNLO

HHjj (VBF) 1.94+2.3%
�2.6% ± 2.3% 80.3+0.5%

�0.4% ± 1.7% NLO

HHZ 0.415+3.5%
�2.7% ± 1.8% 8.23+5.9%

�4.6% ± 1.7% NNLO

HHW+ 0.269+0.33%
�0.39% ± 2.1% 4.70+0.90%

�0.96% ± 1.8% NNLO

HHW� 0.198+1.2%
�1.3% ± 2.7% 3.30+3.5%

�4.3% ± 1.9% NNLO

HHtt̄ 0.949+1.7%
�4.5% ± 3.1% 82.1+7.9%

�7.4% ± 1.6% NLO

HHtj 0.0364+4.2%
�1.8% ± 4.7% 4.44+2.2%

�2.6% ± 2.4% NLO

HHH 0.0892+14.8%
�13.6% ± 3.2% 4.82+12.3%

�11.9% ± 1.8% NLO

Table 25: Cross sections for production of two or three SM Higgs bosons, including associated production chan-
nels, at a 14 TeV and 100 TeV hadron collider [1]. The cross sections are computed by choosing µ = Mhh/2
(µ = Mhhh/2 in the case of triple production). The error intervals correspond to scale variation and PDF + ↵s

uncertainty. In HH production in the gluon-fusion channel a conservative 10% uncertainty is included to take into
account the effects of the infinite top-mass approximation (see Section 3.1.1).
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Fig. 59: Dependence of total cross sections on the Higgs trilinear coupling at 14 TeV. From ref. [169].

14 TeV LHC, the gluon-fusion rate is enhanced by a factor ⇠ 40. The second more significant channel
is pair production in association with a top pair, whose cross section is 82 fb, closely followed by VBF
with a rate of 80 fb. Notice that the relative importance of these two channels is reversed with respect to
the 14 TeV LHC case, where VBF was about twice larger than HHt̄t. The remaining pair production
modes, in association with a gauge boson or with tj, play a secondary role, since their cross section is at
most ⇠ 8 fb. Finally, triple Higgs production has a cross section around 5 fb.

As we already mentioned, the main aim of the analyses reported in this section is to determine the
precision with which the SM production rates and the Higgs self-couplings can be measured. It is thus
important to analyze the dependence of the cross section on the Higgs self-couplings. The production
rates for the Higgs pair production channels are shown in Fig. 59 as a function of the trilinear Higgs
coupling �3. Although the plot shows the rates for the 14 TeV LHC, it is approximately valid also at
100 TeV. One can see that for �3 ⇠ 1, i.e. for values close to the SM one, a significant reduction in the
cross section is present in the gluon-fusion and VBF channels and, even more, in the HHtj channel.
This feature decreases the signal significance for the SM case. However, it allows one to more easily
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).
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Fig. 61: The invariant mass distribution at NNLO+NNLL [173] for a 100 TeV collider, with the corresponding
scale uncertainty. The lower panel shows the ratio with respect to the central prediction.

quite different however. The corresponding amplitudes scale as
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [173].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
suppression is a consequence of the partial cancellation between the box and triangle diagrams that, as
we already mentioned, is present in the SM.

The invariant mass distribution at a 14 TeV collider is similar to the one at 100 TeV. The com-
parison between the two distributions is shown in Fig. 62. The position of the peak and the threshold
behavior is unchanged. The tail of the distribution, on the other hand, is significantly larger at a 100 TeV
collider, starting from mhh & 700 GeV. This modification of the tail, however, has only a small impact
on the total production rate, which is still dominated by the peak region 300 GeV . mhh . 600 GeV.
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).
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Fig. 61: The invariant mass distribution at NNLO+NNLL [173] for a 100 TeV collider, with the corresponding
scale uncertainty. The lower panel shows the ratio with respect to the central prediction.

quite different however. The corresponding amplitudes scale as

A⇤ ⇠ ↵s

4⇡
y2

t , A4 ⇠ �3
↵s

4⇡
y2

t
m2

h

ŝ
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [173].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
suppression is a consequence of the partial cancellation between the box and triangle diagrams that, as
we already mentioned, is present in the SM.

The invariant mass distribution at a 14 TeV collider is similar to the one at 100 TeV. The com-
parison between the two distributions is shown in Fig. 62. The position of the peak and the threshold
behavior is unchanged. The tail of the distribution, on the other hand, is significantly larger at a 100 TeV
collider, starting from mhh & 700 GeV. This modification of the tail, however, has only a small impact
on the total production rate, which is still dominated by the peak region 300 GeV . mhh . 600 GeV.
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3 Multi-Higgs production
In the previous sections we focused on processes involving the production of a single Higgs boson, which
allow one to test with high accuracy the linear Higgs interactions, most noticeably the ones involving
gauge bosons and third-generation SM fermions. These processes, however, do not allow one to directly
probe interactions containing multiple Higgs fields, whose determination is of primary importance for
analyzing the Higgs potential. Non-linear Higgs vertices can instead be accessed by looking at channels
in which multiple Higgs bosons are produced either alone or in association with additional objects. In
this section we will consider these channels with the aim of understanding the precision with which the
Higgs potential could be determined at a future 100 TeV hadron collider.

Probing the Higgs potential is important for several reasons. In the SM, the shape of the Higgs
potential is completely fixed by the mass and vacuum expectation value of the Higgs field. Therefore,
an independent measurement of the trilinear and quadrilinear Higgs self-interactions provides important
additional tests of the validity of the SM. This test is quite non-trivial. Indeed, as we will discuss later on,
in many Beyond-the-SM (BSM) scenarios sizable corrections to the Higgs self-couplings are predicted,
which, in some cases, can lead to large deviations in multi-Higgs production processes but not in other
observables. In these scenarios, an analysis of the non-linear Higgs couplings can be more sensitive to
new-physics effects than other direct or indirect probes [154, 155].

Determining the structure of the Higgs potential is also important to understand the features of the
EW phase transition, whose properties can have significant implications for cosmology. For instance, a
strong first order transition could provide a viable scenario to realize baryogenesis at the EW scale (see
for example [156] and references therein). In the SM the EW transition is known to be rather weak (for
a Higgs mass mh & 90 GeV, only a cross-over is predicted), so that it is not suitable for a successful
baryogenesis. Many BSM scenarios, however, predict modifications in the Higgs potential that lead to
first order EW transitions, whose strength could allow for a viable baryogenesis. An additional aspect
related to the structure of the Higgs potential is the issue of the stability of the EW vacuum (see for
instance Ref. [157]).

Finally another important property that can be tested in multiple-Higgs production channels is the
unitarization of physical amplitudes at high energies. Analogously to WW scattering, whose unitariza-
tion in the SM is guaranteed by the presence of the Higgs field, also the WW ! hh process respects
perturbative unitarity at high energy only if the linear and double Higgs coupling to the gauge bosons are
correlated. Double Higgs production in vector boson fusion (VBF) can be used to test the WW ! hh
process at high energy.

3.0.2 Parametrizing the Higgs interactions
As we already mentioned, the main aim of the analyses that we will present in this section is to estimate
the precision with which the Higgs potential can be probed through the exploitation of multi-Higgs
production processes. It is thus useful to parametrize the relevant Higgs self-interactions in a general
form. In the language of an effective field theory, we can write the Higgs self-interaction Lagrangian as

L = �1
2
m2

hh2 � �3
m2

h

2v
h3 � �4

m2
h

8v2
h4 , (35)

where v = 246 GeV denotes the Higgs vacuum expectation value. The SM Lagrangian is obtained by
setting �3 = �4 = 1; in this case the terms in Eq. (35) provide the whole Higgs potential. On the
contrary, in BSM scenarios, higher-order operators are in general also present, as for instance contact
interactions involving higher-powers of the Higgs field or additional derivatives.

The use of the parametrization in Eq. (35) can be fully justified in an effective-field-theory frame-
work in which an expansion in powers of the momenta is valid. Namely, we assume that each additional
derivative in the effective Lagrangian is accompanied by a factor 1/m⇤, where m⇤ is a mass scale that
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Current projections for HH
• HH is a benchmark process for pp 

colliders: bbɣɣ is most sensitive 
channel: many channels needed


• Depends on detector performance 
assumptions (e.g. flavour tagging 
performance)


• CEPC ~35% (radiative corrections 
at 240 GeV)


• ILC ~27% with √s = 500 GeV (ZHH)

• CLI: WW fusion (ννHH) at √s = 1 

TeV and polarised beams

13

Fig. 66: Estimated precision on the measurement of the Higgs trilinear self-coupling as a function of the b-tagging
efficiency. Each plot shows how the precision changes by varying only one parameter, namely the b reconstruction
efficiency pb!b (upper left), the c! b mistag rate (upper right), the j ! b mistag rate (lower left) and the j ! �

mistag rate (lower right). In the case of the j ! � mistag, on the horizontal axis we give the coefficient ↵ of the
mistag function in Eq. (43). All the results have been obtained in the “medium” detector performance scenario
with an integrated luminosity of 30 ab�1.

seem a crucial feature for the extraction of the Higgs self coupling, and a reach up to |⌘max| = 3 could
be considered to be an acceptable compromise.

A more crucial role is instead played by the b-tagging efficiencies and rejection rates, as shown
in Fig. 66. The reconstruction efficiency for the b-jets is the most important parameter, since it directly
controls the signal reconstruction rate. A minimal efficiency pb!b ' 0.75 is necessary to achieve a good
precision on the Higgs trilinear coupling. A value pb!b ' 0.6 already degrades the achievable precision
to ' 3.2%. The mistag rates for charm-jets pc!b plays a marginal role and does not affect too much the
precision on �3 as long as pc!b . 0.2. The impact of the light-quark and gluon jets mistag rate pj!b

is even milder and does not influence the result as long as pj!b . 0.05. Finally, the lower right panel
of Fig. 66 shows how the precision on �3 changes when the mistag rate of fake photons from jets in
modified. The curve is obtained by varying the overall coefficient ↵ in Eq. (43) (values on the horizontal
axis) and keeping fixed the functional dependence on pT,j with � = 30 GeV. One can see that high
mistag rates (↵ ⇠ 0.05) can significantly affect the achievable precision. This is a consequence of the
fact that the main background, bb̄j�, contains one fake photon from jet mis-tagging. Keeping ↵ below
0.02 is enough not to affect significantly the precision on �3.

To conclude, we briefly comment on the possible impact of the theoretical error on the signal
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√s=1.4 TeV √s=3 TeV

Unpolarised 32% 16%

P(e-)=-80% 24% 12%

FCC-hh

FCC-hh wiki

CLICdp - to be published soon
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Conclusion
• Exciting time to think about the future of collider physics


• Many options are currently being discussed

• Lepton colliders (ILC, CLIC, CEPC, FCC-ee) would provide Standard 

Model and Higgs coupling measurements to unparalleled precision

• Typically <1% 

• Indirect sensitivity to new physics
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• Hadron colliders (HL-LHC, SppC, 
FCC-hh)

• Obvious discovery potential

• High energy and luminosity 

allow accurate measurements of 
rare modes, e.g. ttH, HH, H→μμ


• High complementarity between 
different options

• Looking forward to a rich future !
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